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ULTIMA THULE . . . THE END OF THE EARTH

he end of the earth—the edge.
Viking navigators manifesting a dramatic spirit of 
exploration sailed west into unknown regions at the

presumed edge of the earth more than a thousand years ago.
Restless with the ordinary, they pursued new dimensions of
human achieve-ment, expanding the envelope of European
man’s known territory. This spirit of exploration was shared
by many over time. Many have engaged in spectacular and
unusual achievements changing mankind’s regions of
operation and comprehension of what is possible.

EDITOR’S LETTER

vexing to all who attempt to practice the demanding
tasks meeting the challenges that were encountered by
Cushing and his contemporaries, but cloaked in
different challenges and apparent pitfalls, which both
distract and absorb vital energies that are essential
vehicles for the expression of the spirit of exploration
that is necessary to provide progress that is a life
essential for the field. Our generation, as others, must
meet this challenge.

This month, Iver Langmoen, in “The Norse
Discovery of America,” as part of the Journal’s Great
Explorers Series, reminds us of the mindset, courage,
and achievement of these extraordinary men and
navigators (1, 2). Concurrently—in celebration of
neurosurgery’s one-hundredth “birthday”—
NEUROSURGERY is publishing ONLINE Cushing’s
1904 address to the Academy of Medicine of
Cleveland as it was formally published in the
Johns Hopkins Bulletin* the following year (3).

Both manuscripts would seem to provide a
singular message for us now and in the future.

Michael L.J. Apuzzo
Los Angeles, CA
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In many ways, Harvey Cushing exhibited this
spirit as have other of neurosurgery’s dominant
figures who through a restless spirit, courage,
and intelligence have opened new worlds
beyond the ultima thule that had existed
prior to their efforts. 

In 1904, at a meeting of the Academy
of Medicine of Cleveland, Cushing
defined the “new” discipline of
neurosurgery and the neurosurgeons
who would practice it—a truly
pivotal event in our specialty. Over
the ensuing century, the field has been
repeatedly “reinvented” and the edge
expanded in style, capability, and scope
with the same spirit of exploration shared
with our Norse predecessors a millennium ago
acting as an essential catalyst for change.

Neurosurgery at one hundred is, as we all know, in a state
of flux and in evolution, an evolution which, at times, is

The Gokstad ship. Built in Norway circa 890. Excavated
from a burial mound west of the Oslo Fjord in 1880.

Courtesy of Viking Ship Museum, Roskilde, Denmark. 
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In the late 8th century, the stage for Viking expansion was set by commercial
expansion in northwest Europe, the pressure of an increasing population in limited
territorial reserves, and the development of the Viking ships. The Norsemen traveled
extensively over the oceans, south to the Holy Land, and north to the White Sea and
settled over a wide area from Sicily to Greenland. Historical sources, including the
reports by Adam of Bremen and the Icelandic Sagas, describe several expeditions from
Greenland to Vinland (somewhere along the east coast of North America) in approx-
imately AD 1000 and later. Historians have arrived at highly different conclusions with
respect to the location of Vinland (from Labrador to Georgia), but, in 1960, the
Norwegian explorer Helge Ingstad localized ancient house sites on L’Ans aux Mead-
ows, a small fishing village on the Northern beaches of Newfoundland. From 1961 to
1969, Ingstad and his wife, Anne Stine (an archaeologist), led several archaeological
expeditions that revealed Viking turf houses with room for approximately 100 people.
They also excavated a smithy, outdoor cooking pits, boathouses, a bathhouse, and
enclosures for cattle, in addition to several Viking artifacts. The finds were 14C dated
to AD 990 � 30. The present report reviews historical and archaeological evidence
indicating the sites to which the Vikings traveled and attempted to settle in the new
world.

KEY WORDS: America, Discovery, Greenland, History, Vikings
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During the 4th and 5th centuries, Scandinavia became
more isolated from the rest of Europe as the trade that
had taken place during the Roman Empire declined.

The late part of the first millennium, however, saw a rapid
development of Viking activities, and soon the people of the
Nordic countries became important players in the European
scene. They populated islands in the North Sea, founded
major communities in several European countries, and discov-
ered America, where they also attempted to settle.

To understand the Norse discovery of America, it is essen-
tial to appreciate some aspects of the two necessary conditions
for its occurrence: the Viking culture and the colonization of
the islands in the northern Atlantic Ocean. These subjects
therefore are discussed briefly below before the historical
sources and the scientific evidence for the Vikings in America
are reviewed.

THE VIKINGS

The word Viking is related to vik (fjord) and was used to
describe the people living in Viken, the land around the Oslo
Fjord. The different Nordic regions had not fused into indi-
vidual nations when the Viking age started, and the term

Viking became a designation for people living in Scandinavia
who used the Norwegian and Baltic Seas as major thorough-
fares. Other terms used were Norsemen and, later, Normans.

The stage for the Viking expansion that developed from the
late 8th century was set by commercial expansion in northwest
Europe, the pressure of an increasing population in the limited
territorial reserves of western Norway, the development of the
Viking ships, which were lighter, slimmer, and faster than
other vessels at that time, and the inherited tradition for and
competence in war (25). The Norsemen traveled extensively
over the oceans: west to North America, south to the Holy
Land, and north to the White Sea. As pagans, they saw no
reason to spare monasteries and churches; on the contrary,
they soon grasped that they could achieve fortunes by exploit-
ing the holy places of Christianity. One of the first known
events signaling the start of the Viking age occurred in
Northumbria on 8 June 793, when “the ravages of heathen
men miserably destroyed God’s church on Lindisfarne, with
plunder and slaughter” (11, 17).

Because of its vast coastline against the North Sea, Norway
has a rich shipbuilding tradition. Early settlements were con-
centrated on the coast, and because the mountains restricted
travel over land, the sea became an important traffic artery.
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Even today, the country’s highways are numbered from the
number 2 upward, because the ocean is honored as a main
thoroughfare.

The Vikings built separate types of ships for different pur-
poses. The term used for the ships that made Atlantic voyages
in the Viking and early Middle Ages was long ships, knarr or
keels (3). The Gokstad ship (c. AD 900), which today is a part
of the Viking Ship Museum in Oslo, is a typical example (Fig.
1). Twenty-three meters long, and with a maximum beam of
more than 5 meters, it was manned by 32 oarsmen. The
Norwegian mariner Magnus Andersen sailed a replica across
the Atlantic Ocean in 1893. He reported excellent qualities at
sea. The ship rode off storms without difficulty, reached 11
knots under the most favorable conditions, and had an aver-
age speed of 5 knots. The typical speed of the best ships may
have been more than 10 knots (28). Several models have sailed
the Atlantic Ocean more recently. Ragnar Thorseth’s replica
Saga Siglar sailed 45 degrees into the wind using square sails.

Between Greenland and Labrador, he ran into 70-knot wind
and 45-foot waves. The boat handled it comfortably (30). It is
not so odd that fishermen used ships of a similar type in the
Norwegian Sea until the early 20th century. As businessmen,
the Vikings needed vessels to transport their commercial
goods, and as settlers, they needed the vessels to transport
household items, cattle, horses, and so forth when they moved
to new places. Some of their ships were excellently suited for
such purposes, as established by excavations revealing ships
with a capacity up to 38 tons (3).

The Vikings became known as warriors and plunderers,
and, to some extent, they were. Before they converted to
Christendom in the 10th and 11th century, they may have
considered Christian sanctuaries to be gold mines. They lived
in rough times; robbery was not uncommon, other groups of
people behaved similarly, and the Vikings were responsible
for only a minority of the problems. In Ireland, the Vikings
were behind only 26 of the 113 attacks recorded during a
period of 25 years (19, 23). The history, written in large by their
antagonists, has given less praise to their abilities as mer-
chants, craftsmen, poets, and sailors, as well as to their com-
petence as administrators and politicians; they founded a
large number of well-functioning societies over an extensive
area, including the Norman Kingdom of Sicily and the city of
Dublin, and invented the world’s oldest still functioning par-
liamentary system, the Althing, in Iceland in the 10th century
(4, 20, 24, 30).

The Swedes (the Scandinavian nations as we know them
today were established during the Viking age) mainly traveled
to the east, and the Norwegians to the north and west. Many
went to the Mediterranean Sea, visiting, for instance, the Holy
Land, Sicily, and Miklagard (Constantinople), the Swedes usu-
ally through Russian rivers and seas, and the Danes and the
Norwegians along the European west coast and the Strait of
Gibraltar.

The language spoken was the same all over Scandinavia,
perhaps even more so than today, and left lasting impressions
in other languages. Examples of words adopted in the English
language, for instance, are sky, window, take, husband, egg, bread,
happy, call, low, thrive, ill, die, and wrong (25). A Danish scholar,
in patriotic enthusiasm, once remarked that “an Englishman
cannot thrive or be ill or die without Scandinavian words: they
are to the language what bread and eggs are to the daily fare”
(25). An example from the neurosurgical vocabulary is tether;
in the harbor the Vikings tethered their boats, thus the expres-
sion tethered cord, nautical terminology we have starboard and
port. The Viking ships had the rudder (starboard/styrebord) on
the right side and therefore lay with the left side against the
pier (Figs. 2 and 3).

THE STEPPING STONES

The islands of the North Atlantic Ocean from Shetland to
Greenland have been termed the Stepping Stones in the discov-
ery of America. As pointed out by several scholars (13, 30), the
Vikings hardly could avoid stumbling on the American coast

FIGURE 1. Photograph of the majestic bow of the Gokstad ship. This ship
was built in approximately AD 890 and was excavated from a Viking
gravesite at a farm on the western side of the Oslo fjord (Viken). It repre-
sents a very strong construction typical for war ships. The keel was hewn
from the trunk of a single tree. It has 216 oar holes on each side, and thus
required 432 rowers. Courtesy of the Viking Ship Muesum, Oslo, Norway.

THE NORSE DISCOVERY OF AMERICA
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after colonizing Greenland. The continent to the west can be
seen from certain spots in Greenland on clear days, and for the
sailors who crossed the 1500 nautical miles between the Nor-
wegian west coast and Greenland, the 200-mile wide Davis
Strait represented a comparatively brief trip.

Early during their expansion, the eyes of the Vikings fell on
the islands of the North Sea. Shetland was probably taken over
from the Picts and the Celts by AD 800. Later, the Orkneys and
the Hebrides shared this destiny concurrently with Norse
establishments of conurbations further south (Dublin, York,
etc.). Iceland was discovered via the Faeroys, although it may
rather have been a rediscovery, because the island seems to be
described in more ancient literature. Colonization started in
approximately AD 870, mainly from western Norway. People
brought families, slaves, cattle, and horses in Viking ships and
went west both to avoid harsh local knights and to obtain land
for farming. The best parts of Iceland soon were taken, and the
country seems to have been fully settled by approximately AD

930. The family of Eirik the Red, Leif Eiriksson’s father, came
later and thus was content to acquire marginal land in the
western parts. The Norwegian emigration to Iceland consisted
primarily of males; genetic studies have shown that approxi-
mately 80% of male settlers were Scandinavians, whereas
most of the females may have been from the British Isles (9,
10). Thjodhild, who married Eirik the Red and became Leif
Eiriksson’s mother, was for instance of mixed ancestry.

“Thorvald . . . and his son Eirik Raude (Eirik the Red) went
from Jadar [Jæren on the southwest coast of Norway] to
Iceland because of slaying and took land at Hornstrandir, and
lived at the farm Drangar . . . ” (2). We do not know when Eirik
the Red was born, but taking into account that he was very
active during the AD 980s and that he died shortly after the
year AD 1000, one may assume that his birth took place
somewhat before AD 950. Archeopathologists have shown
that people at Greenland seldom survived much longer than
their 50th birthday.

After his father’s death, Eirik the Red had bad luck and
suffered wrong. He moved, and at leaving lent some material
to another man. When he came back to claim his belongings,
he was not allowed to take them. Although the value of the
goods may have been minor, it became a matter of honor,
there was a fight, and people were killed. He had offended
mighty families and was outlawed by the Thing.

Half a century before this, a man named Gunnbjørn sailed
from Norway to Iceland. He lost direction and ended up too
far to the west, where he discovered new land. Referred to as
Gunnbjørn’s Skerries, this may have been a group of islands off
Angmagssalik or mountaintops at Greenland viewed from a

FIGURE 2. Photograph of a Viking ship showing the rudder (starboard,
or styrebord) on the right side and, therefore that the ship lay with the left
side against the pier, hence the nautical terms starboard and port. Cour-
tesy of the Viking Ship Museum, Oslo, Norway.

FIGURE 3. Illustration of a Viking ship from the Bayeux Tapestry, the
medieval embroidery that chronicles the Battle of Hastings in AD 1066,
when the Normans successfully invaded England (from, Sullivan D,
Langmoen IA, Adams CB, Sainte-Rose C, Apuzzo MLJ: The Bayeux Tap-
estry: A charter of a people and a unique testimony of creative imagery in
communication. Neurosurgery 45:663–669, 1999 (front cover) [27]).

LANGMOEN
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distance. Gunnbjørn settled in Breidafjord, where Eirik lived
when he was outlawed half a century later. When Eirik fled
Iceland (probably in AD 982), he searched for the land Gun-
nbjørn had discovered. He arrived in southwest Greenland
and spent 3 years exploring the region. Returning to Iceland in
AD 985, he organized a remarkable colonizing expedition,
comprised of 25 ships, and some 300 to 400 people together
with cattle, other domestic animals, and all types of equip-
ment they would need in the new country.

At Greenland, they mainly settled in two different areas at
the west coast: the Eastern Settlement in the south and the
Western Settlement in the north (Fig. 4). The latter became
extinct some time before AD 1360, and the former by approx-
imately AD 1500. During the intervening time, the island was
the home of a few thousand individuals of Norse parentage. In
the Kings Mirror (29), we are told that there is “good pasture
in Greenland, and there are great and good farms. The people
have much cattle and many sheep, and they make large quan-
tities of butter and cheese. They live chiefly on this and on
meat, and they also eat the meat of reindeer, whales, seals and
bears.” This information has been confirmed by excavations

and analysis performed in recent time. These settlers hardly
knew of bread, however, because the land did not allow corn
to be grown. The ruins of more than 300 farms, some 20
churches, and a monastery have been found during archeo-
logical investigations. Nordsetra, probably located in the
Disco Island area, was a popular hunting ground: “All well-
to-do farmers of Greenland had large ships and skutur built
for hunting in Nordsetra” (8). They went even further into the
Arctic; rune inscriptions have been found north of Upernavik
at 72°58'.

Eirik the Red settled with his family at Brattahlid in the
Eastern Settlement. Eirik was hesitant to convert to Christian-
ity, but his wife Tjodhild converted to the new faith and built
a church in the neighborhood. Excavations of the church and
churchyard have made major contributions to the understand-
ing of the Viking civilization here (18, 21). A diocese was
constituted in AD 1126 with Arnald as the first bishop on
Greenland. A cathedral also was built. Arnald was followed
by others (one of them even paid a visit to America), until
Anders became the last bishop in AD 1406. The church became
an important power and the Greenlanders had to pay their
dues, not only the Peter’s pence, but even a tax for the
crusades.

THE EARLIEST WRITTEN SOURCES

The first sources to name Iceland and Greenland are a papal
letter of AD 1053 and the Gesta of Adam of Bremen, which
was published some 20 years later (1, 24). The latter also
contains the earliest written reference to Vinland, Leif Eiriks-
son’s outpost in America.

In AD 1053, the Pope granted ecclesiastical powers of the
entire North to Adalbert, the archbishop of Hamburg. The
archbishop therefore was visited by people from the region,
including Greenland, Iceland, Norway, and Denmark. The
history of the archdiocese was written by Adam of Bremen, a
prominent medieval historian. Despite the fact that his work
was not based on personal experience, but on oral and literary
sources, and that it contains a number of misconceptions and
superstitions, the fourth volume (1) remains one of the most
valuable sources for the early history of the North. Referring
to the Danish king as a source, Adam wrote:

Moreover he mentioned yet an island, which many had
found in that part of the ocean; it is called Wineland,
because vines grow wild there, which yields the most
excellent wine. There also is an abundance of unsown
corn we have learned, not from fabulous fancy but from
trustworthy information from the Danes. Beyond this
island, no habitable land is found in this ocean, but all
that is beyond is full of intolerable ice and immense
mist.
Adam claims that many had found the new land. This is in

keeping both with the Saga of the Greenlanders, which por-
trays six different expeditions, and with the archaeological
excavations at L’Anse aux Meadows, which indicated that the
buildings may have housed almost 100 persons (vide infra).

FIGURE 4. Photograph of a bearing-dial carved in oak that the Vikings
used in lieu of a compass. This fragment, excavated in 1948, is from the
Eastern Settlement in Greenland, circa 1000 AD. Courtesy of Helge
Ingstad.
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THE GREENLANDERS’ SAGA

The genius of the old Scandinavian literature was its focus
on the factual (sometimes the believable). Witchcraft was not
unknown, but largely was kept out of the literature by intel-
lectual discipline. History and literature were one. The best
Icelandic Family Sagas are placed among the glories of world
literature (30). The discovery of America is particularly de-
scribed in the Greenlanders Saga (Fig. 5) and in Eirik the Red’s
Saga (16). The North American west coast was discovered in
the same way as Greenland: by a ship that became lost and
traveled too far to the west. According to the Greenlanders
Saga, the coast was first sighted by the Icelandic merchant
Bjarni Herjolfsson, whereas Eirk’s Saga and the Saga of the
Norwegian Kings claim that the new land first was seen by the
Greenlander Leif Eiriksson. The two Sagas agree that Leif
Eiriksson was first to visit the new land. Some passages from

Greenlanders Saga, which is considered as the most reliable,
are cited below.

There was now much talk about voyages of discovery.
Leif, son of Eirik the Red of Brattahlid, went to see Bjarni
Herjolfsson, bought his ship from him, and found her a
crew, so that they were thirty-five all told. Leif invited
Eirik his father to lead this expedition too, but Eirik
begged off rather, reckoning he was now getting on in
years, and was less able to stand the rigors of bad times
at sea than he used to be. Leif argued that of all their
family he would still command the best luck, so Eirik
gave way to him, and once they were ready for their
voyage came riding from home. When he had only a
short way to cover to the ship, the horse he was riding
on stumbled, Eirik fell off, and damaged his foot. ‘It is
not in my destiny’, said Eirik then, “to discover more
lands than this we are now living in. Nor may we
continue further this time all together.’ Eirik returned
home to Brattahlid, but Leif rode on to the ship and his
comrades with him, thirty-five of them all told. There
was a German on the expedition named Tyrkir.

They now prepared their ship and sailed out to sea
once they were ready, and they lighted on that land first
which Bjarni and his people had lighted on last. They
sailed to land there, cast anchor and put off a boat, then
went ashore, and could see no grass there. The back-
ground was all great glaciers, and right up to the gla-
ciers from the sea as it were a single slab of rock. The
land impressed them as barren and useless. “At least,”
said Leif, “it has not happened to us as to Bjarni over
this land, that we failed to get ourselves ashore. I shall
now give the land a name, and call it Helluland (Flat-
stone Land).” After which they returned to the ship.

After that they sailed out to sea and lighted on an-
other land. This time too they sailed to land, cast anchor,
then put off a boat and went ashore. The country was
flat and covered with forest, with extensive white sands
wherever they went, and shelving gently to the sea.
“This land,” said Leif, “shall be given a name in accor-
dance with its nature, and be called Markland (Wood
Land).” After which they got back down to the ship as
fast as they could.

From there they now sailed out to sea with a northeast
wind and were at sea two days before catching sight of
land. They sailed to land, reaching an island which lay
north of it, where they went ashore and looked about
them in fine weather, and found that there was dew on
the grass, whereupon it happened to them that they set
their hands to the dew, then carried it to their mouths,
and thought they had never known anything so sweet as
that was. After which they returned to their ship and
sailed into the sound that lay between the island and the
cape projecting north from the land itself. They made
headway west round the cape. There were big shallows
there at low water; their ship went aground, and it was
a long way to look to get sight of the sea from the ship.

FIGURE 5. Facsimile of The Greenlanders Saga, which is considered by
most scholars to be the most trustworthy among the Sagas with regard to
the Norse discovery of America. Circa 1200 AD. Courtesy of Helge
Ingstad.
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But they were so curious to get ashore they had no mind
to wait for the tide to rise under their ship, but went
hurrying off to land where a river flowed out of a lake.
Then, as soon as the tide rose under their ship, they took
their boat, rowed back to her, and brought her up into
the river, and so to the lake, where they cast anchor,
carried their skin sleeping-bags off board, and built
themselves booths. Later they decided to winter there
and built big houses.

There was no lack of salmon there in river or lake, and
salmon bigger than they had ever seen before. The na-
ture of the land was so choice, it seemed to them that
none of the cattle would require fodder for the winter.
No frost came during the winter, and the grass was
hardly withered. Day and night were of a more equal
length there than in Greenland or Iceland. On the short-
est day of winter the sun was visible in the middle of the
afternoon as well as at breakfast time.

Once they had finished their house-building Leif made
an announcement to his comrades. “I intend to have our
company divided now in two, and get the land explored.
Half our band shall remain here at the hall, and the other
half reconnoiter the countryside—yet go no further than
they can get back home in the evening, and not get sepa-
rated.” So for a while that is what they did, Leif going off
with them or remaining in camp by turns. Leif was big and
strong, of striking appearance, shrewd, and in every re-
spect a temperate, fair-dealing man.

One evening it turned out that a man of their com-
pany was missing. This was Tyrkir the German. Leif
was greatly put out by this, for Tyrkir had lived a long
while with him and his father, and had shown great
affection for Leif as a child. He gave his shipmates the
rough edge of his tongue, then turned out to go and look
for him, taking a dozen men with him. But when they
had got only a short way from the hall there was Tyrkir
coming to meet them. His welcome was a joyous one.
Leif could see at once his foster-father was in fine fettle.
He was a man with a bulging forehead, rolling eyes, and
an insignificant little face, short and not much to look at,
but handy at all sorts of crafts.

“Why are you so late, foster-father,” Leif asked him,
“and parted this way from your companions?”

By way of a start Tyrkir held forth a long while in
German, rolling his eyes all ways, and pulling faces.
They had no notion what he was talking about. Then
after a while he spoke in Norse, “I went no great way
further than you, yet I have a real novelty to report. I
have found vines and grapes.”

“Is that the truth, foster-father?” Leif asked.
“Of course it’s the truth,” he replied. “I was born

where wine and grapes are no rarity.”
They slept overnight, then in the morning Leif made

this announcement to his crew. “We now have two jobs
to get on with, and on alternate days must gather grapes
or cut vines and fell timber, so as to provide cargo for

such things for my ship.” They acted upon this orders,
and report has it that their towboat was filled with
grapes (raisins?). A full ship’s cargo was cut, and in the
spring they made ready and sailed away. Leif gave the
land a name in accordance with the good things they
found in it, calling it Vinland, after which they sailed out
to sea and had a good wind till they sighted Greenland
and its mountains under the glaciers.

FURTHER EXPEDITIONS TO THE
NEW LAND

When Leif came back from Vinland, his brother Thorvald
decided to make another trip because he considered that Leif’s
exploration of the new country had been too restricted. He
thus traveled with 30 men to Leifsbudir (Leif’s place), where
they spent the winter, catching fish for their food. They used
the next summer to explore the coast. The Greenlanders’ saga
does not indicate how far south they went, but states that
“[they] returned and reached Leifsbudir that autumn.” The
second summer, Thorvald found a place where he intended to
build his home, stating that “[t]his is a lively place and here I
should like to make my home.” This did not happen, however,
because he was killed by an arrow in a fight with the Skrælings
(the Norse term for the native population). He ordered his
men to bury him at the site he had wanted to settle and in a
characteristic laconic Viking fashion said, “Maybe it was a
truth that came into my mouth, that I should dwell there
awhile.” His comrades stayed for another winter and left for
Greenland in the spring, again bringing grapes and vines in
their ship.

Another brother, Thorstein, felt compelled to go to Vinland
and retrieve Thorvald’s body. He brought his wife Gudrid and
25 men. They did not succeed because “they were storm-tossed
the whole summer . . . but after one week of winter reached
Lysufjord in Greenland.” During the winter, many of the people
there, including Thorstein, fell ill and died. He was brought to
Eiriksfjord and buried at the church there in the spring.

The same summer, the Icelander Thorfinn Karlsefni arrived in
Greenland from Norway. He spent the winter in Eiriksfjord and
married Gudrid. Both Gudrid and other people put pressure on
him to undertake a voyage to Vinland, which he agreed to. In
contrast to Leif and Thorvald Eiriksson, both of whom initially
set out only to explore the new land, Karlsefni had decided to
settle in Vinland already when he left Eiriksfjord. He brought 60
men and 5 women “and all sorts of livestock for it was their
intention to colonize the country . . . .” Karlsefni wanted Leif to
give him his houses, but was told that he could lend them, but
not have them. They arrived safely at Leifsbudir, where they
lived from the meat of a stranded whale (Ingstad also observed
stranded whales during the archaeological work [14]), and oth-
erwise took the advantage of what the country had to offer “both
in the way of grapes and all kinds of hunting and fishing and
good things.” The next summer Gudrid gave birth to a boy they
named Snorri.
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The settlement was not a fortunate one. First, it was tor-
mented by disagreements and unacceptable behavior among
some of the men, and second, they made acquaintance with
the native population. The latter seems to have been friendly
in the beginning, and the settlers traded fur for dairy products.
Despite this, they found reason to put up a palisade. At a
second occasion, one of the indigenous men was killed while
he tried to steal weapons. This triggered an attack that prob-
ably was the main reason that Karlsefni announced the fol-
lowing spring to his companions that he did not want to stay
there any longer. They therefore returned to Eiriksfjord. Al-
though they did not succeed in establishing themselves in the
new land, the trip to North America must have been very
successful from a merchant’s point of view. “It was said that
no richer ship had sailed from Greenland,” and Karlsefni and
Gudrid spent the next winter in Norway selling their goods.
This included the ornament of their ship’s stern, made of
Vinland maple, and sold to a German for half a mark of gold.
After this, they built a farm on Iceland, which at Karlsefni’s
death was taken over by Snorri, who may have been the first
white person born in America. According to the Saga, Gudrid
made a pilgrimage to Rome and later became a nun.

Two brothers from Iceland arrived on Greenland the sum-
mer Karlsefni came back from Leifsbudir. They were invited
to take part in an expedition by Leif Eiriksson’s sister, Freydis
Eiriksdottir. Leif again was asked to give away Leifsbudir, but
“he made his usual answer: he would lend the houses, he said,
but not give them.” This is an interesting point because it
indicates that Leif had not given up future use of his property
in the new world. Freydis, in contrast to her brothers and
Karlsefni, seems to have been a ruthless person. In Vinland,
she tricked her husband into killing the Icelanders, whereas
she herself took care of their women. This gruesome act infu-
riated Leif, who declared: “I have not the heart to treat my
sister Freydis as she deserves, but I predict this of her and her
husband: no offspring of theirs will come to much good.” To
this the Saga adds: “And such proved the case, that from there
on no one thought anything but ill of them.”

THE LOCATION OF VINLAND

The location of Vinland has been discussed in the literature
since the last part of the 16th century. Most authors have held
that the history about the grapes described in the ancient
sources were historically correct and maintained that Vinland
thus had to be located somewhere below the northern limit of
wild grapes.

Adam of Bremen’s information about wild grapes and an
abundance of unsown corn on one hand, and a land filled with
ice and fog on the other hand, seemed contradictory to many.
The Swedish linguist Söderberg (26) pointed out that vin had
two different interpretations in the old Norse language: with
short ‘i,’ it meant pasture or meadow, and with long ‘i,’ it
denoted wine. Parallel to this, the Norwegian neuroscientist
and explorer Fridtjof Nansen (5, 6) discussed a possible con-
nection to ancient human fantasies of a remote, blessed island

where distress was unknown and all good things were plen-
tiful, as for instance expressed in the Odes of Horace: “Let us
seek the Fields, the Happy Fields, and the Islands of the Blest,
where every year the land, unploughed, yields corn, and ever
blooms the vine unpruned.” Nansen suggested that the notice
about wine in the new land represented an amalgamation of
the classical tale of Insulæ Fortunatæ in the Icelandic Sagas (22).

Another key to the location is the Greenlander’s Saga account
that the day and night were of a more equal length there than in
Greenland or Iceland. The sun there had eyktarstað and
dagmálastað on the shortest days. The clock of the Norsemen was
the sun. Incidentally, they knew more about the relationship
between the earth and the sun than we often appreciate. Thus,
when the father in the old Norwegian book The Kings Mirror
(approximately AD 1230) explains to his son why the winter is
characterized by short days and low temperatures, in contrast to
the long days and high temperatures of the summer, he uses a
candle (as the sun) and an apple (as the earth) in his teaching, and
also states that “[f]rom this you may infer that the earth-circle is
round like a ball and not equally near the sun at every point. But
where the curved surface lies nearest the sun’s path, there will
the greatest heat be.” He further explains that people in the south
have the sun in the north (29).

The Vikings determined the time of day by the position of
the sun in relation to elements in their natural surroundings,
not least in relation to cairns (which also have been found in
the Viking settlement on Newfoundland). These positions
matched partitions of the day related to work, mealtimes, and
so forth. Most likely both eyktarstað and dagmálastað were
marks on the horizon that were related to the position of the
sun. Snorri’s Edda, for instance, states that the autumn lasts
from the equinox until the sun goes down in eyktarstað. One
interpretation is that the sun on the shortest day was up over
the marks for both nones and breakfast time (7). Although
historians by now have accepted the Saga as authentic, they
have arrived at highly different conclusions (from Labrador to
Georgia) when translating the location into latitude (Table 1).

THE DISCOVERY OF A NORSE
SETTLEMENT IN AMERICA

The Viking settlement by L’Ans aux Meadows was discov-
ered and investigated by Helge and Anne Stine Ingstad. Helge
Ingstad was born in Norway in 1899. According to him, he
was “not a pride to his school,” because he was more inter-
ested in athletics, hiking in the mountains, and playing chess
than in doing his homework. After law school at the Univer-
sity of Oslo, which he finished in record time, and military
service in the King’s Guard, he started a law firm that quickly
flourished.

In contrast to many young and successful lawyers, he was
frightened by the rapidly increasing income and feared that he
would fail as a rich materialist. He therefore suddenly decided
to break up from his firm, which he sold, and then traveled to
Canada, where he lived as a fur hunter in the area northeast of
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Great Slave Lake for 4 years. After returning to Norway in
1930, he wrote The Land of Feast and Famine (15), which imme-
diately became a great success and was translated into a
number of other languages.

The book also had fundamental consequences for Helge
Ingstad’s personal life, because it was read by Anne Stine Moe.
Although she was only 13 years old at the time, she decided
that Ingstad was the man she wanted to share her life with.
She wrote him a letter, and Ingstad, who was working at
Spitsbergen and probably completely unaware of the young
lady’s age and intentions, responded. Years later, they met,
and during World War II—a difficult time for Anne Stine
because her eldest brother, a military pilot, was shot down and
died and both her father and her younger brother were sent to
concentration camps–they married. Anne Stine studied ar-
chaeology at the University of Oslo and worked for a number
of years on artifacts from Viking excavations in Norway.

Helge Ingstad became one of the most eager students of the
old sagas ever, and spent years of his life exploring old set-
tlements in Greenland and America. His favorite for the loca-
tion of Vinland was Newfoundland (12). This was based on
several lines of evidence. First, he agreed with Söderberg in
that Vinland (with a short ‘i’) meant “land of meadows.”
Second, old maps showed a peninsula marked Promontorium
Winlandia, which could correspond to the northern part of
Newfoundland (Fig. 6). Third, he found that Helluland and
Markland, land areas mentioned in the Sagas, corresponded
neatly with parts of Baffin Island and Labrador. Last, he
reasoned that Newfoundland would be the first land with rich
pastures and games that the Vikings would meet when trav-
eling along the route described in the Greenlander’s Saga.

He decided to follow the sailing directions described in the
Sagas, and in 1960, he explored the area by land and sea
together with his daughter. One day, they sailed into L’Ans
aux Meadows, a small fishing village on the Northern beaches

of Newfoundland (Fig. 7). He met a weather-beaten fisherman
by the name of George Decker and asked him if he knew about
any ruins in the area. Decker took them to Épaves Bay, where
the local people knew some vaguely elevated mounds that
they thought of as ancient house sites.

From 1961 through 1969, the Ingstads led seven archeological
expeditions that included scholars from Norway, Canada, the
United States, Sweden, and Iceland. During the excavations, they
revealed three groups of houses, each consisting of one larger
dwelling house and one or two smaller buildings. Altogether,
there was room for approximately 100 people. The buildings
were typical turf houses of the type known from excavations at
Greenland and Iceland from the same period. In addition to
houses for people, they found a smithy, outdoor cooking pits,
boathouses, a bathhouse, and enclosures for cattle (13, 14).

A number of findings confirmed the Viking nature of the
settlement, including a ring-headed bronze pin, a bone needle
of Norse type, iron rivets, fragments of iron, smelted copper,

TABLE 1. Historians have reached different conclusions with
regard to the latitude of Vinland

W. Wormskiold 49°N

C.C. Rafn and F. Magnusson 41°24‘10‘N

T. Bugge 41°22‘N

L.M. Turner 41°22‘N

E. Tengstrom 31°N

W. Hovgaard 48°–42°N

H.R. Holand 42°N

L. Løberg 55°N

A. Næss 36°54‘N

R. Reman, E. Wahlgren 45°

FIGURE 6. Facsimile of the so-called Stefánsson map. Sigurdur Stefáns-
son came from a gifted Icelandic family and studied in Copenhagen in the
AD 1590s. The original map has been lost. This copy was made by an Ice-
landic bishop in 1670. It shows Greenland, Iceland, the North Atlantic
islands, and the Norwegian west coast, together with Promontorium
Winlandiæ, and the land areas Leif Eiriksson named Helluland (Flat-
stone Land) and Markland (Wood Land). Circa 1440 AD. Courtesy of
Helge Ingstad.
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a needle hone of quartzite, and stone lamps of Icelandic type
(Fig. 8). Among other finds were a soapstone spindle whorl of
Norse type (Fig. 10), confirming that the settlement also had
hosted women who spun wool from sheep they had brought
with them, and fragments of bone from pigs, indicating that
they also had brought pigs (13, 14).

Final 14C dating was performed by Professor Stuiver at the
University of Washington, Seattle (Fig. 12). The variation in
the dating may be the result of technical factors, of the fact that
some of the material came from drift wood or wood the

Greenlanders brought with them, or of the fact that the objects
came from separate expeditions or people living there over a
more extended period. The investigated artifacts were dated
to AD 990 � 30 years (mean � standard deviation). This fits

FIGURE 7. Photograph of the L’Anse aux Meadows, which provides rich
grazing land. The Swedish linguist Söderberg pointed out that vin had
two different interpretations in the old Norse language: with a short ‘i’ it
meant pasture or meadow, and with long ‘i’ it denoted wine, and thus
Vinland may be interpreted as the “Land of Meadows” instead of the
“Land of Wine.” Circa 1000 AD. Courtesy of Helge Ingstad.

FIGURE 8. Photographs of stonelamps. The upper one is from the archae-
ological excavations on L’Anse aux Meadows. The lower ones are from the
Viking age on Iceland. Circa 1000 AD. Courtesy of Helge Ingstad.

FIGURE 9. Photograph of Anne Stine Ingstad excavating the fire place in
house F at L’Anse aux Meadows. The site was excavated between 1961
and 1968. Courtesy of Helge Ingstad.

FIGURE 10. Photographs of spindle whorls from Greenland (upper row)
and L’Anse aux Meadows (lower row). Circa 1000 AD. Courtesy of
Helge Ingstad.

FIGURE 11. Photograph of a typical Viking age ring needle used to fas-
ten the cloak on the right side, from the excavations in L’Anse aux Mead-
ows. Circa 1000 AD. Courtesy of Helge Ingstad.

LANGMOEN

1084 | VOLUME 57 | NUMBER 6 | DECEMBER 2005 www.neurosurgery-online.com



well with the historical sources, because they indicate that
Vinland was discovered in approximately AD 1000. In addi-
tion to the Viking finds, they identified a number of native
artifacts in separate layers. These were dated to a more ex-
tended period (AD 600–AD 1500).

The work of the Ingstads and their collaborators at northern
Newfoundland is acknowledged as a major achievement in
modern archaeology and is considered to be a major enrich-
ment of our geographical and historical knowledge (30). The
site of the settlement is a National Historic Site of Canada and
a World Heritage Site.

FURTHER CONNECTIONS BETWEEN
GREENLAND AND NORTH AMERICA

Unfortunately, we do not have written historical accounts
from Greenland. Later trips to North America, however, are
mentioned in other sources. As a rule, this is done without
further explanation, indicating that the location should be
self-evident for the reader. This may indicate that visits not
were not infrequent (14). Considering the relatively harsh
conditions on Greenland and the affluence of the newly dis-

covered land, together with the short distance between them
(especially when compared with traveling back to Norway),
one would be surprised if the Greenlanders had not made
further explorations in attempts to settle or for using the goods
of the new country. How far they traveled and whether they
established settlements that were inhabited over an extended
period of time, however, remains obscure.

A number of artifacts encountered in North America have
been claimed to be of Viking origin (Fig. 13). Most of them are
proven hoaxes, or are not accepted for other reasons. People
with strong opinions will carry on rejecting or supporting
authenticity with regard to objects where there is still a degree
of uncertainty.

The Norse population on Greenland disappeared in approx-
imately AD 1500 (14, 30). The reason is uncertain. The Western
Settlement was found deserted by AD 1360. There were no
indications of extinction by massacres or plague. Archeo-
pathologists have discounted malnutrition and disease. There
are no signs of amalgamation with the local Inuits. Some think
they emigrated to North America, where they died out or
became natives, others that they were taken as slaves. The
most plausible explanation is that the disappearance occurred
as a result of a multitude of factors, including the waxing cold,
competition with the Inuits for marine game, increasing cul-
tural and economic isolation, and denudation of the soil.

In view of the fact that the Vikings attempted but failed in
establishing a permanent settlement in America, Helge Ingstad
stated in an interview in 1989: “We proved that Columbus came
too late, but also that Leif Eiriksson came too early” (19).
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COMMENTS

As Langmoen writes in this wonderful discussion on Norse navi-
gation, by the time the Vikings reached Greenland, they could

hardly avoid stumbling on the American coast. The parallels between
global navigation and surgical navigation are many, and the instru-
ments we use (often our naked eye; i.e., “seeing” the coast of Canada
from Greenland) may seem just as crude. Do we really understand
cellular neuroanatomy and axonal pathways? Did the Vikings really
know where they were going? The abandonment of their settlement

on North America parallels the various operative techniques we aban-
don if they prove too costly, too difficult, or perhaps too ahead of their
time. Although much of this story has been written elsewhere, I
particularly enjoyed the images from the L’Anse aux Meadows set-
tlement in Labrador. When I was a child, this history was not in our
textbooks. Just as in neurosurgery, what we perceive to be true may
require further thought.

Douglas Kondziolka
Pittsburgh, Pennsylvania

What a refreshing piece of historical writing on a subject I think
most Americans are woefully ignorant of: the Norse exploration

of America. The author clearly points out that these Vikings were not
simply pirates and plunderers, but rather a skilled and adventurous
people who spread out far and wide to set up colonies. The special
design of an ocean-going ship made far-ranging explorations a good
deal easier. These ships are what finally led this group of people to
head west and start their exploration of Canada, Iceland, and Green-
land, among other sites. This presence of Norsemen on the North
American continent, well before Christopher Columbus, has now
been clearly documented through the archeological work of Helge
Ingstad and Anne Stine. I have seen bits and pieces of this research
over the years, but never have the efforts been so clearly clarified as
here with the discussion of the early literature and the Greenland and
Icelandic sagas. Even more interesting was to read how much of the
language we use in English is derived from early Norse languages. We
are clearly interconnected. What remains puzzling, though, is why
these explorations trails that were developed by the Vikings 400 years
before Columbus were not continued. Our history books suggest an
enormous void in travel and exploration to the Americas in the
pre-1492 era. This was obviously not the case. Thanks to a wonderful
review of early sagas, and the recent work of archeologists, Langmoen
has provided better insight of the historical exploration of the Amer-
icas.

James T. Goodrich
Bronx, New York

The Viking raid of Lindisfarne Monastery at the river Tweed in
Northern England in June 793 initiated 300 years of exploration,

piracy, and forced trade by the Norsemen (1). Their accomplishments
as conquerors, explorers, and traders were not coincidental and
should be considered as a consequence of their unique culture and
lifestyle. During the violent and expansive Viking era, the whole
society was bound by conventions and moral codes. The Norse ideal
was a man of open, generous disposition, a man of compassion and
kindness, who was physically accomplished and a strong fighter with
the ability to execute unusual deeds. A man who could not sail, ride,
lift his sword, or impress women was not useful. When circumstances
and fate drew him into a situation he could not avoid without losing
honor, there was no running away. If he had to kill, he killed; and if
he had to die, he died honorably (3). The real reward for bravery was
not a place with the dead in Valhalla, but rather the continuing esteem
of the living (4).

The Viking discovery of Vinland is told in two separate, but related,
Icelandic sagas: the Greenlanders’ Saga, written in the 12th century,
and Eirik the Red’s Saga, written about a century later. Many scholars
consider Eirik’s saga less trustworthy as a historical source than the
Greenlanders’ saga, which itself has to be read with caution (5). Many
so-called “Viking Relics” have turned up in North America during the
last century, the majority of them exposed as hoaxes. The most famous
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is the “Kensington Stone,” with fake runic inscription, found in 1898
in Alexandria, Minnesota, the “Birthplace of America.” The fragmen-
tary “Maine Penny,” minted during the reign of King Olav Kyrre in
11th-century Norway, is considered genuine. It was excavated from
an American-Indian site in Maine in 1957, but there is no explanation
as to how and when it got there. The only indisputable proof that the
Vikings landed in America 500 years before Columbus are the exca-
vations by Helge and Anne Stine Ingstad, in L’Ans aux Meadows 40
years ago, which are so thoroughly described in this extensive and
scholarly article by Langmoen.

A still unsolved puzzle is the failure of the Norse in establishing a
permanent settlement in America, and their mysterious disappear-
ance in Greenland around 1500. The weather may have been the most
important reason. Between 800 and 1250 a unique climatic situation
with balmy weather existed in the North Atlantic region. This warm-
ing trend, known as the “Little Climatic Optimum,” reached its peak
around the year 1000 (2). It is possible that, during the warmest years,
the polar ocean itself became partially ice-free. Furthermore, in 1261,
when the weather worsened, Greenland (and Iceland) came under the
Norwegian crown. As a colony, Greenland’s trade links depended
entirely on the will and power of a king in far-off Norway. Ships
found it more difficult to reach Greenland because of coastal ice, and
the Eskimos moved south toward the Viking settlements (5). The
Norse settlers may simply have perished from exposure and starva-
tion. The indigenous “Skraelings,”’ so much better adapted to the
barren land and harsh climate than the Vikings, had won at last. Leif

Eiriksson may have come too early, but after reading this fascinating
history of the Norse discovery of America, one wonders what would
have happened to this continent if the Vikings had prevailed?

Harald Fodstad
New York, New York
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Chieftains with injured necks. J Med Biogr 3:105–109, 1995.
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There was a time when the term “pre-Columbian” implied that the
item under discussion, usually an artifact of cultural interest,

dated from an America before European contact. Langmoen’s article
shows that that usage is no longer tenable: the Norse discovered
America before Columbus. He presents this historically important fact
with a very thorough review of the available information, including
sagas that were passed on only by word of mouth, bringing the
characters involved as sharply into focus as those of the written
history with which we are all more familiar. The resurrection of this
story from the mists of time, from an obscurity similar to that of the
rune stones with their mystical inscriptions that are still visible
throughout the moors of the Scandinavian world, was enormously
facilitated by the discovery and excavation of a proven Norse site at
L’Anse aux Meadows, Newfoundland, dating from 990 �/- 30 AD, by
the Ingstads whom I had the pleasure of visiting in 1967 when the site
could be reached only by boat or on foot. But there must have been
other North American Norse sites and the location of “Vinland” is still
not entirely clear.

Ronald R. Tasker
Toronto, Ontario, Canada

FIGURE 1. A Viking drinking party.
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Meningiomas are the most frequently reported primary intracranial neoplasms, ac-
counting for approximately 25% of all such lesions diagnosed in the United States.
Few studies have examined the risk factors associated with a diagnosis of meningioma
with two categories of exposure, hormones (both endogenous and exogenous) and
radiation, most strongly associated with meningioma risk. Limited data are also
available on long-term outcomes for meningioma patients, although it is clear that the
disease is associated with significant morbidity and mortality. Recent legislation
passed in the United States (The Benign Brain Tumor Cancer Registries Amendment
Act [H.R. 5204]) mandates registration of benign brain tumors such as meningioma.
This will increase the focus on this disease over the coming years as well as likely
increase the reported prevalence of the disease. The increased emphasis on research
dedicated to the study of brain tumors coupled with the advent of new tools in genetic
and molecular epidemiology make the current era an ideal time to advance knowledge
for intracranial meningioma. This review highlights current knowledge of meningioma
epidemiology and new directions for research efforts in this field.
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POPULATION STATISTICS

Meningiomas account for approxi-
mately 20% of all intracranial tumors
in males and 38% in females (5, 12,

71). The prevalence of meningioma is esti-
mated to be approximately 97.5 in 100,000 in
the United States with over 138,000 individu-
als currently diagnosed with this tumor (18).
Data from the Central Brain Tumor Registry
of the United States reveals an age-adjusted
incidence rate (per 100,000 individuals) of 5.04
and 2.46 for females and males, respectively.
Rates for Caucasians, African-American, and
Hispanics are similar (3.78, 3.77, and 3.45, re-
spectively) (12). Age-specific incidence rates
are listed in Table 1, revealing an increasing
risk with age. Data from the Central Brain
Tumor Registry of the United States from 1985
through 1994 indicate that incidence rates for
meningioma have remained fairly constant
during this time (38). Estimates of mortality
rates associated with a diagnosis of meningi-
oma are limited and hampered by incomplete
reporting, potential selection biases with re-
spect to the individuals who are included in
the databases, as well as limited follow-up
information. Analyses based on information

from the National Cancer Data Base, which
includes data from over 1000 hospitals that
participate in the American College of Sur-
geons tumor registry program, report overall
2 and 5 year survival rates for patients with
meningioma of 81% and 69% (48), respec-
tively, whereas population-based studies from
the 1990s provide estimates of the 5 year sur-
vival rate ranging from 73 to 94% (58, 66).

Biology

Meningiomas arise from meningothelial
cells of the arachnoid layer that forms the
external lining of the brain and occur primar-
ily at the base of the skull in the parasellar
regions as well as over the cerebral convexi-
ties. In general, these lesions are solitary (with
the exception of individuals with neurofibro-
matosis for whom multiple lesions are com-
mon) (1) and come to clinical attention as a
result of symptoms including seizure, hemi-
paresis, or cranial neuropathy such as vision
loss, generally associated with compression
by the meningioma of surrounding neural tis-
sues. Meningiomas may be categorized as be-
nign (�90%), atypical/borderline (5%) and
malignant (3–5%); within the benign category,
there are several subtypes, including syncy-
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tial, fibrous, and transitional. With the exception of malignant
meningioma, these classifications are imprecise with respect to
prediction of patient outcome or response to treatment. In fact,
at present, there is little in the way of any risk stratification for
meningioma both with respect to initial diagnosis as well as
long-term prognosis.

Quality of Life

Although generally classified as histologically benign,
many meningiomas are associated with devastating clinical
symptoms including loss of vision and seizures. Because of the
relatively slow rate of growth for some meningiomas, many
patients may also suffer subtle losses of neurological function
over time including difficulty with speech such as finding
words, changes in ability to concentrate, and weakness in an
arm or leg causing problems with writing, gait, or walking.
Despite such potentially disabling changes, little analysis of
quality of life has been undertaken for patients diagnosed
with and treated for meningioma (13, 20, 39, 41, 65), and no
large scale population-based data exist. The data that do exist
indicate that up to 30% of patients cannot read, write, drive, or
think at the same level as before their meningioma diagnosis
(39), highlighting the type of subtle yet disabling outcomes
associated with this disease and the importance of identifying
means of defining individuals at risk as well as potential areas
for rehabilitation services for these patients.

Risk Factors

At present, the two factors for which the strongest evidence
exists with respect to an association with meningioma risk are
exposure to ionizing radiation and hormones; however, even
these factors remain largely unexplored.

Ionizing Radiation

Ionizing radiation increases the risk of intracranial tumors
and in particular, risk of meningioma (5–7, 9, 31, 33, 74, 75). In
addition, lesions associated with this exposure may be multi-
ple and associated with high recurrence rates. Data from
atomic bomb survivors exposed to high doses (60, 70) show a
greatly increased risk for meningioma. Evidence also exists for
lower dose levels. In one of the most well-known studies of
ionizing radiation and meningioma risk, children who were
given radiation therapy for scalp ringworm in Israel between
1948 and 1960 (the Tinea Capitis Cohort) were observed to have
a relative risk (RR) of almost 10 for meningioma (62). The dose
given to these children, which averaged approximately 1.5 Gy,
has another common use, namely dental radiographs. Within the
United States, this is the most common form of exposure to

ionizing radiation. A number
of studies have linked the
number of full-mouth dental
radiographs to risk of menin-
gioma (55–57, 59), although
the sample sizes are limited
and later studies (also small in

size) did not confirm these findings (61, 64, 67). The most recent
case control study of 200 meningioma patients reported that the
full-mouth series was associated with a significantly increased
risk of meningioma (odds ratio [OR] 2.06, 95% confidence inter-
val [CI] 1.03, 4.17), although evidence for a dose response relation
was lacking (P for trend � 0.33) (45). Radiation therapy for
intracranial tumors has also been linked to meningioma risk (29,
46), and animal studies support the contention that ionizing
radiation can induce intracranial tumors, including meningio-
mas, by damaging DNA, with resultant single-strand or double
strand-breaks (29). No recent large-scale studies of meningioma
risk relative to ionizing radiation exist when x-ray doses for
dental and other procedures have decreased but during which
time new radiographic procedures have been introduced, includ-
ing computed tomography. A population-based examination of
this association with a large sample size will help to provide a
more precise estimate of this association.

Hormones: Overview

An association between hormones and meningioma risk has
been suggested by a number of findings (2–5, 17, 22, 32, 36, 42,
44, 47, 69) including the increased incidence of the disease in
women versus men (2:1), the presence of estrogen, progester-
one, and androgen receptors on some meningiomas, an asso-
ciation between breast cancer and meningiomas, and indica-
tions that meningiomas change in size during the luteal phase
of the menstrual cycle and pregnancy.

Exogenous Hormones

Researchers have only begun to address the question of
whether the use of exogenous hormones (i.e., the use of oral
contraceptives [OC]) or hormone replacement therapy (HRT)
is associated with an increased risk of meningioma (4, 36, 43).
In a case control study nested within the Nurse’s Cohort Study
that included 125 cases of meningioma (36), researchers found
an overall positive association between the use of HRT and
meningioma risk. This group reported that, after adjustment
for age and body mass index, the RR of meningioma associ-
ated with hormone use for premenopausal women was 2.48
(95% CI 1.29, 4.77) when compared with postmenopausal
women who had never used hormones. For postmenopausal
women, the RR associated with hormone use was 1.86 (95% CI
1.07, 3.24). No excess risk was associated with past hormone
use or with past or current use of OC. The results from two
additional studies were recently published in abstract form (4,
43). The first, a retrospective cohort study using the Mayo
Clinic Jacksonville patient database between 1993 and 2003
confirms the positive NHS findings (OR 2.2, 95% CI 1.9–2.6) of

TABLE 1. Age-specific incidence rates for meningioma in the United States (2002)

Age 0–19 20–34 35–44 45–54 55–64 65–74 75–84 85�

Rate 0.12 0.74 2.62 4.89 7.89 12.79 17.04 18.86
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an association between HRT use and meningioma risk (4).
Conversely, a case control study including 219 meningioma
cases identified from three Chicago area hospitals between
1987 and 1992 reports a protective effect for OR use (OR 0.2,
95% CI 0.0–0.8) and a nonstatistically significant protective
effect associated with HRT use (43). As can be seen from these
reports, a large-scale examination of these associations on a
population-based data set is needed to further elucidate this
issue.

Endogenous Hormones

Researchers have reported conflicting results when exam-
ining meningioma risk across categories of pregnancy and
menstrual variables. A population-based study of brain tu-
mors from the late 1980s found that women who had under-
gone either natural (RR 0.59, 95% CI 0.18, 1.94) or surgical (RR
0.12, 95% CI 0.01, 1.30) menopause had a reduced (although
not significantly so) risk of meningioma (67). In the Nurse’s
Health Study (36), the RR for meningioma for women with age
at menarche 12 to 14 years was 1.29 (95% CI 0.86, 1.92) and for
women with age at menarche after 14 years was 1.97 (95% CI
1.06, 3.66) compared with those with menarche before age 12.
The group also observed an increased risk of meningioma for
parous compared to nonparous women (RR � 2.39, 95% CI
0.76, 7.53), although this value is not statistically significant. In
a second nested case control study, Lambe et al. (42) matched
1088 patients with meningioma within the Swedish Cancer
Registry with data from the Swedish Fertility Registry. This
group found no association between either parity or age at
first birth and meningioma risk; however, they were not able
to adjust their analyses for other possible meningioma risk
factors such as use of exogenous hormones or radiation his-
tory. A recently reported case control study (43) that included
219 cases found a protective effect for pregnancy, which in-
creased with number of pregnancies and age at first preg-
nancy. Neither age at menarche or menopause were reported
to show any effect in unadjusted analyses, although meno-
pause showed an increased risk (OR 2.0, 95% CI 1.0–4.0) in
adjusted analyses. As this review makes evident, the associa-
tion between traditional hormone-based pregnancy and men-
strual risk factors and meningioma risk are not well-described
and deserve a more formal examination. In addition, although
researchers have examined the association between measures
of male endogenous hormones such as baldness and age at
puberty with risk of prostate cancer (19), no such data have
been collected for men diagnosed with meningioma.

Tumor Hormone Receptors

Estrogen

The prevalence and function of estrogen receptors in me-
ningiomas remains a controversial topic. Donnell at al. (22)
first described the presence of an estrogen receptor protein in
four of six meningiomas. Since that time, using a variety of
testing methods, researchers have reported prevalence rates

for estrogen receptor positivity from 0 to 94% of cases (2, 3, 11,
32, 47). The prevalence of these receptors by sex, age, histo-
logical subtype, or receptor isoform is not well described,
although preliminary data indicate that differences do exist
across these categories. Data from Brigham and Women’s
Hospital indicates that differences exist in the prevalence of
estrogen receptor isoforms, alpha and beta, with 44% of me-
ningiomas expressing ER-alpha mRNA and 68% expressing
ER-beta mRNA in a series of 34 Brigham and Women’s Hos-
pital cases (11). Although both ER-alpha and ER-beta are
capable of binding estrogen and activating genes with estro-
gen responsive effects, they may elicit different bioresponses
in different organs, and therefore treatments targeted toward
such receptors may act differently by organ as well as by
receptor isoform within the same organ. These receptors have
been more extensively characterized for breast cancer; ER-
beta� patients have been noted to have reduced survival as
well as increased tumor resistance to tamoxifen relative to
ER-alpha� patients. No such data exist for estrogen isoform
receptor prevalence and meningioma response or patient out-
come; it is likely that such a relationship exists and that a more
detailed subtyping of these receptors by sex, histological sub-
type, and isoform may explain why efforts to use anti-estrogen
drugs such as tamoxifen as a treatment option for meningioma
have lead to inconclusive results (27) and may predict more
successful candidates for anti-estrogen therapy among those
patients diagnosed with meningioma in the future.

Progesterone

The majority of meningiomas (40–100%) possess progester-
one receptors (PR), although analyses of the prevalence of
these receptors by such factors as age, sex, and histological
subtype remain limited. In a series of 70 patients, Hsu et al.
(32) reported that women were more likely than men to be PR
positive but found no association between age or histological
subtype and PR score. Although most meningiomas appear to
possess such receptors, the function or role of these receptors
is unclear, and large-scale epidemiological studies to examine
the correlation between binding and a meaningful biological
response or clinical outcome do not exist. However, existing
data are suggestive; Hsu et al. (32) observed that benign
meningiomas were more likely than malignant to be PR pos-
itive (96% versus 40%), with PR status being inversely related
to mitotic index and grade and therefore associated with better
prognosis. Evidence for the functional role of PRs has been
obtained from a number of laboratory analyses including one
in vivo study of nude mice implanted with human meningi-
oma (52). In that study, one group of nude mice received 10
mg/kg of the antiprogesterone mifepristone (RU486) daily,
whereas the other group received placebo. After 3 months,
tumor volume was 154% of baseline in the control group and
25% of baseline in the treated group, demonstrating an inhib-
itory effect of the drug on meningioma growth. Results such
as these point to potential clinical value of accurate knowledge
of PR status in meningiomas.

CLAUS ET AL.
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Androgen

Approximately 50% of meningiomas have been noted to
express androgen receptors, with tumors from women exhib-
iting a higher rate than tumors from men. Data suggest that
androgen expression positivity rates vary positively with
stage (14). Nuclear localization of these receptors suggests
their functional relevance, although in vitro studies have pro-
duced mixed results (14). As for estrogen receptors and PR,
little is known regarding the usefulness of these receptors
relative to clinical prediction and treatment.

Head Trauma

Since the time of Harvey Cushing, head trauma has been
suggested as a risk factor for meningioma, although the results
across studies are not consistent. Although several small case
control studies (54, 55) from the early 1980s report an in-
creased risk of meningioma associated with head trauma for
both males (OR 1.9, P � 0.01) and females (OR 2.0, P � 0.01),
other studies report no such association (44). In a cohort study
of 228,055 Danish residents hospitalized for concussion, skull
fracture, or other head injury between 1977 and 1992 and
followed for an average of 8 years, the standardized incidence
ratio for meningioma after the first year was 1.2 (95% CI 0.8,
1.7) (34).

Cell Phone Use

The question of whether exposure to electromagnetic fields,
particularly in the form of cell phone use, is related to menin-
gioma risk, remains a question of great interest to the general
public. Seven papers have been published that examine the
association between cell phone use and tumors of the brain
(23, 28, 35, 37, 45a, 50, 63). At present, little evidence exists for
an association between the two, although sample sizes specific
to meningiomas are relatively small, the follow-up time since
commencement of cell phone use is relatively short, and, in
some instances, the measurement of cell phone use is some-
what crude. A recent hospital-based case control study from
the National Cancer Institute (35) included 197 meningioma
cases and reported a meningioma RR of 0.7 (95% CI 0.3, 1.7)
associated with cell phone use. Although all of the studies to
date support the hypothesis that there is no association be-
tween the use of cell phones and tumors of the brain, further
study is warranted given the increased prevalence and inten-
sity of exposure to different types of cell phones since the prior
studies took place and the fact that few of the studies exam-
ined this association specifically for meningiomas. Of note,
Swedish investigators of the Interphone study recently re-
ported a significant association between one type of benign
brain tumor, acoustic neuroma, and long-term cell phone use
(OR, 3.9; 95% CI, 1.6, 9.5) (45a).

Association with Breast Cancer

An association between breast cancer and meningioma has
been examined in several studies. A number of explanations

have been proposed for this association including common
risk factors (particularly those with a hormonal component
such as age at menopause or use of OC) or shared genetic
predisposition. In a recent small study designed to gather pilot
data regarding this second hypothesis, no evidence of muta-
tions in two breast cancer susceptibility genes, BRCA1 and
BRCA2, was reported in a series of patients with sporadic
meningioma (40). A recent review of the literature as well as
an analysis of the association between breast cancer and me-
ningioma using the Western Washington State cancer registry
data is provided by Custer et al. (17). It is of note that the RRs
for the association between breast cancer and meningioma
observed across currently existing studies range between 1.5
and 2.0 with the majority statistically significant. Most of these
studies are conducted using tumor registry data, and therefore
sample sizes are relatively small, and none have been able to
examine the association while controlling for risk factors that
are likely to be shared by the two tumors, such as pregnancy
and menstrual variables as well as the use of exogenous
hormones. Therefore, a population-based examination of this
association with a large sample size and control of shared risk
factors may help to provide a more precise estimate of this
association, both across family members as well as within a
single individual.

Allergy

Although a number of studies that examine the relationship
between glial brain tumors and allergic disease such as asthma
and eczema have found evidence for an association, little
evidence has been found for such an association for meningi-
oma. Two of the larger studies to date, one an international
case control study of 331 meningioma cases identified from
France, Germany, Sweden, Australia, Canada, and the United
States, (68) and the second a hospital-based case control study
that included 197 meningiomas (8), found allergy history not
to be associated with meningioma.

Genetics

Family History of Meningioma

Within the field of epidemiology, familial aggregation stud-
ies are frequently a means to begin to assess a genetic etiology
for a given diagnosis. Few studies have examined the relation-
ship between a personal diagnosis of meningioma and a fam-
ily history of meningioma. Using data from the Swedish
Family-Cancer Database, Hemminki et al. (30) reported a sta-
tistically significant association between meningioma diagno-
sis and a parental history of meningioma (standardized inci-
dence ratio 2.5, 95% CI 1.3, 4.3), indicating a familial risk for
meningioma tumors. Recent population based surveys (1, 25)
suggest that highly penetrant but relatively rare inherited
genes may exist for meningioma susceptibility, although it
appears at present that these genes may be primarily seen in
families with neurofibromatosis 2 (Nf2). In sporadic meningi-
oma, Nf2 is deleted or mutated in up to 50% of cases. In
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addition to Nf2, chromosomes 1p, 3p, 6q, 10, and 14q are
suspected locations for tumor suppressor genes. Comparative
genetic hybridization analyses have revealed gains of chromo-
somes 12q, 15q, 17q, and 20q, but no specific genes have been
identified. In addition to comparative genetic hybridization,
researchers, including members of our team, have begun to
use microarray or gene expression data to analyze meningio-
mas (26, 73), although, to date, both the sample size and the
number of genes examined are small. In the largest case series
examined, 2059 genes were examined in 47 meningiomas (73).
In that series, the expression of several groups of genes was
found to correlate with tumor grade including growth hor-
mone receptor IGFBP-7, endothelin receptor A, and IGF2 (73).

Given the evidence that only a small proportion of menin-
gioma cases are likely to be attributable to the effects of rare,
highly penetrant inherited susceptibility genes, great interest
exists in examining the effects of variants in more common,
less penetrant genes on meningioma risk as well as the effect
on risk of any interaction of these variants with environmental
exposures. New methods in genetics and molecular epidemi-
ology allow for the high-throughput processing of thousands
of genes in large patient populations with relative ease and
low cost. To date, there are few studies involving brain tumor
risk and genetic polymorphisms (10, 15, 16, 21, 24, 65a, 72).
Only three reports have examined the relationship between
certain genetic polymorphisms and meningioma risk (21, 24).
As might be expected from the strength of the association
between the analogous environmental exposures (i.e., hor-
mones and ionizing radiation), the focus of these studies has
been on genes that are involved in steroid biosynthesis, break-
down, or metabolism, and ongoing projects are examining
whether variants in DNA repair genes, either alone or accu-
mulated across genes in a pathway, are associated with in-
creased risk of meningioma. The first of these studies exam-
ined polymorphisms in glutathione-S-transferase (GSTM1,
-P1, -T1) and cytochrome P450 polypeptide 2E1 (20). GSTM1
and GSTT1 code for cytosolic enzymes that are involved in the
metabolism of xenobiotics or products of oxidative stress in-
cluding a number of environmental carcinogens such as the
polycyclic aromatic hydrocarbons present in diet and tobacco
smoke. cytochrome P450 polypeptide 2E1 is involved in the
oxidation of a variety of compounds including steroids, fatty
acids, and xenobiotics. With use of data collected from 172
meningioma patients, a borderline statistical significance was
noted between the GSTT1 null-type and meningioma risk (OR
1.5, 95% CI 1.0, 2.3). Of note, the association appeared to be
stronger for younger patients than old, although this differ-
ence was not statistically significant. A second study including
48 meningioma patients and 412 control subjects reported
similar findings, with an OR of 3.6 (95% CI 1.8, 6.9) comparing
GSTT1 null with positive (24). More recently, data from the
TINEA CAPITAS study revealed an association between vari-
ants in DNA repair genes and meningioma risk, as well as a
modification in the association by radiation exposure (65a).
The future examination of genes potentially involved in me-
ningioma risk such as DNA repair, cell cycle, or steroid hor-

mone metabolism genes and their association with environ-
mental risk factors including exposure to ionizing radiation or
exogenous and endogenous hormones represents a exciting
new area of meningioma research.

Directions for Future Studies

The study of risk factors for intracranial meningioma re-
mains a challenging and largely unexplored field. The known
risk factors of genetic predisposition and high-dose radiation
exposures account for a small proportion of cases. Although a
role for hormones is likely given the sex distribution of me-
ningiomas, little specific or consistent data exist on hormonal
risk factors. Tools from the field of epidemiology may be used
to collect appropriate subject data from well-defined source
populations in an effort to identify risk factors both for the
overall group of meningioma patients as well as for specific
subgroups. High-quality follow-up data of sufficient time pe-
riod must be collected on meningioma patients to obtain rep-
resentative estimates of sex- and age-specific rates for recur-
rence, quality of life, and overall survival. In addition to the
collection of data on environmental risk factors such as hor-
mone use, new projects will need to consider the inclusion of
genetic information such as DNA polymorphism and microar-
ray data. The collection of microarray data allows one the
opportunity to assess the expression levels for thousands of
genes simultaneously. Molecular classification techniques
based on machine learning algorithms applied to microarray
data have been shown to have statistical and clinical relevance
(49, 51, 53, 76). These data may be used to classify tumors into
prognostic groups and to explore gene function and pathways
within a set of tumors. Molecular genetic analyses in general
show great promise with respect to the classification and
treatment of brain tumors; for example, oligodendrogliomas
exhibit completely different response to chemotherapy based
on the presence or absence of alleles on chromosomes 1p and
19q. No reports exist to date of such work in meningioma; one
of the most promising roles for such an analysis is in the
classification of meningiomas into risk categories with respect
to eventual outcome or response to treatment.

In addition to exploring environmental and genetic factors
for meningioma risk separately, the interaction between the
two must be examined. For example, the integration of envi-
ronmental risk factors such as OC use or radiation exposure
with information on genetic polymorphisms in steroid hor-
mone or DNA repair genes may help researchers to under-
stand the complex relationship between genetic susceptibility
and environmental exposures in the development of menin-
gioma (65a). Given the large numbers of subjects needed to
study such gene–environment interactions, collaborative, pos-
sibly multicenter efforts between a variety of researchers will
be needed, including experts from such fields as neurosur-
gery, epidemiology, genetics, statistics, and neuropathology.
The study of brain tumors is a greatly underserved area of
medical research. Recent House and Senate Appropriations
Committees recognize this paucity of knowledge and have
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made recommendations to increase attention to brain tumor
research. Thus, the current era represents a key time and
opportunity in the United States for the study of meningioma
given this mandate as well as new legislation recently passed
by Congress to include the collection of �benign� tumors such
as meningioma in the Public Health Service Act within cancer
registries for the first time.
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This is a valuable contribution regarding the epidemiology of me-
ningioma. This tumor continues to be a great challenge for all of

neurosurgery. This article presents a very thorough review of the
current state of the art with regard to statistics on incidence, survival,
and many of the epidemiological factors implicated in the pathogen-
esis and prognosis of the tumor. It is a shame that all of the extensive
work regarding the hormonal attributes of meningiomas has not
resulted in a major advance in the management of these lesions. It
remains food for thought, and the material in this review certainly
helps individual investigators put the tumor and the many factors that
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play a role in its management into perspective. I hope we can be
optimistic that molecular genetics will ultimately provide some clues
that will result in improved outcomes for our patients with meningi-
oma.

Edward R. Laws, Jr.
Charlottesville, Virginia

This is a nice review of current information regarding the potential
causes for meningiomas. The presentation is informative and rel-

evant for neurosurgeons. Although conclusions are difficult because
of the lack of confirmatory data, this report reminds us that even
benign tumors are the result of genetic mutations. A larger study,
properly constructed to try to answer the question “Where did my
tumor come from?,” would be welcomed, as patients frequently ask.
Hopefully, this report will serve as a stimulus for this work to be
completed.

Joseph M. Piepmeier
New Haven, Connecticut

This well-written and comprehensive overview of epidemiological
risk factors that promote or favor the development of meningioma

incites thought on several levels. The authors point out a number of
opportunities for epidemiological study as they characterize which
data are available, and which are missing, from current knowledge of
risk factors affecting meningioma incidence. As the authors point out,
the link between previous ionizing irradiation and meningioma gen-
esis is well established. A hormonal influence has also long been
proposed, based on the greater incidence of these tumors in women
and on the well-known tumor growth invoked during the later stages
of pregnancy. However, even after several decades of research into the
role of estrogens and progestins in initiating or stimulating meningi-
oma growth, the data remain weak. Here, a brief discussion is given
that implies a possible role for estrogen receptors, but, in truth, these
are not ubiquitously expressed and estrogen receptor blockade has
never proven useful in a clinical setting. Although meningiomas are
replete with progesterone receptors, they respond poorly to antipro-
gestational agents and conflicting results have been obtained as to the
function of these receptors in cultured cells. Hormone replacement
therapy in women does give an excess relative risk for meningioma,

but testosterone levels in men have never been correlated with me-
ningioma risk despite the presence of nearly as many androgen re-
ceptors as progesterone receptors. Thus, our understanding of hor-
monal influences is incomplete and somewhat chaotic. I would
propose that it is somewhat simplistic to assume that progesterone is
the key hormone explaining the behavior of meningiomas during
pregnancy and their higher incidence in women. Pregnancy induces a
legion of other physiological changes that one might implicate in the
stimulation of meningioma growth: as just one example, insulin-like
growth factor-I (which is known to be a powerful stimulant to me-
ningioma growth both in vitro and in vivo) rises significantly during
the third trimester, when meningiomas grow most significantly (1).
Progesterone may simply be a cofactor for another hormone, enabling
its action rather than driving growth directly. Even the oft-suggested
link between carcinoma of the breast and meningioma seems to be
shaky, and population-based studies are needed to conclusively show
whether the association is based on shared hormonal factors, shared
oncogenetic mechanisms, or simply the shared higher incidence of
these two tumors in women. The authors are right to suggest that
environmental factors such as those discussed here should be corre-
lated with genetic data (e.g., gene function relating to steroid process-
ing or deoxyribonucleic acid repair) for optimal understanding, but
given that our understanding of those environmental factors is foggy
at best, we need to establish much more conclusively which are
important (and which not) before we invest too much energy in such
correlations. Cell phones seem not to cause meningiomas, ionizing
irradiation does, and defects in the NF2 gene cause meningiomas. But,
multiple mechanisms are at play, and we remain otherwise uncertain
of much of what causes a meningioma to take root, what causes its
cells to divide, and what causes its occasional transformation to the
anaplastic phenotype.

Ian E. McCutcheon
Raymond Sawaya
Houston, Texas
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OBJECTIVE: With a globally aging population, it is imperative to develop specific
treatment strategies for intracranial aneurysms in the elderly. However, the optimal
management of intracranial aneurysms in the elderly remains controversial, particu-
larly for the unruptured aneurysms. Although endovascular treatment is increasingly
being used for the management of aneurysms, large endovascular series in the elderly
population are relatively lacking, especially with regard to the unruptured aneurysms.
We present our single-center endovascular experience in treating intracranial aneu-
rysms in 63 consecutive patients 70 years of age and older.
METHODS: Between November 1998 and December 2003, among a total of 990
patients with intracranial aneurysms treated endovascularly at our center, 63 patients
(6%) were 70 years of age or older. Forty-one patients presented with subarachnoid
hemorrhage (SAH), and 22 presented with symptomatic unruptured aneurysms. A total
of 84 aneurysms were detected in these 63 patients. Only those responsible for either
the subarachnoid hemorrhage or clinical symptoms (68 aneurysms) were treated. The
aneurysm characteristics, endovascular procedures and techniques, angiographic and
clinical outcomes, and complications were reviewed.
RESULTS: Selective embolization failed in three aneurysms (4%). In the remaining 65
aneurysms, complete occlusion was achieved in 33 aneurysms (51%), neck remnant
was observed in 17 aneurysms (27%), and residual aneurysmal filling was observed in
six aneurysms (9%). Parent vessel occlusion was used in the treatment of nine
aneurysms (13%). Thirteen procedure-related complications occurred (19%), six of
which resulted in clinical complications (9%). Nine deaths (14%) occurred; three (5%)
were directly related to the endovascular procedures, and six (9%) were related to the
medical complications of SAH. The remaining 54 patients had a mean clinical
follow-up time of 13 months (range, 1–47 mo). Ninety-one percent (20 out of 22) of the
patients with unruptured aneurysms and 89% (25/28) of the patients with low-grade
(Hunt and Hess Grade I and II) ruptured aneurysms achieved excellent outcomes
(modified Rankin Scale score, 0–1), whereas 77% (10 out of 13) of the patients with
high-grade (Hunt and Hess Grade � III) ruptured aneurysms either died or had very
poor outcomes (modified Rankin Scale score, 4–5). Angiographic follow-up (mean, 11
mo; range, 3–38 mo) was obtained in 34 of the 54 living patients (63%). Two
aneurysms demonstrated minor changes that required no further treatment (5%). Five
aneurysms showed major recurrences (17%), all of which were successfully retreated
endovascularly.
CONCLUSION: The elderly patients should merit strong consideration for endovas-
cular treatment of both ruptured and symptomatic unruptured intracranial aneurysms.
However, in elderly patients with high-grade subarachnoid hemorrhage, morbidity
and mortality rates remain high.
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Subarachnoid hemorrhage (SAH) represents a dramatic
disease entity with an exceedingly high mortality and
morbidity. The diagnosis of an intracranial aneurysm

would naturally arouse strong emotions and stimulate great
enthusiasm for seeking expeditious treatment. To date, how-
ever, the optimal management of patients with intracranial
aneurysms remains controversial, especially in elderly pa-
tients. With a globally aging population, it is imperative to
develop specific treatment strategies for intracranial aneu-
rysms in the elderly. The traditional notion of aneurysmal
obliteration with microsurgical clipping is currently being
challenged, with an evolving body of knowledge demonstrat-
ing that endovascular treatment may have lower mortalities
and morbidities (1, 4–6, 8). There is evidence in the current
literature suggesting that advanced age may have a more
significant negative impact on the outcomes with surgical
obliterations than with endovascular embolizations (1). To
date, large series assessing endovascular treatment of intra-
cranial aneurysms in the elderly are relatively lacking, espe-
cially with regard to the unruptured intracranial aneurysms
(2, 3, 7, 11). We present our single-center endovascular expe-
rience in treating intracranial aneurysms in 63 consecutive
patients aged 70 years and older.

PATIENTS AND METHODS

Patient Population

Between November 1998 and December 2003, among a total
of 990 patients with ruptured or unruptured intracranial an-
eurysms treated endovascularly at our center, 63 patients (6%)
were 70 years of age or older. There were 51 women (81%) and
12 men (19%), with a median age of 75 years (range, 70–91).

Out of 63 patients, 41 (65%) presented with SAH. Thirteen
patients presented with high-grade SAH (Hunt and Hess
Grade III or higher). Twenty-eight patients presented with
SAH of Hunt and Hess Grade I or II. Among the remaining 22
patients (35%) with unruptured aneurysms, 19 presented with
cranial nerve deficits from aneurysmal mass effects, two with
transient ischemic attacks corresponding to vascular territo-
ries ipsilateral and distal to giant aneurysms, and one with
headache from a recurrent aneurysm 16 years after her initial
SAH treatment with intra-aneurysmal balloon embolization.
A total of 84 aneurysms were detected in these 63 patients.
Thirteen patients (21%; 12 women and one man) were harbor-
ing multiple aneurysms. Only those responsible for either the
SAH or clinical symptoms (68 aneurysms) were treated.

Aneurysm Characteristics

There were 57 anterior circulation aneurysms (84%) and 11
posterior circulation aneurysms (16%). In the 45 ruptured
aneurysms, 41 (91%) were less than 12 mm in size, and the
anterior communication artery was the most frequent aneu-
rysm site (19 aneurysms; 43%). In the 23 unruptured aneu-
rysms, 16 (70%) were greater than 12 mm in size, and the
cavernous carotid artery was the most frequent aneurysm site

(15 aneurysms; 65%). Tables 1 and 2 summarize the size and
locations of these aneurysms.

Endovascular Procedures

All endovascular treatments were performed under general
anesthesia. A heparin bolus of 5000 IU was routinely admin-
istered as soon as the 6-French introducer sheath was placed
in the common femoral artery. In addition, a single dose of 250
mg of aspirin was given intravenously in unruptured aneu-
rysms at the beginning of the procedure. Throughout the
procedure, the activated clotting time was kept at two to three
times above the normal value with a continuous heparin in-
fusion of 2500 to 3000 IU/h. Systemic heparinization was
generally stopped at the conclusion of each procedure. With
some periprocedural complications (e.g., local thrombus for-
mation), systemic heparinization was prolonged for 48 to 72
hours. With hemorrhagic complications (e.g., arterial perfora-
tions), heparinization was immediately reversed with prota-
mine sulfate.

The diagnostic angiogram and endovascular intervention
were performed through the femoral artery access in 56 pa-
tients (89%). Because of the arterial tortuosity of the femoral
and/or supra-aortic vessels, direct puncture of the common
carotid artery was needed in 6 patients (10%). Brachial artery
approach was used in 1 patient.

A complete digital subtracted angiogram study was per-
formed for each patient, including the selective injections of
the internal carotid arteries and the vertebrobasilar system.
High-resolution, three-dimensional (3D) rotational cerebral
digital subtraction angiography (Philips Medical Systems,
Best, The Netherlands) was routinely performed to optimize
the preoperative evaluations. On the basis of the images gen-
erated by the rotational acquisitions, one or two working
projections were defined, providing the operator with the
optimal view of the aneurysmal neck. At the end of the pro-
cedure, postintervention angiograms in the anteroposterior,
lateral, and working projections were performed to rule out
any parent artery or branch occlusion.

Arterial access sheaths were removed immediately after the
procedure, and the puncture sites were either manually com-
pressed or closed with a collagen-plug hemostatic closure
device (Angio Seal; Daig/St. Jude Medical, St. Paul, MN).
After endovascular treatment, all patients were routinely
monitored and managed in the intensive care unit.

Endovascular Techniques

In 45 aneurysms, the treatment was attempted solely with
coiling. To prevent coil herniation into the parent vessel in
wide-necked aneurysms (Figs. 1 and 2), the balloon remodel-
ing technique was used in eight patients (11%), and a stent-
assisted technique was applied in three patients (4%). Trispan
coils (Boston Scientific, Natick, MA) were used in one patient
who had a 15-mm basilar tip aneurysm with a 12-mm neck.
Onyx (Micro Therapeutics, Inc., Irvine, CA) was used in one
patient who had a very dysplastic aneurysm. Parent vessel
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occlusion was used in the treatment of nine patients (13%), all
of whom had large or giant aneurysms that averaged 21 mm
in size and 14 mm in neck width.

RESULTS

Angiographic Outcomes

Selective embolization failed in three aneurysms (4%). In
the remaining 65 aneurysms, complete occlusion (no contrast
filling of the aneurysmal sac) was achieved in 33 aneurysms
(51%), neck remnant (residual contrast filling of the aneurys-
mal neck) was observed in 17 aneurysms (27%), and residual

aneurysmal filling (residual
contrast filling of the aneu-
rysmal sac) was observed in
six aneurysms (9%). Parent
vessel occlusion was used in
the treatment of nine aneu-
rysms (13%).

Angiographic follow-up
(mean, 11 mo; range, 3–38
mo) was obtained in 34 of the
54 living patients (63%).
Fifty-nine percent of the pa-
tients (20/34) had long-term
follow-up angiograms (�6
mo) and, 38% (13 out of 34)
had more than one follow-up
angiogram. Two aneurysms
demonstrated minor changes
that required no further
treatment (5%). Five aneu-
rysms showed major recur-
rences (17%), all of which
were successfully retreated
endovascularly (Table 3).

Clinical Outcomes

Nine deaths (14%) oc-
curred. Three (5%) were di-
rectly related to the endovas-
cular procedures, and six (9%)

were related to the medical complications of SAH. The remain-
ing 54 patients had a mean clinical follow-up of 13 months
(range, 1–47 mo). Ninety-one percent (20/22) of the patients with
unruptured aneurysms and 89% (25 out of 28) of the patients
with low-grade (Hunt and Hess Grade less than III) ruptured
aneurysms achieved excellent outcomes (modified Rankin Scale
score, 0–1), whereas 77% (10 out of 13) of the patients with
high-grade (Hunt and Hess Grade III or greater) ruptured aneu-
rysms either died or had very poor outcomes (modified Rankin
Scale score, 4–5). Table 4 summarizes the clinical outcomes. Of the
21 living patients who initially presented with symptomatic un-
ruptured aneurysms, 10 (48%) had complete resolution of symp-
toms, eight (38%) had significant relief of symptoms, two (10%)
had no change of symptoms, and one (4%) had worsening of
symptoms.

Procedure-related Complications

Thirteen procedure-related complications occurred (19%),
six of which resulted in clinical complications (9%), including
three deaths (5%). The first death occurred in a patient who
initially presented with a Hunt and Hess Grade I SAH from a
ruptured 6-mm left posteroinferior cerebellar artery aneu-
rysm. Complete endovascular obliteration of the aneurysm
was not possible without compromising the patency of the left
posteroinferior cerebellar artery. A small residual neck was

TABLE 1. Locations of the treated aneurysmsa

Aneurysm location Ruptured (n � 45) Unruptured (n � 23) Total (n � 68)

Cavernous 15 (65%) 15 (22%)

Ophthalmic 2 (4%) 1 (4%) 3 (4%)

PComA 6 (14%) 2 (9%) 8 (11%)

Superior hypophyseal 1 (2%) 1 (2%)

ICA bifurcation 3 (7%) 3 (4%)

MCA bifurcation 3 (7%) 3 (14%) 6 (8%)

AComA 19 (43%) 19 (28%)

ACA 2 (4%) 2 (3%)

Basilar tip 4 (9%) 4 (6%)

Basilar trunk 1 (2%) 1 (4%) 2 (3%)

Superior cerebellar 1 (2%) 1 (2%)

PCA 1 (2%) 1 (2%)

PICA 2 (4%) 2 (3%)

Vertebral 1 (4%) 1 (2%)

a PComA, posterior communicating artery; ICA, internal carotid artery; MCA, middle cerebral artery; AComA, anterior
communicating artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; PICA, posterior inferior cerebellar
artery.

TABLE 2. Size of the treated aneurysms

Size (mm)
Ruptured
(n � 45)

Unruptured
(n � 23)

Total
(n � 68)

�7 31 (69%) 3 (13%) 34 (50%)

7–12 10 (22%) 4 (17%) 14 (21%)

13–24 3 (7%) 12 (53%) 15 (22%)

�25 1 (2%) 4 (17%) 5 (7%)
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noted at the conclusion of the treatment. The patient rehem-
orrhaged the next day and died. The second death occurred in
a patient initially presenting with an unruptured 8-mm mid-
dle cerebral artery (MCA) bifurcation aneurysm. During the
treatment, the coil mass herniated into the parent vessel and
occluded the MCA. Despite various recanalization attempts,
the patient died as a result of a massive MCA ischemic stroke.

The third death occurred in a patient presenting with a giant
unruptured aneurysm. During the balloon test occlusion, the
nondetachable balloon apparently detached and migrated dis-
tally into the MCA. After multiple failed attempts to retrieve
the embolized balloon, the patient eventually died as a result
of a massive MCA ischemic stroke.

One patient who had parent vessel occlusion to treat a
unruptured aneurysm experienced a delayed ischemic stroke,
resulting in a moderate hemiplegia. Another patient initially
presented with a Hunt and Hess Grade I SAH from a ruptured
15-mm anterior communicating artery aneurysm. After the
treatment, the patient still had some residual contrast filling in
the aneurysm. Three months later, the patient sustained an-
other SAH, apparently from the same aneurysm. The second
treatment resulted in complete aneurysmal obliteration, and

FIGURE 1. Angiograms obtained in
a 70-year-old woman with a symp-
tomatic (ptosis, diplopia, and numb-
ness in Cranial Nerves V1 and V2
distributions) unruptured left cav-
ernous carotid giant aneurysm. A
and B, digital subtracted angiograms
depicting a wide-necked cavernous
carotid aneurysm. C and D, 3D an-
giograms demonstrating the complex
anatomy of the aneurysm. E, coiling
of the aneurysm with the combined
stent-assisted and balloon remodeling
techniques. F and G, final angiographic results.

FIGURE 2. Angiograms obtained in
a 74-year-old woman with a ruptured
left supraclinoid internal carotid ar-
tery aneurysm. A, digital subtracted
angiogram depicting a wide-necked
supraclinoid aneurysm. B, 3D angio-
gram demonstrating the complex
anatomy of the aneurysm. C, 3D an-
giogram obtained after the stent-
reconstruction of the aneurysmal
neck. D, coiling of the aneurysm with
the combined stent-assisted and bal-
loon remodeling techniques. E, final
angiographic result.
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the patient made a full neurological recovery. Table 5 summa-
rizes the procedure-related complications.

DISCUSSION

Ruptured Aneurysms

In the context of acutely ruptured lesions, endovascular
treatment has proved effective in preventing rebleeding in the
first 6 months (8). There is an evolving body of evidence in the
current literature demonstrating that endovascular treatment
may have lower mortalities and morbidities than microsurgi-
cal clipping (1, 4–6, 8). One important drawback of endovas-
cular treatment is the current lack of long-term data docu-
menting its durable efficacy. Furthermore, there is evidence in

the literature suggesting that
aneurysms may recur at a
higher frequency after endo-
vascular treatment than after
surgical clipping (10). How-
ever, elderly patients have a
relatively short life expect-
ancy, and thus, the long-term
efficacy of endovascular
obliteration may be a much
less relevant issue.

Recent endovascular and
surgical series assessing the
treatment outcomes in el-
derly patients with ruptured
intracranial aneurysms have
all clearly demonstrated that,
although age is certainly a

determinant of outcome after SAH, favorable outcomes can be
achieved, especially in patients with Hunt and Hess Grades I
and II (2, 7, 11, 14, 15). In our series, 92% of such patients
achieved excellent outcomes. However, the clinical outcomes
seem to correlate closely with the presenting Hunt and Hess
grades. In our patients with Hunt and Hess Grade III and
higher, we observed a significant mortality rate (47%), and
only 13% of such patients achieved excellent outcomes. Such
findings concur with the current available literature (7, 11).
Overall, 63% of our patients with ruptured aneurysms had
excellent outcomes, with a mortality rate of 20%. This com-
pares rather favorably to recent large series assessing endo-
vascular and surgical treatments in elderly patients with rup-
tured aneurysms (7, 11, 14, 15).

Unruptured Aneurysms

To date, the optimal management of patients with unrup-
tured aneurysms remains controversial, especially with regard
to the elderly population. Literature specifically evaluating
treatment strategies for elderly patients with unruptured an-
eurysms is lacking (2). The decision to treat or to observe an
identified unruptured aneurysm in the elderly population
requires an honest assessment of the treatment-related risks, a
careful estimation of the involved individual’s life expectancy,
and a precise knowledge of the natural history of the disease
process.

The clear presence of symptoms from an unruptured aneu-
rysm seems to increase the risk of subsequent bleeding. This
has traditionally been considered a valid indication for urgent
treatment to prevent hemorrhage and to maximize the poten-
tial recovery of the deficit (3, 9, 12, 13). For example, the new
onset of a IIIrd nerve palsy ipsilateral to a posterior commu-
nicating artery aneurysm implies growth of the aneurysm and
requires urgent treatment. Although generally representing
only approximately one-third of all unruptured cases, symp-
tomatic lesions account for nearly three-quarters of the cases
that bleed during observation (12, 13). Our series clearly dem-

TABLE 3. Technical outcomesa

Immediate Follow-up (n � 37)

Improved Stable
Minor changes requiring

no further treatment
Major changes requiring

further treatment

A 33 18 1 (A 3 B) 1 (A 3 B)

B 17 3 (B 3 A) 1 1 (B 3 C) 3 (B 3 C)

C 6 3 1 (rehemorrhage)

PAO 9 5

Total 65 3 27 2 5

a A, Complete obliteration with no contrast filling of the aneurysmal sac; B, residual contrast filling of the aneurysmal
neck; C, residual contrast filling of the aneurysmal sac; PAO, parent vessel occlusion.

TABLE 4. Clinical outcomes related to the Hunt and Hess
grade on admissiona

MRS
Hunt and Hess grade

0 (unruptured) I, II III IV, V

0–1 20 25 1 0

2–3 1 0 2 0

4–5 0 1 0 4

Death 1 2 2 4

Total 22 28 5 8

a MRS, modified Rankin Scale score; 0, no symptoms; 1, no significant
disability despite symptoms; able to perform all usual duties and activities;
2, slight disability; unable to perform all previous activities but able to look
after own affairs without assistance; 3, moderate disability; requires some
help, but able to walk without assistance; 4, moderately severe disability;
unable to walk without assistance and unable to attend to own bodily
needs without assistance; 5, severe disability; bedridden, incontinent, and
requires constant nursing care and attention.
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onstrate that most elderly patients (95%) with symptomatic
unruptured aneurysms can achieve excellent outcomes after
endovascular treatment with an acceptable rate of mortality
(5%).

Although it is generally accepted that asymptomatic unrup-
tured aneurysms are less prone to bleeding than their symp-
tomatic counterparts, the natural history of asymptomatic un-
ruptured aneurysms has been the focus of much controversy,
especially with regard to their annual bleeding rates. The
prospective International Study of Unruptured Intracranial
Aneurysms represents unequivocally to date the largest col-
lective effort toward improving our knowledge of the natural
history of unruptured aneurysms. Its findings, however, do
not constitute Level I evidence (4). Consideration should also
be given to the possibly increased procedure-related compli-
cations in elderly patients, who more frequently present with
vessel tortuosity, advanced arterial atheromatous degenera-
tion, and access difficulty. It is clear that the decision-making
process for the optimal treatment strategy of an elderly patient
with an asymptomatic unruptured aneurysm represents one
of the most vexing medical challenges.

CONCLUSION

Our review of outcomes for elderly patients treated at our
institute for ruptured and unruptured intracranial aneurysms
provides strong evidence that highly favorably outcomes can
be achieved in such patients with endovascular treatment.
After SAH, the clinical outcomes seem to correlate closely with
the initial Hunt and Hess grade. The elderly patients should
merit strong consideration for endovascular treatment of both
ruptured and symptomatic unruptured aneurysms. Our re-
port, however, is retrospective in nature and therefore has

inherent limitations and biases. Almost all of our patients are
referred from other hospitals for endovascular treatments at
our center and not for surgeries. Although we managed to
obtain a 100% long-term clinical follow-up, the long-term
angiographic follow-up was possible in only 63% of this par-
ticular patient population (median age, 75 yr; range, 70–91 yr).
A prospective study with a more rigorous follow-up strategy
is needed to validate our conclusions.

REFERENCES

1. Barker FG, Amin-Hanjani S, Butler WE, Hoh BL, Rabinov JD, Pryor JC,
Ogilvy CS, Cater BS: Age-dependent differences in short-term outcome after
surgical or endovascular treatment of unruptured intracranial aneurysms in
the United States, 1996–2000. Neurosurgery 54:18–30, 2004.

2. Chung RY, Carter BS, Norbash A, Budzik R, Putnam C, Ogilvy CS: Man-
agement outcomes for ruptured and unruptured aneurysms in the elderly.
Neurosurgery 47:827–833, 2000.

3. Deruty R, Pelissou-Guyotat I, Mottolese C, Amat D: Management of
unruptured cerebral aneurysms. Neurol Res 18:39–44, 1996.

4. International Study of Unruptured Intracranial Aneurysms Investigators.
Unruptured intracranial aneurysms: natural history, clinical outcome, and
risk of surgical and endovascular treatment. Lancet 362:103–110, 2003.

5. Johnston SC, Dudley RA, Gress DR, Ono L: Surgical and endovascular
treatment of unruptured cerebral aneurysms at university hospitals. Neu-
rology 52:1799–1805, 1999.

6. Johnston SC, Zhao S, Dudley RA, Berman MF, Gress DR: Treatment of
unruptured cerebral aneurysms in California. Stroke 32:597–605, 2001.

7. Lubicz B, Leclerc X, Gauvrit JY, Lejeune JP, Pruvo JP: Endovascular treat-
ment of ruptured intracranial aneurysms in elderly people. AJNR
Am J Neuroradiol 25:592–595, 2004.

8. Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J,
Holman R, International Subarachnoid Aneurysm Trial (ISAT) Collabora-
tive Group: International Subarachnoid Aneurysm Trial (ISAT) of neurosur-
gical clipping versus endovascular coiling in 2143 patients with ruptured
intracranial aneurysms: a randomized trial. Lancet 360:1267–1274, 2002.

9. Piepgras DG: Clinical decision making in intracranial aneurysms and aneurysmal
subarachnoid hemorrhage: Science and art. Clin Neurosurg 39:68–75, 1992.

TABLE 5. Procedure-related complicationsa

Complication
No. of patients

(n � 13)
Clinical sequelae

Rerupture after treatment 2 1 death

1 full recovery after retreatment

Coil herniation with MCA occlusion 1 Death

Distal balloon migration during test occlusion 1 Death

Delayed ischemia from PAO 1 Moderate hemiplegia

Partial coil protrusion into the parent vessel 4 None

Local thrombus formation 2 None

Coil herniation/migration successfully retrieved with microsnare 1 None

Thigh hematoma 1 Transfusion and surgical
evacuation

a MCA, middle cerebral artery; PAO, parent artery occlusion.

ENDOVASCULAR TREATMENT OF INTRACRANIAL ANEURYSMS IN THE ELDERLY

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1101



10. Raymond J, Guilbert F, Weill A, Georganos SA, Juravsky L, Lambert A,
Lamoureux J, Chagnon M, Roy D: Long-term angiographic recurrences after
selective endovascular treatment of aneurysms with detachable coils. Stroke
34:1398–1403, 2003.

11. Sedat J, Dib M, Lonjon M, Litrico S, Langsdorf DV, Fontaine D, Paquis P:
Endovascular treatment of ruptured intracranial aneurysms in patients aged 65
years and older: Follow-up of 52 patients after 1 year. Stroke 33:2620–2625, 2002.

12. Solomon RA, Fink ME, Pile-Spellman J: Surgical management of unruptured
intracranial aneurysms. J Neurosurg 80:440–446, 1994.

13. Wiebers DO, Whisnant JP, Sundt TM Jr, O’Fallon WM: The significance of
unruptured intracranial saccular aneurysms. J Neurosurg 66:23–29, 1987.

14. Yamashita K, Kashiwagi S, Kato S, Takasago T, Ito H: Cerebral aneu-
rysms in the elderly in Yamaguchi, Japan: analysis of the Yamaguchi
Data Bank of cerebral aneurysm from 1985 to 1995. Stroke 28:1926–1933,
1997.

15. Yano S, Hamada JI, Kai Y, Todaka T, Hara T, Mizuno T, Morioka M, Ushio
Y: Surgical indications to maintain quality of life in elderly patients with
ruptured intracranial aneurysms. Neurosurgery 52:1010–1016, 2003.

COMMENTS

Cai et al. described their experience in treating 63 patients aged 70
years and older with endosaccular occlusion of their aneurysm.

Forty-one of the patients presented with subarachnoid hemorrhage
and 22 presented with symptomatic unruptured lesions. Even in this
very experienced center, selective embolization failed in 4% and only
51% of the patients achieved complete occlusion. Neck remnants were
observed in 27% of the patients and residual aneurysm were seen in
9%. Parent vessel occlusion was used in the treatment of 13% of the
patients. In a critical analysis, the authors quoted a 19% procedure-
related complication rate; however, only 9% were clinically symptom-
atic with a 14% death rate. Five percent of the deaths were clearly
related to endovascular procedures and 9% were due to medical or
neurologic complications of the subarachnoid hemorrhage. As the
authors allude in their paper, as the patient population continuously
ages, a less invasive intervention is very attractive, primarily related to
comorbidities. The authors state that even in elderly patients, the
determining factor is the grade and severity of the initial hemorrhage.
Whether patients are treated with endosaccular or surgical means, this
is the defining factor in ultimate outcome. From a technical stand-
point, I think a 4% failure rate in an aged population is extremely
laudable, as these patients often have very difficult and tortuous
anatomy and access can often be problematic. This low figure is
obviously the result of a very experienced operating team. The au-
thors are to be congratulated on their results, and we look forward to
hearing more from this group concerning the elderly patient popula-
tion with intracranial aneurysms.

Robert H. Rosenwasser
Philadelphia, Pennsylvania

Cai et al. present 63 elderly patients with ruptured (n � 41) or
symptomatic unruptured (n � 22) intracranial aneurysms treated

with endovascular surgery. Almost all aneurysms in the ruptured
group were smaller than 12 mm. In the group of the symptomatic,
unruptured aneurysms, 70% were larger than 12 mm and 65% in-
volved the cavernous-carotid segment.

As expected, the outcome strongly correlated with presenting Hunt

and Hess score in the ruptured cohort. In the unruptured cohort, 20 of
22 patients fared well. Of the two cases with complications, one
patient died. A significant weakness of the data is that long-term
radiographic follow-up was available for only 63% of patients. Given
that 17% of the followed aneurysms exhibited major recurrences over
time and had to be retreated, this low rate of follow-up is a concern.

Overall, this article imparts important data about the risk of treat-
ment, prognosis, and clinical outcomes from an expert endovascular
center. We agree with the authors’ notion that in experienced centers,
endovascular treatment is justified for both ruptured and symptom-
atic unruptured aneurysms in the elderly. At our institution, endo-
vascular treatment is the primary modality for patients with aneurys-
mal subarachnoid hemorrhage who are 80 or older. Symptomatic
large and giant cavernous aneurysms in the population aged 70 years
and older are frequently infeasible microsurgical candidates. Fortu-
nately, our experience with these lesions using stent-assisted coiling
techniques has yielded good results within acceptable rates of mor-
bidity despite the elderly status of these patients.

Radiographic follow-up is an essential part of the endovascular
treatment paradigm. Given the increased risk of catheter-based an-
giography in elderly patients, we utilize a short echo time magnetic
resonance angiographic technique to follow, noninvasively, the dura-
bility of embolization. If recanalization or recurrence develops com-
pared to baseline studies, then conventional angiography can be per-
formed.

Louis J. Kim
Felipe C. Albuquerque
Phoenix, Arizona

This article originates from an experienced group of endovascular
therapists. The topic is relevant, and the data will provide helpful

information in counseling elderly patients with aneurysms regarding
treatment options, prognosis, and outcome.

The ability to extrapolate the authors’ results is limited by a number
of factors. Because of the referral pattern to their hospital, it is not
known how many elderly patients with aneurysms (ruptured or un-
ruptured) were evaluated for possible endovascular therapy and re-
ferred for open surgery on the basis of unfavorable anatomy or other
grounds. The factors governing these treatment decisions may differ
at the authors’ center from other institutions, but more and more
people are advocating endovascular therapy for elderly patients be-
lieving that an “imperfect” angiographic outcome (e.g., some residual
filling) may ultimately cause less morbidity than craniotomy. Because
of the relatively limited angiographic follow-up (only 63%), the pru-
dence of this practice remains unproven.

Nonetheless, the authors confirm the feasibility of endovascular
treatment of intracranial aneurysms in elderly patients despite their
potential for arterial stenosis and tortuosity. Furthermore, the excel-
lent clinical outcomes among patients presenting with low-grade sub-
arachnoid hemorrhage argues in favor of aggressive treatment despite
age.

Arun Paul Amar
Stanford, CA
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OBJECTIVE: To study the incidence and clinical outcomes of intraoperative aneurysm
rupture (IOR) during endovascular coil embolization at a single large volume center
and to review the literature on this subject to determine whether IOR rupture rate and
mortality correlate with volume of aneurysms treated at a given center and years since
the institution of Guglielmi detachable coils as a treatment modality.
METHODS: We reviewed the aneurysm database at the Center for Endovascular
Surgery since its inception (1997–2003) and reviewed 600 consecutively treated
intracranial aneurysms in which coiling was attempted. All patients who sustained an
IOR were studied. Procedural and follow-up angiograms as well as clinical outcomes
were retrospectively reviewed. A literature review was conducted.
RESULTS: Six patients (1.0%) experienced IOR (1.4% in acutely ruptured lesions, 0%
in unruptured). All six had presented with diffuse subarachnoid hemorrhage (Fisher
Grade 3) and in good clinical grade (Hunt & Hess Grades 1–3). One patient was
rendered permanently disabled secondary to delay in controlling the IOR. All others
were neurologically unchanged. A review of the literature revealed a trend in corre-
lation between volume of aneurysms treated and IOR rate; no statistically significant
correlation was found between volume of aneurysms treated or years since the
introduction of GDC technology and IOR rates or mortality.
CONCLUSION: IOR remains a serious risk of endosaccular coiling of intracranial
aneurysms, with aneurysms presenting with subarachnoid hemorrhage at greater risk
for this complication. This risk can be minimized with very low associated morbidity
and mortality (incidence 1%, 17% morbidity, 0% mortality at our institution).

KEY WORDS: Aneurysm, Coil, Complication, Endovascular, Intraoperative, Outcome, Rupture
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As attempts continue to define the roles
of endovascular and neurosurgical
therapy in the treatment of intracranial

aneurysms, any evidence that one treatment is
either more effective or safer will be important
(12). Whereas the benefits of surgery and the
associated risks have been well defined and
remain fairly constant, endovascular therapies
continue to evolve rapidly and the expected
benefits and complications are expected to
change in parallel. IOR has long been consid-
ered one of the most feared complications of
endosaccular obliteration of aneurysms and
the most likely to result in serious morbidity
and mortality. Many series, including several
literature reviews (29, 31) and one meta-

analysis (3), have been published, detailing
the incidence, management schema, out-
comes, factors predicting IOR and factors pre-
dicting outcome in patients sustaining IOR
during attempted coil embolization.

Although a wide spectrum of figures have
been reported for rates of IOR during embo-
lization of aneurysms with coils, it is currently
estimated to be between 2 and 5%, with an
associated high mortality (21, 28, 31). The of-
ficial statement from the American Society of
Interventional and Therapeutic Neuroradiol-
ogy (ASITN) regarding procedural standards
for aneurysm coiling gives an expected IOR
rate for aneurysm coiling as 2 to 5%. In a
recent meta-analysis of 17 published reports
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since the inception of using Guglielmi detachable coils (GDC)
for intracranial aneurysms, the combined IOR rate was 2.7%
with a statistically higher occurrence seen in previously rup-
tured aneurysms (4.1%) compared with those that had never
bled (0.7%) (3). Another comprehensive literature review stud-
ied 16 series published from 1995 to 1999 and found an aver-
age IOR of 2.6% (29); the largest single series of aneurysms
treated in that compilation (also the largest single center series
reported to date) was 403 aneurysms with an IOR rate of 2.7%
(32). This composite IOR rate of 2.6% represented 59 ruptures,
of which 22 resulted in death, yielding a mortality rate of
37.3%. Interestingly, all other clinical outcomes were recorded
as “good” (31). One recently published review of 734 aneu-
rysms treated in which IORs were recorded (culled from three
institutions) was recently published and found a low inci-
dence of rupture (10/734, 1.4%). The associated mortality,
however, was still quite high at 40% (31).

We retrospectively reviewed our large series of consecu-
tively treated aneurysms to determine whether our results
were consistent with those previously reported. We hypothe-
sized that with the continued technological advancements in
the generation of newer and softer coils and catheters and
learned lessons from prior experience with IOR that the inci-
dence and poor outcomes of IORs should diminish. We there-
fore also reviewed the current literature and asked whether
operator and institutional volume and years since the intro-
duction of GDC technology had a correlation with IOR rates
and their clinical sequelae.

PATIENTS AND METHODS

We searched the intracranial saccular aneurysms database
at the Center For Endovascular Surgery at the Beth Israel
Medical Center/Hyman-Newman Institute for Neurology and
Neurosurgery since its inception (1997–2003) to locate all in-
stances of IOR. All aneurysms in which endosaccular coiling
was attempted, whether or not a coil was deployed, were
included in this analysis.

All aneurysms were treated with the same protocol. After
induction of general anesthesia and femoral sheath placement,
all unruptured lesions were heparinized to maintain an acti-
vated clotting time (ACT) of greater than 300 for the duration
of the procedure. In ruptured lesions, heparinization (also to
achieve a goal of an ACT of 300 or greater) was instituted once
the first or second coil was safely deployed. IOR was defined
as angiographic contrast extravasation beyond the confines of
the aneurysm wall. If an IOR occurred, the heparin was im-
mediately reversed with protamine and the coiling completed
as rapidly as possible. Whereas in our early experience we did
not place ventriculostomies emergently in response to an IOR,
but rather made the decision to do so based on the clinical
exam of the patient upon emergence from anesthesia in con-
junction with CT findings, we have more recently become
convinced of the benefits of emergently placing a ventriculos-
tomy in the angiography suite in response to an IOR.

Angiograms during coiling and any follow-up angiograms
were studied to determine both acute and follow-up angio-
graphic occlusion of the aneurysm and to look for other an-
giographic abnormalities that may be related to the IOR. All
angiograms were reviewed by two independent interven-
tional neuroradiologists, at least one of which was not in-
volved in the case. Clinical sequelae of IOR were studied by
reviewing patient charts, including operative notes, and by
phone interviews. Clinical status was graded using the Glas-
gow Outcome Scale.

A literature review was conducted using a MEDLINE
search from 1990 to the present and reports of IOR were
collected by using the following keywords: “aneurysm,” “in-
traoperative rupture,” “complication,” “hemorrhage” “intraopera-
tive,” “rupture,” “coiling,” “coil,” and “GDC.” All studies in
which aneurysms were treated with attempted coiling, and in
which IOR was reported, were included in this analysis. To
determine correlation, a Spearman correlation coefficient was
determined with a P value of � 0.05 considered significant.

RESULTS

Retrospective Clinical and Angiographic Review

Six instances of IOR were found in our series of 600 con-
secutively treated aneurysms in which coiling was attempted
(Table 1). There were five females and a mean age of 53 years.
All patients presented in good clinical grade (Hunt & Hess
[H&H] Grade, 1–3) with diffuse SAH. We treated 414 (69%)
acutely ruptured lesions. Among the patients in whom IOR
was identified, three had anterior communicating aneurysms,
two had basilar tip aneurysms and one had a posterior com-
municating aneurysm. Mean aneurysm size was 8.0 mm with
a mean neck size of 2.8 mm. Perforating agents were coils in
five patients, one of whom also sustained perforation with the
microcatheter, and a microguidewire in another patient. An-
giographic occlusion was 85 to 95% in all patients. Three
patients were neurologically unchanged. One patient had
transient hand weakness and mild aphasia that rapidly
cleared. One patient had new short term memory disturbance
that progressively improved. One patient was rendered per-
manently vegetative secondary to delayed control of the IOR.
Two patients had demonstrated angiographic stability of coil-
ing, one patient underwent re-coiling at 8 months because of
incomplete coiling at the time of rupture, and three have not
been restudied (one patient died, one remains in a vegetative
state, and one was lost to follow-up). Clinical follow-up of 5
weeks to 3 years (mean, 15 mo) revealed four patients with a
Glasgow Outcome Scale (GOS) score of 1, one patient died
(GOS, 5) from systemic illness unrelated to the IOR 6 weeks
post-coiling, and one patient remains a GOS of 4.

Literature Review

We found 28 articles in which series of intracranial aneu-
rysm coilings or attempted coilings were reported and in
which IOR rate was recorded (2, 4–8, 10–13, 15, 16, 18, 19,
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22–34). Twenty-five of the 28 articles also gave information on
mortality rates associated with their IORs. The number of aneu-
rysms treated in these series ranged from 36–734 with a mean of
196.7. IOR rates ranged from 0–8.8%, with a mean of 2.8%. The
number of years since the introduction of GDC technology (taken
as 1991) ranged from 4–12 years, with a mean of 8.2 years.
Mortality rates ranged from 0–100%, with a mean of 27.7%.
Correlative statistics, using � as the Pearson Correlation Coeffi-
cient, and the associated P values were as follows: number of
aneurysms treated versus IOR (� � 0.251, 0.10 � P � 0.05 [Figure
1]); number of aneurysms treated versus mortality (� � 0.051, P
� 0.10); years since the introduction of GDC versus. IOR (� �
0.155, P � 0.10); and years since introduction of GDC versus
mortality (� � 0.136, P � 0.10).

ILLUSTRATIVE CASE

A 46-year-old man presented with acute onset of headaches and
vomiting and was found by CT scan to have diffuse subarachnoid
blood (Fig. 2A). Shortly thereafter, the patient began having respira-
tory distress requiring intubation. A repeat CT scan demonstrated

hydrocephalus, for which a ventricular drain was placed. He was then
transferred to our institution for definitive care. On arrival, he was
found to be following simple motor commands, without focal deficit.

Cerebral angiography was performed which demonstrated an an-
eurysm of the right anterior choroidal artery as well as a larger more
complex and irregular basilar apex aneurysm (Fig. 2,B and D). Because
it was felt that either aneurysm might have caused the hemorrhage,
we elected to treat both aneurysms. The right anterior choroidal
aneurysm was coiled without difficulty. Next, we attempted to coil
the basilar apex aneurysm. At the end of placement of the first coil, the
coil was noted to sit outside the confines of the posterior daughter sac
of the aneurysm (Fig. 2, C and E). Angiography revealed significant
extravasation (Fig. 2, F and G). The heparin was immediately reversed
and the coil deployed. Another coil was quickly placed inside the
aneurysm to attempt to stop the bleeding. During placement of the
coil, the microcatheter was kicked out of the aneurysm and recath-
eterization was difficult (Fig. 2H). Ultimately, two additional coils
were placed inside the aneurysm with satisfactory occlusion of the
aneurysm and delayed cessation of the contrast extravasation seen on
angiography (Fig. 2I).

Immediate postcoiling CT scans showed significant contrast extrav-
asation consistent with intraoperative rupture (Fig. 2J). Clinically, the
patient would not open his eyes and would not obey simple com-
mands, but had good strength in all four extremities with some
purposeful movements. Over time, the patient began to have sponta-
neous eye opening, but was ultimately transferred to a nursing facility
in a dependent state. At a 5-week follow-up examination, the patient’s
clinical status was unchanged.

DISCUSSION

The main finding of this article is that, in a large series of
endovascularly treated intracranial aneurysms, we demon-
strated a very low incidence of IOR (1%), with no mortality
and very low morbidity (17% of IORs, 0.2% of total aneurysms
treated). Several reports have attempted to identify which
types of aneurysms are more likely to rupture during coiling
and which factors predict outcomes from such an event. Most
evidence suggests that aneurysms treated after an acute SAH
are more likely to rupture during coiling than unruptured

TABLE 1. Intraoperative rupturesa

Age/sex
H&H/Fisher

grade
Aneurysm
location

Lesion size/
neck size

(mm)
Perforation device

EVD
occlusion

% aneurysm
cranial films

Follow-up
angiography/change

Clinical GOS

78/F 2/4 AcomA 3.7 � 4.1/2.2 Microcatheter/coil (#1) No 90–95 SF/no change No 1
46/F 3/3 Basilar apex 5.0 � 3.6/2.9 Coil (#1) Yes 85 None Yes 4
50/F 1/3 AcomA 4.8 � 4.3/1.8 Coil (#1) Yes �95 14 m/no change No 1
41/F 1/3 AcomA 6.3 � 5.7/1.7 Microguidewire No �95 None No 5
40/F 1/3 PcomA 22 � 18/6 Coil (#7) No �95 1 yr/no change No 1
63/F 2/3 Basilar apex 7.0 � 5.0/3 Coil (#1) Nob 85 Compaction/recoiled

at 8 mo
No 1

a H&H, Hunt & Hess; EVD, external ventricular drain; GOS, Glasgow Outcome Scale; AcomA, anterior communicating artery; SF, skull films; PcomA, posterior
communicating artery.
b EVD emergently placed.

FIGURE 1. Scatterplot demonstrating number of aneurysms treated in a
given published series (X axis) versus the percentage of IOR recorded (Y
axis). Pearson Correlation Coefficient (�) and the corresponding P value is
given. Each diamond represents a published report.
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lesions (3, 8, 18, 29, 31). Smaller aneurysms, aneurysms located
in the anterior communicating artery region and posterior
circulation and aneurysms with associated teats are also felt to
be at higher risk for IOR (18, 29, 31). Those patients with IOR
associated with posterior circulation aneurysms, patients pre-
senting in poor neurological grade, and in whom the perfo-
rating agent was a microcatheter or coil, as opposed to a
microguidewire, were found to have worse outcome (3, 31).
On the other hand, patients who had ventriculostomies in
place at the time of rupture or in whom ventriculostomies
were emergently and rapidly placed after the rupture were
found to have better outcomes (3, 18). Shorter time to control
of the IOR with good control of intracranial pressure and
blood pressure was also found to be predictive of better out-
come (18, 31).

Our results are consistent with the above. Our management
schema that included emergency ventricular drainage, hepa-

rin reversal, and rapid aneurysm occlusion is also in line with
that reported. We also believe that ready availability of addi-
tional attendings at our institution to assist with difficult cases
or complications, as well as having neurosurgical staff in
house at all times, was likely beneficial in achieving good
results in these IORs. Our series represents the largest single
center series to report IOR rates and outcomes and is unique
in demonstrating a very low incidence of IOR combined with
very good clinical results.

Advances in coil technology continue and may affect IOR
during coiling. Recently, a new coil was designed (introduced
in 2001) with a suture filament inside the platinum to reduce
the degree to which a coil unravels after being successively
placed inside the aneurysm and then retrieved into the cath-
eter to aid optimal coil placement. The earlier version of these
coils, known as “stretch resistant” or SR coils (GDC-SR; Target
Therapeutics/Boston Scientific, Fremont, CA) were felt to be

FIGURE 2. A, axial CT scan demonstrating diffuse subarachnoid hemor-
rhage and abnormally dilated temporal horns of the lateral ventricles. B
and D, digital subtraction angiography (left vertebral artery injection) in
the oblique (B) and lateral (D) projections showing an irregularly shaped
small basilar tip aneurysm with two small daughter aneurysms on the
posterior superior aspect of the aneurysmalal dome (arrow in D). Of note,
the coil mass of the previously treated right anterior choroidal aneurysm
is also seen. C and E, after placement of the first coil inside the aneu-
rysm, the most proximal part of the coil was found to sit outside the con-
fines of the roadmap in both the oblique (C) and lateral (E) projections
(arrows indicate the perforating piece of coil). F, repeat angiographic

injection demonstrating a large amount of contrast extravasation indicat-
ing and IOR. The heparin was reversed and the coil was rapidly deployed.
G, repeat angiographic scan 9 minutes after the initial rupture demon-
strating a marked reduction in contrast extravasation. H, as can be seen
in this nonsubtracted image in the same projection, the microcatheter
(arrow) has been pushed out of the aneurysm. This prevented further
rapid coil placement to close the rent in the aneurysm. Ultimately, three
additional coils were placed inside the aneurysm. I, no further extravasa-
tion was noted on contrast injection 41 minutes after the initial rupture
(J, immediate postcoiling CT scan demonstrating a marked increase in
blood and contrast in the subarachnoid space.
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stiffer and more likely to kick the microcatheter out of the
aneurysm and susceptible to premature detachment. It has
been hypothesized that such properties might lead to IOR (14).
In our illustrative case, we used GDC-SR coils and it is possi-
ble that the increased stiffness, particularly at the proximal
detachment zone, contributed to aneurysmal rupture and sub-
sequent kicking out of the microcatheter. The delay during
attempted recatheterization and hence control of the IOR may
have contributed to the bad outcome in this patient. In re-
sponse to such complaints with the GDC-SR coil, a new flex-
ible piece has been added to the proximal portion of GDC-SR
coils (GDC-SR, Increased Flexibility; Target Therapeutics/
Boston Scientific) that we think may reduce the incidence and
morbidity associated with IOR.

In our literature review, we found no significant correlation
between operator volume or years since the introduction of
GDC technology in 1991 and either mortality or rates of IOR.
There are several explanations why the literature does not
significantly support our hypothesis that increased volume
correlates with lower IOR rates and better outcomes. First, a
simple Pearson correlation test may not be adequately sensi-
tive to detect a difference in these variables given the fact that
the event that we have selected for as an endpoint, IOR, is
extremely low, even in centers with very high IOR rates.

One likely contributor to our very low IOR rate is the fact
that as a tertiary care center we treat a large volume of un-
ruptured aneurysms. Smaller volume centers are more likely
to treat a higher percentage of acutely ruptured lesions. Our
IOR for unruptured lesions was 0%. Counterbalancing this,
however, is the fact that larger tertiary centers with more
experienced endovascular departments are likely to be more
aggressive about the aneurysms that they are willing to treat,
some of which may have an increased tendency to IOR. For
example we routinely coil small anterior communicating ar-
tery aneurysms in good grade SAH or patients that have not
bled, whereas other institutions may have a lower threshold
for sending such patients to surgery. Aggressiveness of coiling
to achieve tighter packing to prevent compaction and the use
of balloons and stents are other factors that we have not
stratified for in our analysis, but would be expected to result
in higher IOR rates (20).

Finally, our definitions of IOR and outcome were somewhat
arbitrary and stringent. We only included angiographically
demonstrable extravasation to be consistent with IOR,
whereas others have included other factors, such as coils
located beyond the confines of the roadmap or postoperative
CT showing increased SAH, to be adequate to include a case
as an IOR. We defined morbidity using the GOS, which may
not be sensitive enough to elicit important deficits from IOR
during coiling. Some would argue that a persistent vegetative
state is as bad if not worse than a death and grouping signif-
icant disability and mortality into one category is more appro-
priate.

Although a direct comparison between IOR during endo-
vascular and open surgical treatment of aneurysms is not
appropriate, IOR during coiling occurs less often than IOR

during microsurgical clipping. IOR during clipping of brain
aneurysms has been well studied with one experienced neu-
rovascular surgeon reporting an incidence of IOR of 19% with
a 19% associated mortality and another 22% of IOR patients
having a poor outcome (1). More recent reports have differed
on their experiences with IOR during clipping with one paper
citing similarly high rates of IOR (9) and associated bad out-
comes and another with markedly lower rates of IOR, which
they attribute to a trend in increased use of temporary clipping
(17).

Our results argue against unsupported statements that IOR
during coiling is more lethal than IOR during clipping because
of the lack of direct exposure and therefore increased difficulty
in controlling the hemorrhage. Experienced endovascular sur-
geons should be able to control the bleeding from an IOR with
timely coil deployment and heparin reversal. Neurosurgical
assistance must be readily available for ventriculostomy place-
ment. Given the better outcomes from IOR in patients who
have ready ventricular drainage, specialists caring for rup-
tured aneurysm patients may consider lowering the threshold
for ventriculostomy placement prior to aneurysm coiling. As
experience with endovascular techniques in treating aneu-
rysms increases, it is reasonable to expect reported IOR rates
and poor outcomes to decrease.

CONCLUSION

The rate of IOR during endovascular coiling of intracranial
aneurysms can be kept quite low and the clinical outcome
from this complication need not be catastrophic. IOR is clearly
an emergency that should be managed with heparin reversal,
rapid completion of aneurysm obliteration with coils, and
ventricular drainage. Our review of IOR at a single large
volume tertiary care institution for intracranial aneurysm
treatment confirms prior reports suggesting that small
Acomm or basilar apex aneurysms presenting with SAH are
the most likely lesion to sustain IOR during coiling. Although
review of the literature shows only a trend in correlation
between operator volume and low rates of IOR, we suspect
that such a correlation may be strengthened by additional
substratification of the published data or further studies on
this subject.

DISCLOSURE

Alejandro Berenstein, M.D. is a scientific advisor for Boston
Scientific/Target.

REFERENCES

1. Batjer HH, Samson DS: Intraoperative aneurysmal rupture: Incidence, out-
come, and suggestions for surgical management. Neurosurgery 18:701–707,
1986.

2. Byrne JV, Molyneux AJ, Brennan RP, Renowden SA: Embolisation of re-
cently ruptured intracranial aneurysms. J Neurol Neurosurg Psychiatry
59:616–620, 1995.

INTRAOPERATIVE RUPTURE DURING COILING

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1107



3. Cloft HJ, Kallmes DF: Cerebral aneurysm perforations complicating therapy
with Guglielmi detachable coils: A meta-analysis. AJNR Am J Neuroradiol
23:1706–1709, 2002.

4. Cognard C, Weill A, Castaings L, Rey A, Moret J: Intracranial berry aneu-
rysms: Angiographic and clinical results after endovascular treatment. Ra-
diology 206:499–510, 1998.

5. Coumans JV, McGrail K, Watson V: Rupture of Cerebral Aneurysms During
Endovascular Treatment With Electrolytically Detachable Coils: Incidence,
Management and Outcome. J Neurovasc Dis 3:269–275, 1998.

6. Debrun GM, Aletich VA, Kehrli P, Misra M, Ausman JI, Charbel F: Selection
of cerebral aneurysms for treatment using Guglielmi detachable coils: The
preliminary University of Illinois at Chicago experience. Neurosurgery 43:
1281-1295, 1998.

7. Ding Y, Li S, Duan A, Yu X, Hua Y, Liu J, Wang J, Cao J, Zhao R, Xu G, Gu
C, Wang Z: Experience of minimally invasive treatment in 520 patients with
intracranial aneurysms. Chin Med Sci J 17:85–89, 2002.

8. Doerfler A, Wanke I, Egelhof T, Dietrich U, Asgari S, Stolke D, Forsting M:
Aneurysmal rupture during embolization with Guglielmi detachable coils:
Causes, management, and outcome. AJNR Am J Neuroradiol 22:1825–1832,
2001.

9. Fridriksson S, Säveland H, Jakobsson KE, Edner G, Zygmunt S, Brandt L,
Hillman J: Intraoperative complications in aneurysm surgery: A prospective
national study. J Neurosurg 96:515–522, 2002.
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Brisman et al. report their experience in treating 600 intracranial
aneurysms with endovascular coiling. Six patients, or 1% of the

entire group, experienced an intraoperative aneurysm rupture and
virtually all of those patients had acutely ruptured lesions, 1.4%
incidence in patients presenting with subarachnoid hemorrhage and
0% incidence in grade zero aneurysms. Only one patient who suffered
an intraoperative rupture was permanently disabled. All of the others
were neurologically unchanged due to control of intracranial pressure
and continued occlusion of the aneurysm. Intraoperative rupture was
not particularly site-specific in that three of the patients had anterior
communicating artery aneurysms, two had basilar tip aneurysms, and
only one patient had a posterior communicating artery aneurysm.

There is no question that as technology and experience increase,
intraoperative rupture should decrease. The new microcatheters,
which are braided and stiffer, are somewhat more dangerous, in my
opinion. Although their stabilization in the aneurysm is very good,
their ability to feel resistance on deployment of the coil is somewhat
impeded due to the rigidity of the catheter. The new coils are softer
and take on a complex shape in an easier fashion, therefore they
should reduce intraoperative rupture rate. There is no question that,
as opposed to a surgical field, intraoperative rupture occurring on the
endovascular table can be a fairly catastrophic event if the patients are
fully anticoagulated and do not have a ventriculostomy at the time of
rupture. However, the authors have illustrated that the outcome in the
majority of the patients was quite good. The incidence of intraopera-
tive rupture reported in this manuscript is extremely low and clearly
is related to the experience and the expertise of the senior author. This
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is certainly a benchmark number that everyone performing endovas-
cular occlusion aneurysms should strive for.

The authors, particularly the senior author, should be congratulated
on an extremely impressive series as well as a very low incidence of
intraoperative complications.

Robert H. Rosenwasser
Philadelphia, Pennsylvania

The authors retrospectively reviewed the rate of intraprocedural rup-
ture (defined as angiographically demonstrable extravasation) asso-

ciated with endovascular aneurysm embolization at their institution and
compared their experience with that reported in the literature. Aneurysm
rupture remains a feared consequence of coil embolization, and difficulty
in controlling hemorrhages during endovascular procedures confers a
dramatic component to this complication. Softer and conformational coils
most likely will favorably influence the prevention of this complication.
Moreover, as mentioned by the authors, early placement of a ventricu-
lostomy is most likely of benefit in cases of intraventricular rupture.

Protamine also should be readily available to reverse the therapeutic
effect of the heparin.

At our institution, the use of local anesthesia plus intravenous
conscious sedation during most coiling procedures allows us to per-
form neurological assessments and to identify a complication imme-
diately and to potentially reverse a maneuver that has led to a neu-
rological decline. As pointed out by the authors, the prognosis of
patients with intraoperative rupture is not as dismal as previously
thought. By being prepared for such an event and responding
promptly and appropriately to this complication, a good outcome is
possible. This review, even though it represents the authors’ retro-
spective experience, represents a valuable addition to the literature
regarding the comprehension, prevention, and management of this
undesired event.

Eric Sauvageau
L. Nelson Hopkins
Buffalo, New York

The Oseberg Ship, circa AD 820, excavated by Gabriel Gustafson in 1904 from a clay burial
mound located on a farm of the same name at Slagen, about 70 miles south of Oslo. (Courtesy of
University Museum of National Antiquities, Oslo).
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OBJECTIVE: In this study, we evaluated the difference in incidence of symptomatic
vasospasm between ruptured aneurysms in the anterior and posterior circulation using
multiple logistic regression analysis.
METHODS: A total of 145 consecutive patients who underwent surgery for aneurysms
within 72 hours after subarachnoid hemorrhage (SAH) were studied.
RESULTS: The ruptured aneurysm was in the anterior circulation in 128 patients
(88.3%) and in the posterior circulation in 17 patients (11.7%). Forty patients (27.6%)
had symptomatic vasospasm and 105 patients (72.4%) did not. Univariate and mul-
tivariate analyses were performed to assess relationships among various variables and
the occurrence of symptomatic vasospasm after SAH. Finally, Grade III to V (Hunt and
Hess grade) and Group 3 (Fisher’s classification) on admission were found to be
independently positively associated with the occurrence of symptomatic vasospasm
while ruptured vertebrobasilar aneurysm were negatively associated.
CONCLUSION: Although a poor clinical grade and a severe SAH classification on
admission such as Hunt and Hess grade and Fisher’s classification are established
powerful predictors of symptomatic vasospasm, ruptured vertebrobasilar aneurysm are
for the first time reported to be a predictor of symptomatic vasospasm based on results
of a recent reliable statistical analysis.

KEY WORDS: Multivariate analysis, Subarachnoid hemorrhage, Symptomatic vasospasm, Vertebrobasilar
aneurysm
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Although uniformity of definition of va-
sospasm after subarachnoid hemor-
rhage (SAH) was lack and the timing of

angiography was various, many old articles
reported that spasm appears less frequently
with ruptured vertebrobasilar aneurysms
(VBA), all posterior circulation aneurysms in
other words, than with supratentorial rupture
aneurysms (2, 10, 12, 14, 16). Furthermore,
Saito et al. (11) noted that symptoms were not
severe when vasospasm did occur. However,
few reports are available concerning differ-
ences in vasospasm between ruptured aneu-
rysms in the anterior and posterior circulation
in an era in which definition of vasospasm
after SAH was established and many diagnos-
tic methods were advanced. Therefore, this
study was performed to determine the differ-
ence in incidence of symptomatic vasospasm
between ruptured VBAs and anterior circula-

tion aneurysms using multiple logistic regres-
sion analysis.

MATERIALS AND METHODS

Patients

Excluding patients who were treated con-
servatively, underwent direct surgery for an-
eurysm more than 72 hours after SAH, or
underwent endovascular treatment for aneu-
rysms, we studied 145 consecutive patients
with SAH owing to ruptured aneurysms (44
men and 101 women; age range, 24–86 yr;
median, 59.3 yr) who were admitted and un-
derwent aneurysmal clipping within 72 hours
after the onset of SAH at the Department of
Neurosurgery, Toyama Medical and Pharma-
ceutical University, from June 1995 to Febru-
ary 2003. Ten patients were treated during the
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same period by endovascular embolization for ruptured an-
eurysms, though we did not enter them into this study. Two
patients had a ruptured VBA, whereas eight patients had a
ruptured anterior circulation aneurysm. Continuous ventric-
ular drainage (CVD), cisternal drainage or lumbar drainage
was also performed in patients with acute hydrocephalus
and/or severe SAH to reduce intracranial pressure, induce
brain relaxation in the early stage of surgery and wash out
residual SAH after surgery. Clinical status on admission was
graded according to Hunt and Hess grade (5), and SAH extent
was graded according to Fisher et al. (3). The location of the
ruptured aneurysms were verified angiographically and intra-
operatively.

Symptomatic Vasospasm

Symptomatic vasospasm was defined as delayed neurolog-
ical deterioration, including hemiparesis, aphasia, or distur-
bance of consciousness, even when transient. These deficits
were not attributable to rebleeding, hydrocephalus, metabolic
disturbance, or surgical complication. We monitored vaso-
spasm everyday using transcranial Doppler (TCD) in all pa-
tients and confirmed it on digital subtraction angiography
(DSA) when TCD veracities increased (flow velocities �150
cm/s) or symptoms were suspicious for vasospasm. Although
computed tomographic (CT), magnetic resonance imaging
(MRI), and/or 99mtechnetium-99m-labeled hexamethylpropyl-
eneamine oxime single-photon emission CT (Tc-HMPAO
SPECT) scans were also performed, these examinations of-
fered supporting data for the diagnosis of vasospasm or not
vasospasm. Prophylactic use of calcium channel blockers was
not performed. When symptomatic vasospasm occurred, pa-
tients were usually treated with induced hypertension. Ste-
roids, glycerol and other medicines were occasionally used.
Some patients underwent percutaneous transluminal angio-
plasty (PTA) and intra-arterial administration of papaverine
hydrochloride.

Variables Associated with Symptomatic Vasospasm

Variables considered in the analysis of factors associated
with the occurrence of symptomatic vasospasm after SAH
included the following: patient sex and age, history of smok-
ing, alcohol, hypertension, diabetes mellitus (DM), cerebro-
vascular disease, heart disease, liver disease, thyroid disease,
Hunt and Hess classification (H&H) (5), Fisher’s classification
(3), Glasgow Coma Scale (GCS) (15), systolic blood pressure,
diastolic blood pressure and pulse on admission, location of
ruptured aneurysm (e.g., anterior circulation aneurysm and
veretebrobasilar aneurysm [VBA]), namely posterior circula-
tion aneurysm, operating time, presence of external drainage
of cerebrospinal fluid (CSF), and treatments (glycerol and
vasopressor).

H&H grade (5) and GCS (13) on admission and the patient’s
medical history were collected from medical records written
by the treating physicians. Brain CT scanning was performed
immediately after admission and on the day following sur-

gery. A Toshiba TCT-900S (Toshiba, Inc., Tokyo, Japan), which
displayed pictures on a 512 � 512 matrix, was used for this
study. From brain CT on admission, two observers trained to
assess brain imaging in patients with SAH estimated Fisher’s
classification (3) and the presence or absence of intraventric-
ular hemorrhage (IVH) independently and blind to medical
charts. When coincidence of findings of Fisher’s classification
(3) or the presence of IVH was not obtained between the two
observers, the lesser grade or absence was adopted. Concern-
ing H&H grade (5), we divided the patients into two groups:
one group including Grades I and II and another including
Grades III, IV, and V. We also divided Fisher’s classification
(3) into binary groups: one of Group 3 patients and another
including all others.

Cerebral angiography was performed in all patients after
admission and after aneurysm location was determined. The
pterional approach was used for the majority of the patients
undergoing surgery. The interhemispheric approach for ante-
rior communicating artery aneurysms, lateral suboccipital ap-
proach for vertebral artery - posterior inferior cerebellar artery
aneurysms and posterior inferior cerebellar artery aneurysms,
and transpetrosal approach for basilar artery aneurysms were
also used if needed. The diagnosis of a ruptured aneurysm
was also confirmed intraoperatively in all patients. External
CSF drainage, including CVD, cisternal, and lumbar drainage,
was used to wash out residual subarachnoid clots with or
without urokinase. The following administrations were per-
formed: calcium antagonists and nitroglycerin for hyperten-
sion; tranexamic acid and carbazochrome sodium sulfonate
for hemostasis after surgery; steroids, D-mannitol, and glyc-
erol to prevent brain edema; low-molecular weight dextran,
vasopressor drugs (e.g., dopamine hydrochloride, dobut-
amine hydrochloride, and fasudil hydrochloride) to prevent
cerebral vasospasm; urokinase for intrathecal thrombolysis;
and phenytoin as an anticonvulsant.

Statistical Analysis

Univariate analysis was performed to assess relationships
between each variable and the occurrence of symptomatic
vasospasm by Student’s t test, Mann-Whitney test, and �2 test.
Multivariate statistical analysis related to the occurrence of
symptomatic vasospasm was performed using a logistic re-
gression model. Variables in the final model were selected
according to a stepwise method followed by inclusion of those
of clinical importance. To determine independent factors af-
fecting the occurrence of symptomatic vasospasm, odds ratios
were evaluated after adjustment for other factors. Interob-
server agreement was estimated using weighted � coeffi-
cients.

RESULTS

The index of agreement between two observers was 0.899
for Fisher’s classification (3) (weighted � coefficient) and 0.766
for the determination of IVH (� coefficient). Of 145 patients, 40
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(27.6%) experienced symptomatic vasospasm and 105 (72.4%)
did not. Symptomatic vasospasm occurred in two out of ten
patients (20%) who were treated by endovascular emboliza-
tion. Furthermore, symptoms owing to vasospasm were not
observed in two patients with a VBA. Background variables
such as sex (P � 0.728) and age (P � 0.483) were found not to
be related to the occurrence of symptomatic vasospasm on
univariate analysis (Table 1). No significant differences in
H&H grade (5) (P � 0.0911), GCS (13) (P � 0.965), IVH (P �
0.0911), association with unruptured aneurysm(s) (P � 0.190),
systolic blood pressure (P � 0.642), diastolic blood pressure (P
� 0.702) and pulse (P � 0.960) on admission were observed
between the two groups, while symptomatic vasospasm
group included more patients with Fisher’s group III (3) (P �
0.0181) and less patients with VBA (P � 0.0331) compared
with non-symptomatic vasospasm group (Table 1). We evalu-
ated relationships using univariate analysis between the oc-
currence of symptomatic vasospasm and risk factors including
smoking (P � 0.979), alcohol (0.765), history of hypertension
(P � 0.06), DM (P � 0.377), cerebrovascular disease (P �
0.748), heart disease (P � 0.703), liver disease (P � 0.952), or
thyroid disease (P � 0.379).

No significant associations were observed (Table 2). Among
treatments including medical and surgical procedures, CSF

drainage, the use of drainage (P � 0.011) glycerol (P � 0.002)
or vasopressors (�0.0001) was more frequent in the symptom-
atic vasospasm group, whereas no significant differences in
operation time, steroid, low-molecular dextran, D-mannitol,
antihypertensive drugs, hemostatics, fasudil hydrochloride,
and phenitoin were observed between two groups (data not
shown). In this study, we would like to estimate the difference
of occurrence of symptomatic vasospasm after SAH between
VBA and non-VBA groups. Therefore, we first evaluated the
difference of background variables and others between two
groups. No difference was observed in sex (P � 0.226), age
(P � 0.630), H&H grade (5) (P � 0.338), Fisher classification
(3) (P � 0.769), and GCS (13) (P � 0.698) on admission, IVH
(P � 0.999), and association with an unruptured aneurysm
(P � 0.307) (Table 3). There was no difference in each risk
factor between non-VBA and VBA groups (data not shown).
Concerning treatments, there was no difference in operation
time and all medical and surgical treatments between two
groups with different locations of ruptured aneurysm one
(data not shown).

After eliminating variables that were considered unlikely
causes, but rather effects of symptomatic vasospasm (use of CSF
drainage, glycerol, and vasopressors) and referring to results of
univariate analyses, age, sex, H&H (5), Fisher’s classification (3),

TABLE 1. Summary of clinical findings of 145 patients related to occurrence of symptomatic vasospasm after subarachnoid hemorrhagea

Symptomatic vasospasm
(�) (n � 40)

Symptomatic vasospasm
(�) (n � 105)

Total
(n � 145)

P value

Sex 0.728
M 13 (32.5%) 31 (29.5%) 44 (30.3%)
F 27 (67.5%) 74 (70.5%) 101 (69.7%)

Age (yr)b 60.6 � 13.6 58.9 � 13.2 59.3 � 13.3 0.483
Hunt and Hess grade 0.0911

I–II 21 (52.5%) 71 (67.6%) 92 (63.4%)
III–V 19 (47.5%) 34 (32.4%) 53 (36.6%)

Fisher classification 0.0181
Groups 1, 2, 4 9 (22.5%) 46 (43.8%) 55 (37.9%)
Group 3 31 (77.5%) 59 (56.2%) 90 (62.1%)

Glasgow Coma Scaleb 13.1 � 2.74 13.1 � 3.01 13.1 � 2.93 0.965
Intraventricular hemorrhage 0.0911

� 10 (25.0%) 14 (13.3%) 24 (16.6%)
� 30 (75.0%) 91 (86.7%) 121 (83.4%)

VBA 0.0331
� 1 (2.50%) 16 (15.2%) 17 (11.7%)
� 39 (97.5%) 89 (84.8%) 128 (88.3%)

Association with unruptured aneurysm(s) 0.190
� 4 (10.0%) 20 (19.0%) 24 (16.6%)
� 36 (90.0%) 85 (81.0%) 121 (83.4%)

Systolic blood pressure on admission (mmHg)b 152 � 24.3 150 � 31.1 151 � 29.3 0.642
Diastolic blood pressure on admission (mmHg)b 82.8 � 11.4 81.6 � 18.0 81.9 � 16.5 0.702
Pulseb 78.5 � 12.9 78.6 � 15.0 78.6 � 14.4 0.960

a VBA, vertebrobasilar aneurysm.
b Values are mean � standard deviation.
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GCS (13), hypertension, DM,
ruptured VBA, and multiplic-
ity of aneurysms were
adopted as cofounders in the
logistic regression model for
multivariate analysis. The
analysis revealed that higher
H&H grade and Fisher’s
Group 3 were significantly as-
sociated with the occurrence
of symptomatic vasospasm
and that ruptured VBA was
significantly less associated
with the occurrence of symp-
tomatic vasospasm after ad-
justment for other cofactors
(Table 4).

DISCUSSION

A poor admission clinical
grade and a severe SAH clas-
sification are established
powerful predictors of symp-
tomatic vasospasm (4, 9). Ad-
ditionally, ages between 40 to
59 years, larger aneurysm
size, IVH, and prophylactic
use of induced hypertension
are also demonstrated to be
independent predictors for
the occurrence of vasospasm
after SAH (6). Recently, Mc-
Girt (7) demonstrated that
leukocytosis for five days af-
ter SAH is an independent
risk factor for cerebral vaso-
spasm following aneurysmal
SAH. Ruptured VBA is re-
ported to be a predictor
based on results of reliable
statistical analysis here for
the first time.

Although a few of the arti-
cles concerning the incidence
of vasospasm owing to rup-
tured aneurysms in both an-
terior and posterior circula-
tions could be found in the
1980s (2, 8, 10–12, 14, 16), the
conclusion about the differ-
ence of incidence of vaso-
spasm had not been settled.
Therefore, we attempted to
estimate the association be-
tween ruptured VBA and oc-

TABLE 2. Summary of risk factors for 145 patients related to occurrence of symptomatic vasospasm after
subarachnoid hemorrhage: Percentage of cases in each groupa

Symptomatic vasospasm
(�) (n � 40)

Symptomatic vasospasm
(�) (n � 105)

Total
(n � 145)

P value

Smoking 0.979
� 14 (35.0%) 37 (35.2%) 51 (35.2%)
� 26 (65.0%) 68 (64.8%) 94 (64.8%)

Alcohol 0.765
� 14 (35.0%) 34 (32.4%) 48 (33.1%)
� 26 (65.0%) 71 (67.6%) 97 (66.9%)

Hypertension 0.06
� 16 (40.0%) 60 (57.1%) 76 (52.4%)
� 24 (60.0%) 45 (42.9%) 69 (47.6%)

DM 0.377
� 2 (5.00%) 10 (9.52%) 12 (8.28%)
� 38 (95.0%) 95 (90.5%) 133 (91.7%)

Cerebrovascular disease 0.748
� 2 (5.00%) 4 (3.81%) 6 (4.14%)
� 38 (95.0%) 101 (96.2%) 139 (95.9%)

Heart disease 0.703
� 3 (7.50%) 10 (9.52%) 13 (8.97%)
� 37 (92.5%) 95 (90.5%) 132 (91.0%)

Liver disease 0.952
� 2 (5.00%) 5 (4.76%) 7 (4.83%)
� 38 (95.0%) 100 (95.2%) 138 (95.2%)

Thyroid disease 0.379
� 0 (0.00%) 2 (1.91%) 2 (1.38%)
� 40 (100%) 103 (98.1%) 143 (98.6%)

a DM, diabetes mellitus.

TABLE 3. Summary of clinical findings of 145 patients with subarachnoid hemorrhage concerning the presence or
absence of vertebrovasilar aneurysmsa

VBA (�) (n � 17) VBA (�) (n � 128) Total (n � 145) P value

Sex 0.226
M 3 (17.6%) 41 (32.0%) 44 (30.3%)
F 14 (82.4%) 87 (68.0%) 101 (69.7%)

Age (yr)b 61.3 � 16.3 59.1 � 12.9 59.3 � 13.3 0.630
Hunt & Hess grade 0.338

I–II 9 (52.9%) 83 (64.8%) 92 (63.4%)
III–V 8 (47.1%) 45 (35.2%) 53 (36.6%)

Fisher’s classification 0.769
Groups 1, 2, 4 7 (41.2%) 48 (37.5%) 55 (37.9%)
Group 3 10 (58.8%) 80 (62.5%) 90 (62.1%)

Glasgow Coma Scaleb 12.1 � 2.84 13.3 � 2.84 13.1 � 2.93 0.698
Intraventricular hemorrhage 0.999

� 3 (17.6%) 21 (16.4%) 24 (16.6%)
� 14 (82.4%) 107 (83.6%) 121 (83.4%)

Association with unruptured aneurysms 0.307
� 1 (5.88%) 23 (18.0%) 24 (16.6%)
� 16 (94.1%) 105 (82.0%) 121 (83.4%)

a VBA, vertebrobasilar aneurysm; DM, diabetes mellitus.
b Values are mean � standard deviation.
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currence of symptomatic vasospasm in our series using mul-
tiple logistic regression analysis. Our definition of
symptomatic vasospasm is generally acceptable and many
diagnostic methods including TCD, ultrasonography, angiog-
raphy (DSA), brain CT, and SPECT confirmed the diagnosis of
vasospasm. Finally, the occurrence of symptomatic vasospasm
was correlated with the following variables in the present
study: 1) H&H grade on admission (5), and 2) Fisher’s classi-
fication on admission (3), and 3) ruptured VBA.

Clinical symptoms owing to vasospasm after SAH depend
on 1) the severity of vasospasm, 2) the degree of collateral
circulation and 3) the tolerance of involved brain to ischemia.
Previous reports noted that spasm appears less frequently
with ruptured VBA (2, 10, 12, 14, 16). Saito et al. (11) found
that vasospasm of the VB system is rare, and not severe when
it did occur in their series. However, Niizuma et al. (8) thought
the occurrence of vasospasm was not rare and could be de-
tected if the timing of angiography were suitable and a suffi-
cient number of films were taken. The variability in the inci-
dence of vasospasm can be accounted for by lack of uniformity
in the definition of vasospasm, by differences in the timing of
angiography after SAH onset, by deficient angiographical
technique, and by lack of development of other diagnostic
techniques. However, few reports describing the difference in
incidence of vasospasm between ruptured aneurysms in an-
terior and posterior circulations were found recently, even in
an era in which definition of vasospasm after SAH was estab-
lished and many diagnostic methods were advanced. Con-
cerning the difference of collateral circulation between the
anterior and posterior circulation, clear evidence has not
shown. However, the time window for intra-arterial throm-
bolysis in the posterior circulation may be up to and even
exceed 12 hours, and be longer than that in the anterior
circulation (13). It may depend on better collateral circulation
in the vertebrobasilar system. The brainstem is much more
intolerant of ischemia (1). Therefore, lower incidence of symp-

tomatic vasospasm after SAH owing to ruptured VBA should
be considered to be attributed to less severe vasospasm
and/or better collateral circulation. Further studies of the
degree of vasospasm and collateral circulation will explain the
incidence of symptomatic vasospasm in patients with SAH
due to ruptured VBA.

CONCLUSION

Ruptured VBA was found to be an independent predictor of
the occurrence of symptomatic vasospasm after SAH. How-
ever, the power of this statistical analysis was weak and
further studies with a large sample size are required to better
assess the relationship between location of ruptured aneu-
rysms and symptomatic vasospasm.
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TABLE 4. Multivariate analysis of variables related to
occurrence of symptomatic vasospasm after subarachnoid
hemorrhagea

Variable
Odds ratio
(95% CI)

P-value

VBA (�) 0.16 (0.019–0.91) 0.048
Hunt & Hess grade (III–V) 2.78 (1.03–7.48) 0.043
Fisher’s classification (Group 3) 2.57 (1.06–6.28) 0.038
Age (1 yr) 1.02 (0.99–1.05) 0.24
Sex (M) 1.29 (0.52–3.21) 0.58
GCS (1 point) 1.09 (0.92–1.43) 0.13
Hypertension (�) 0.61 (0.27–1.41) 0.25
DM (�) 0.44 (0.08–2.41) 0.34
Multiple aneurysms (�) 0.43 (0.13–1.47) 0.13

a CI, confidence interval; VBA, vertebrobasilar artery aneurysm; GCS,
Glasgow coma scale; DM, diabetes mellitus.
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COMMENTS

The new finding reported here is that patients with ruptured ver-
tebrobasilar aneurysms were less likely to develop symptomatic

vasospasm after subarachnoid hemorrhage (SAH) compared to pa-
tients with ruptured anterior circulation aneurysms. Some of the
findings are confirmatory, such as more patients developing vaso-
spasm who were determined by the Fisher scale to have a thick SAH.
There was a trend for more vasospasm in association with intraven-
tricular hemorrhage, as has been described (1, 4). The authors also
included data on other factors reported to be associated with vaso-
spasm. Smoking, which has been reported to increase the risk of
delayed vasospasm, was present in 35% of patients who developed
vasospasm compared with 35% of patients who did not (3). Preexist-
ing hypertension was associated with vasospasm in 40% of patients
compared to vasospasm in 57% of patients without hypertension (4).
Therefore, some of these prior associations were not confirmed.

The patients with anterior circulation aneurysms were fairly well
matched to the posterior circulation group in terms of factors that
would influence the risk of developing vasospasm. Therefore, the
question arises as to why the latter seemed to develop less symptom-
atic vasospasm. Some biases inevitably exist. Transcranial Doppler
ultrasound (TCD) is most reliable for the middle cerebral artery and
TCD velocities were a trigger to perform angiography and look for
vasospasm. Patients who deteriorated might develop diffuse vaso-
spasm but deficits might be attributed to anterior circulation rather
than basilar vasospasm. Finally, no data are given on exactly how
vasospasm was diagnosed. How many patients had angiography?
What vessels were injected? Why would patients with ruptured pos-
terior circulation aneurysms develop less vasospasm? There is some
evidence for regional pharmacological differences in the cerebral cir-
culation (2). Is the distribution of SAH different so that there is less
blood around the arteries or is it cleared away more rapidly? The
authors continue to collect data centered around answering these
questions, and probably others, in order to try to confirm or refute
their interesting hypothesis.

R. Loch Macdonald
Chicago, Illinois
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The paper by Hirashima et al. evaluates the incidence of symptom-
atic vasospasm comparing ruptured anterior and posterior circu-

lation aneurysms. They evaluated 128 patients with anterior circula-
tion and 17 patients with posterior circulation aneurysms for a wide
range of characteristics including demographics, clinical findings,
medical comorbities, aneurysm location, and critical care treatments.

They found that clinical and CT grades were positively associated
with the development of vasospasm and that an aneurysm in the
vertebrobasilar location was less often associated with vasospasm.

The associations with Hunt and Hess and Fisher grades are not
unexpected and have been reported extensively in the literature. In the
main finding of the study, multivariate analysis showed that the
incidence of vasospasm was lower in the VB aneurysm group after
adjusting for Hunt and Hess grade, Fisher grade, and the other
variables using a logistic regression model. There were many methods
used to establish a diagnosis of vasospasm, including TCD, angiog-
raphy, computed tomography angiography, magnetic resonance an-
giography, SPECT, and computed tomography scans. Although all
patients had clinical changes consistent with vasospasm, there was a
varying degree of anatomical proof of the presence of vasospasm.
Together with the small number of patients in the VB aneurysm
group, this may limit the conclusions that could be drawn from the
authors’ analysis. However, they raise an interesting observation that
deserves further investigation.

Aman B. Patel
Endovascular Neurosurgeon/Interventional Neuroradiologist
Joshua B Bederson
New York, New York

The authors present their experience during an eight-year period in
which they treated 145 consecutive patients that presented with

subarachnoid hemorrhage from intracranial aneurysms; 88.3% of the
aneurysms were in the anterior circulation and 11.7% were in the
posterior circulation. The primary purpose of this article was to re-
view the differences in incidence of symptomatic vasospasm between
anterior and posterior circulation aneurysms. The authors confirmed
previously published data showing that poor Hunt and Hess and
severe Fisher grade subarachnoid hemorrhage patients are at in-
creased risk for developing symptomatic vasospasm. In addition, they
demonstrated that posterior circulation aneurysms appear to carry a
lower risk for developing severe vasospasm. This conclusion is de-
rived through application of multiple logistic regression analysis.

The authors provide interesting data to support their hypothesis that
posterior circulation aneurysms carry a lower risk for developing severe
vasospasm. However, upon close review of this article, one will find that
the patient population is quite small. Moreover, there were multiple
variables between the treatment modalities used for individual patients.
Thus, it is difficult to conclude that their hypothesis is correct. This being
said, they did correlate their data with previously published articles and
there may be some credence to their hypothesis. The fact that only one of
17 patients with posterior circulation aneurysms developed symptomatic
vasospasm will not change the way we treat this patient population. We
may be willing to move them out of intensive care unit more rapidly
given this type of data. Clearly, further information is required in this
area with a larger patient population. The authors are to be commended
for their meticulous review of their personal data and comparison to
previously reported statistics.

Philip A. Stieg
New York, New York

In this interesting article, the authors sought to identify additional
predictive factors for vasospasm in addition to Hunt and Hess and

Fisher grades, hypothesizing that aneurysms of the vertebrobasilar
circulation would be associated with a lower incidence of vasospasm.
They based their hypothesis on prior observations from other authors
and performed a retrospective study of patients presenting to their
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institution. Patients were excluded if managed conservatively, endo-
vascularly, or after 72 hours, which we believe is the first limitation of
this analysis. It would have been interesting to include all patients
during the study period, especially those managed endovascularly,
and to sort the analysis by subgroup. In addition, multiple radio-
graphic methods were used to establish radiographic vasospasm,
perhaps complicating comparisons across study groups, and that TCD
velocity assessment is more accurate in the anterior circulation in
general.

The finding that vertebrobasilar aneurysm rupture can serve as a
predictive measure of symptomatic vasospasm is extremely impor-
tant. However, this claim could be strengthened by a larger study
population and a prospective design. The heavy emphasis currently

placed on Hunt and Hess grade and Fisher grade, which associates
lower grades with vertebrobasilar aneurysms, confounds this analysis
and bears further exploration. Moreover, while symptomatic vaso-
spasm is defined by hemiparesis, aphasia, and deteriorating levels of
consciousness, it would have been telling for the authors to document
the manifestations of vasospasm in anterior and posterior circulation
subtypes. Nevertheless, this observation provides another way to
better assess risk and to care for patients with aneurysmal subarach-
noid hemorrhage.

Ian F. Dunn
Robert M. Friedlander
Boston, Massachusetts
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OBJECTIVE: The objective of this study was to assess the collateral circulation and
blood flow velocity in arteries forming collateral circulation in patients with cerebral
aneurysms and the occlusion of the brachiocephalic vessels.
METHODS: Between 1989 and 2004 we examined a group of seven consecutive
patients with diagnosed cerebral aneurysm and occlusion of the extracranial artery by
means of cerebral angiography, transcranial color-coded sonography (TCCS) and color
Doppler sonography of extracranial arteries. The Doppler examination results
achieved in this group were compared with the Doppler results of 40 healthy subjects
from a control group.
RESULTS: Three patients were diagnosed with an occluded innominate artery. In four other
cases an occlusion of the extracranial segment of the internal carotid artery was found. The
aneurysms were located on intracranial arteries of collateral flow. The innominate artery
occlusion resulted in a hemodynamic effect which was a complete vertebral steal and systolic
deceleration (in one case) or alternating flow (in two cases) in the right common carotid artery.
An additional route of collateral circulation in all these cases led from extracranial carotid
branches through the right external carotid artery to the ipsilateral internal carotid artery. In all
seven patients, 13 intracranial collateral pathways were examined. In eight of them, including
four cases with cerebral aneurysms, an increase in blood flow velocity was observed. In the
remaining five cases, including three cases with cerebral aneurysms, the mean blood velocity
was within the normal range. The anterior communicating artery (AComA) formed the main
intracranial collateral pathway which was found in seven patients, including three patients with
diagnosed AComA aneurysm. Blood flow velocity in ipsilateral (on the obstructed side) and
contralateral (on the unobstructed side) anterior cerebral artery, as well as pulsatility and
resistance indexes in contralateral anterior cerebral and middle cerebral arteries were higher
compared with healthy control subjects. In the ipsilateral middle cerebral artery a relative,
insignificant decrease of pulsatility and resistance indexes was detected. Ipsilateral and con-
tralateral middle cerebral artery blood flow velocities were lower compared with the control
group.
CONCLUSION: Occlusion of the brachiocephalic vessels leads to formation of col-
lateral circulation through the circle of Willis and the extracranial collaterals connect-
ing the external and internal carotid arteries. An increase in blood flow velocity is
commonly observed in intracranial arteries forming a collateral pathways. In some
cases, not excluding arteries with a cerebral aneurysm, the increase in blood flow
velocity is insignificant or none at all. This study shows that formation of a cerebral
aneurysm is not always related to an increase in the flow velocity of collateral arteries.

KEY WORDS: Cerebral aneurysms, Color doppler sonography, Occlusion of the brachiocephalic vessels,
Transcranial color-coded sonography
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Cerebral aneurysms coexistent with occlusion of brachio-
cephalic vessels are very rare. Maiuri et al. (25) re-
ported 30 aneurysms described before 1995 that formed

de novo after the surgical carotid ligation or occlusion. In all
the cases, the aneurysms were present at arterial branch
points, mainly at the anterior cerebral (ACA)-anterior commu-
nicating (AComA) arteries complex and at the junction of the
internal carotid artery (ICA) and posterior communicating
artery (PComA) on the opposite side from the carotid artery
ligation. Even more rare are aneurysms with the occlusion of
one or more extracranial cerebral arteries obstructed due to
atherosclerotic changes (13, 15, 17, 40). In 1987, Yamanaka et
al. (40) reported seven such cases which they had found in the
literature.

In studies on rats (9) and monkeys (10) by Hashimoto et al.,
cerebral aneurysms were induced by ligation of one or both of
the common carotid arteries, the animals were made hyper-
tensive and fed with �-aminopropionitrile. In animals with
unilateral carotid ligation, aneurysms developed on the ACA/
AComA complex, on the ICA/PComA junction on the oppo-
site side from the carotid ligation and on the proximal (P1)
segment of the posterior cerebral artery (PCA) of the side of
carotid ligation. In cases with bilateral ligation of the carotid
arteries aneurysms developed on the arteries forming the
posterior part of the Willis circle. The experiment results show
clearly that besides hypertension and metabolic disorder of
the connective tissue the increased blood flow in collateral
flow arteries is one of the major factors in the development of
cerebral aneurysms.

The objective of this study was to assess the collateral cir-
culation and blood flow velocity in arteries forming collateral
circulation in patients with a diagnosed cerebral aneurysm
and occlusion of the extracranial artery by means of cerebral
angiography, transcranial color-coded sonography (TCCS)
and color Doppler sonography of extracranial carotid and
vertebral arteries.

PATIENTS AND METHODS

We studied seven consecutive patients (six men, one wom-
an; age, 39–63; mean age � standard deviation [SD], 54 � 9 yr)
that were referred to our Department of Neurosurgery be-
tween January 1989 and June 2004 with diagnosed cerebral
aneurysm and occlusion of the extracranial cerebral artery.
They constituted 0.5% of all 1438 patients with diagnosed
cerebral aneurysm, hospitalized at our department. Six of
these patients (Patients 1–6) were admitted to our department
after subarachnoid hemorrhage of a ruptured cerebral aneu-
rysm. Patient 7 was admitted because of a diagnosed unrup-
tured basilar artery (BA) aneurysm. The demographic data of
the patients are presented in Table 1. A selective intra-arterial
digital subtraction angiography using a femoral artery ap-
proach was performed in each patient. The angiographic find-
ings were analyzed in respect of localization of the aneurysm,
brachiocephalic vessels occlusion and collateral pathways.

Each patient underwent ultrasonographic examination of ex-
tracranial cerebral arteries by means of a color Doppler sono-
graphic device (ULTRAMARK 9 [ATL, Bothell, WA] or Vivid
3 [GE Ultrasound Israel, Tirat Hacarmel, Israel]) equipped
with a 5.0-10.0 MHz and 5.7-10.0 MHz linear probe, respec-
tively. Moreover, a TCCS was performed in all patients for the
evaluation of the intracranial cerebral arteries by means of a
multifrequency transcranial probe (2.0–3.0 MHz and 1.5–3.6
MHz, respectively, in the ULTRAMARK 9 and Vivid 3). The
anterior cerebral circulation was imaged using a transtempo-
ral window with the subjects in a supine position. Vertebral
(VA) and basilar arteries were insonated through the foramen
magnum with the patient in a left lateral position or in a sitting
position. Flow toward the probe was displayed in red, and
away in blue. The Doppler sample volume (3 mm) was placed
within the color flow image of the artery under insonation.
Correction for the angle of insonation by alignment of a cursor
along the direction of blood flow was performed. To incur the
least amount of error, velocity measurements were taken from
arterial segments in which the vector of blood flow relative to
the ultrasound beam was as little as possible. For the ICA, the
angle of insonation was arbitrarily fixed at 50 (0). No mea-
surements were made if the angle of insonation was greater
than 60 (0). All TCCS and color Doppler sonography of the
extracranial cerebral arteries examinations were performed by
the same examiner (WK). In patients who experienced sub-
arachnoid hemorrhage, TCCS data were accepted only if the
arterial CO2 (PaCO2) was in the range of 30 to 40 mmHg at the
time of recording; hematocrit value had to be in the 30% to
40% range; systolic blood pressure � 150 mmHg, diastolic
blood pressure � 95 mmHg. Flow direction (antegrade or
reversed), peak systolic (Versus), end-diastolic (Ved), and
mean (Vm) velocities were noted for every insonated artery.
The pulsatility index (PI) (8) and resistance index (RI) (30) for
each vessel were calculated as Versus-Ved/Vm and Versus-
Ved/Versus respectively (where Versus is peak systolic veloc-
ity, Vm is mean velocity, and Ved is end-diastolic velocity).

Changes in vertebral, basilar, and carotid artery flow pat-
terns caused by the subclavian artery steal effect owing to
innominate artery occlusion were classified as systolic decel-
eration, alternating flow, and complete steal, as previously
described (4) The hemodynamic results of innominate artery
occlusive disease based on Doppler ultrasound findings were
divided into three subgroups, according to the classification
by Brunhölzl and von Reutern (4). Type I showed systolic
deceleration or alternating flow in the right VA and only
minor changes in the carotid arteries. Type II was character-
ized by reversed flow in the right VA and systolic deceleration
in the carotid arteries and type III by alternating flow or even
complete steal in the carotid arteries in addition to VA steal.

Presence of collateral flow through the AComA was estab-
lished if the color-coded Doppler signals and Doppler spectra
showed reversed flow in the ACA on the ipsilateral (ob-
structed) side. The TCCS criteria for detection of cross-flow
through PComA were based on the identification of the color-
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coded signal of the vessel between the ICA and the P1 seg-
ment of the PCA in combination with the evidence of a pul-
satile Doppler signal and/or ipsilateral peak systolic P1 PCA
velocity higher than the mean value � 2SDs of normals (1,21).
Blood flow velocity standards for PComA have been adopted
from the work of Klötzsch et al. (21).

The results of Doppler study for examined arteries were
compared with the results of 40 controls (16 women, 24 men;
mean age � SD, 45 � 12 yr) who had no history of neurolog-
ical disease. Comparison of data between the exam and con-
trol groups was performed on a personal computer with sta-
tistical software (STATISTICA 6.0; StatSoft, Inc., Tulsa, OK).
Both groups (i.e., the patients and the controls) were matched
for age and sex distribution using a parametric t test and the
Fisher exact test. This was followed by a comparison of blood
flow velocity and the PI and RI in ipsi- and contralateral (on
the unobstructed side) anterior cerebral and middle cerebral
(MCA) arteries between patients and controls by means of
nonparametric Mann-Whitney U test. Two-sided P-values of
less than 0.05 were considered significant.

RESULTS

Tables 1, 2 and 3 summarize the demographic and angio-
graphic data, color Doppler sonography of extracranial arteries,
and TCCS findings in all patients. The reference values for Vs,
Ved, Vm, PI and RI in the ACA, MCA, PCA, BA and VA are
given in Table 4. Three patients (Patients 1, 2, and 3) experienced
innominate artery occlusion. An illustrative case is presented in
Figure 1. The remaining four patients (Patients 4, 5, 6, and 7)
experienced an ICA occlusion in its extracranial segment.

In all patients there was observed a cross-flow through the
AComA to the ACA and MCA on the ipsilateral side (Patients
1, 3, 4, 5, 6, and 7) or to the postcommunicating (A2 segment)
ipsilateral ACA (Patient 2). Three patients with internal ca-
rotid occlusion developed a route of collateral circulation,
confirmed in TCCS study, through ipsilateral (Patients 5 and
7), or contralateral (Patient 6) PComA.

In three patients with the innominate artery occlusion the
Doppler examination confirmed complete steal in the right VA
and systolic deceleration (Patients 1 and 2) or alternating flow

TABLE 1. Demographic data and findings at cerebral angiography of the study groupa

Patient
no.

Sex/Age
(yr)

Past medical history Occlusion
Localization of the

aneurysm
Collateral circulation

1 M/51 Hypertension Innominate artery Left vertebral
artery

AComA ¡ right ACA, MCA
left VA ¡ right VA and posterior
part of the Willis circle
collateral channels between
thyrocervical trunks ¡ right
subclavian artery

2 F/56 Hypertension, coronary heart
disease

Innominate artery AComA AComA ¡ A2 segment of the right
ACA
left VA ¡ right VA

3 M/61 Hypertension, atheromatosis,
myocardial infarction

Innominate artery,left
vertebral artery

AComA AComA ¡ right ACA, MCA
muscular branches of the cervical
collateral arterial network ¡ distal
left VA ¡ right VA and posterior
part of the Willis circle

4 M/46 Hypertension Left internal carotid
artery

AComA AComA ¡ left ACA, MCA

5 M/63 Hypertension,TIA Right internal carotid
artery

Right PComA AComA ¡ right ACA, MCA
right PComA ¡ right ICA, MCA

6 M/60 Hypertension, coronary heart
disease, atheromatosis, TIA

Left internal carotid
artery,stenosis of the
C2 and C1 segment
of the right ICA

Right ICA/PComA
junction

AComA ¡ left ACA, MCA

7 M/39 Hypertension, diabetes Left internal carotid
artery

BA/left superior
cerebellar artery
junction, giant
thrombotic
aneurysm of the
left ICA

AComA ¡ left ACA, MCA
left PComA ¡ left ICA, MCA

a AComA, anterior communicating artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; VA, vertebral artery; PComA, posterior communicating artery;
BA, basilar artery; TIA, transient ischemic attack.
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(Patient 3) in the right common carotid artery, corresponding
with Type II and III, respectively, according to the Brunhölzl
and von Reutern classification (4). An additional route of
collateral circulation in all three cases was recognized through
the right external carotid artery to the ipsilateral internal ca-
rotid artery. In Patients 1 and 2, an alternating blood flow was
found in the right external carotid artery fed from the superior
thyroid artery, most probably by the collateral connections of
the thyroid circulatory network. In Patient 3, a permanent
reversed blood flow was detected in the right external carotid
artery, most probably coming from other extracranial collat-
eral branches of the external carotid artery (i.e., facial or oc-
cipital artery).

Aneurysms were located on intracranial arteries of collateral
flow. Altogether, in all seven patients, 13 intracranial collateral
pathways were examined (Table 3). In Patients 1, 3, 5 and 6, a
blood flow velocity increase was observed in the intracranial
vessels of collateral circulation with aneurysms located on the
VA, on the AComA, on the ipsilateral PComA and on the
contralateral ICA, respectively. In Patient 6, the observed

marked contralateral ICA blood flow velocity increase was a
result of collateral circulation and stenosis of the end-segment
of internal carotid artery. In Patients 2, 4 and 7 with aneu-
rysms located on the AComA and on the BA the mean blood
flow velocity was within the normal range. An increase in
blood velocity was also observed in arteries of the ACA/
AComA complex in Patients 5, 6 and 7 where aneurysms had
not formed, and contralateral PComA in Patient 6. In other
intracranial arteries of collateral circulation without aneu-
rysm, namely the left VA in Patient 2 and arteries of ACA/
AComA complex in Patient 1, the mean blood flow velocity
was within the normal range. Table 4 gives the flow velocities
of ipsilateral and contralateral ACA and MCA, as well as the
PI and RI of all seven patients, compared with respective
values for the control group.

DISCUSSION

The circle of Willis functions as the main system of connec-
tion between both internal carotid arteries and between the

TABLE 2. Findings at transcranial color-coded sonography and color Doppler sonography of carotid and vertebral arteries in patients of
the study groupa

Patient no. Color Doppler sonography and TCCS Collateral circulation

1 Reversal of blood flow in the right superior thyroid artery,
alternating flow in the right ECA
systolic deceleration in the right CCA and ICA
reversed blood flow in A1 segment of the right ACA
reversed blood flow in the intra- and extracranial segment of the
right VA, alternating flow in the BA (complete subclavian steal
effect)

Right superior thyroid artery ¡ right ICA
(via ECA)
right VA ¡ SA ¡ right CCA (Type IIb)
AComA ¡ right ICA
left VA ¡ right VA

2 Reversal of blood flow in the right superior thyroid artery,
alternating flow in the right ECA
systolic deceleration in the right CCA and ICA
reversed blood flow in the intra- and extracranial segment of the
right VA and in the BA (complete subclavian steal effect)

Right superior thyroid artery ¡ right ICA
(via ECA)
right VA ¡ SA ¡ right CCA (Type IIb)
left VA ¡ right VA
carotid-basilar shunt (?)

3 Reversed blood flow in the right ECA
alternating flow in the right CCA
reversed blood flow in the extracranial segment of the right VA (
complete subclavian steal effect)
reversed blood flow in A1 segment of the right ACA

Extracranial collaterals (?) ¡ right ICA (via
ECA)
right VA ¡ SA ¡ right CCA (Type IIIb)
left VA ¡ right VA
AComA ¡ right ICA

4 Occlusion of the left ICA —
5 Occlusion of the right ICA and high-grade stenosis of the left ICA

reversed blood flow in A1 segment of the right ACA
antegrade flow in the right PComA (PCA ¡ ICA)

AComA ¡ right ICA
right PComA ¡ right ICA

6 Occlusion of the left ICA
stenosis of the C2 and C1 segment of the right ICA
reversed blood flow in A1 segment of the left ACA antegrade
flow in the right PComA (PCA ¡ ICA)

AComA ¡ left ICA
right PComA ¡ right ICA

7 Occlusion of the left ICA
reversed blood flow in A1 segment of the left ACA
antegrade flow in the left PComA (PCA ¡ ICA)

AComA ¡ left ICA
left PComA ¡ left ICA

a TCCS, transcranial color-coded sonography; ECA, external carotid artery; CCA, common carotid artery; ICA, internal carotid artery; VA, vertebral artery; SA,
subcalvian artery; PComA, posterior communicating artery; AComA, anterior communicating artery; PCA, posterior cerebral artery; ACA, anterior cerebral artery.
b According to the classification by Brunhölzl and von Reutern (4).

KASPERA ET AL.

1120 | VOLUME 57 | NUMBER 6 | DECEMBER 2005 www.neurosurgery-online.com



carotid and basilar circulations (9). In the case of occlusion of
one or more extracranial cerebral arteries the AComA is the
main collateral circulation route between both internal carotid
arteries, while P1 segment of the PCA and PComA constitute
the main route of collateral circulation between the circulation
of the basilar and internal carotid arteries.

In innominate and proximal subclavian artery occlusion, the
reversal of flow in the ipsilateral VA with supply from the
contralateral VA via the vertebral-basilar junction is the most
frequent and largest collateral pathway (3, 12, 29). Three pa-
tients with occlusion of the innominate artery reported above
a complete subclavian steal effect with reversed blood flow in
the right VA was observed. In Patients 1 and 3, the left VA fed
both the right subclavian artery distal to the occlusion and the
posterior part of the circle of Willis. In these cases, the left VA
was one of the main routes of collateral circulation. In Patient
2, a reversal of flow in the BA was also observed, which may
point to the existence of a carotid-basilar collateral circulation
in addition to the vertebro-vertebral collateral pathway (20). In
Patient 3, distal left VA was filled by muscular branches of the

cervical collateral arterial network. This network connects the
muscular branches of the VA with the muscular branches of
the thyrocervical and costocervical trunks of the subclavian
artery and with the occipital artery (via descending cervical
artery) of the external carotid artery (3).

In all three cases, a collateral flow with steal effect was
observed in the right carotid arteries due to the occlusion of
the innominate artery. This shunt can occur only on the right
side with innominate artery occlusion proximal to the origin
of the common carotid artery (4, 6). In two patients (Patients 1
and 2), a systolic deceleration was present, and in one patient
(Patient 3), an alternating flow was found in the right common
carotid artery. In all three cases a normal antegrade direction
of flow was preserved in the right ICA. According to Brun-
hölzl and von Reutern (4), the predominance of the vertebral
steal over the carotid steal may by due to the direct and short
communication between the two vertebral arteries, whereas
flow resistance in the circle of Willis is higher due to the
smaller diameter of the collateral pathways. This leads to
refilling of the carotid artery via the VA.

TABLE 3. Doppler examination findings of intracranial arteries forming the pathways of collateral flow with, and without aneurysma

Patient no. Pathway no. Artery Vs (cm/s) Vm (cm/s) Ved (cm/s) PI RI

Collateral pathways with aneurysm
1 I VA 1491 841 511 1.161 0.65
2 II ACA Contralateral 1131 67 43 1.031 0.62

Ipsilateral — — — — —
3 III ACA Contralateral 1891 851 46 1.681 0.761

Ipsilateral 1571 861 44 1.321 0.721
4 IV ACA Contralateral 1171 68 47 1.031 0.60

Ipsilateral — — — — —
5 V PCA Ipsilateral 86 56 35 0.92 0.59

PComA 1881b 116 75 0.97 0.60
6 VI ICA Contralateral 2981 1991 1591 0.70 0.47
7 VII BA 85 54 34 0.94 0.60

PCA Ipsilateral 80 51 31 0.96 0.62
PComA 51 30 19 1.03 0.62

Collateral pathways without aneurysm
1 VIII ACA Contralateral 1091 61 36 1.191 0.671

Ipsilateral 98 72 581 0.56 0.412
2 IX VA 83 55 38 0.83 0.54
5 X ACA Contralateral 1551 1101 721 0.75 0.53

Ipsilateral 1871 1301 851 0.78 0.55
6 XI ACA Contralateral 1741 1081 851 0.82 0.51

Ipsilateral 1661 1141 811 0.74 0.51
XII PCA Contralateral 1231 741 501 0.99 0.59

PComA 1161b 71 49 0.93 0.57
7 XIII ACA Contralateral 1721 981 601 1.141 0.651

Ipsilateral 90 63 47 0.69 0.48

a Vs, peak systolic blood flow velocity, cm/s; Vm, mean blood flow velocity, cm/s; Ved, end-diastolic blood flow velocity, cm/s; PI, pulsatility index; RI, resistance
index; VA, vertebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; PComA, posterior communicating artery; ICA, internal carotid artery; BA,
basilar artery. 1, more than 2SD above the mean values of age- and sex-matched normals.
b According to peak systolic blood flow velocity standards for PComA proposed by Klötzsch et al. (20).
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The phenomenon of filling the ICA at its origin from ex-
tracranial collaterals via the external carotid artery, which was
found in all three patients with innominate artery occlusion,
has already been described previously, but mainly in patients
with common carotid artery occlusion (5, 41). This collateral
flow route has also been reported in a patient with innominate
artery occlusion, involving the right common carotid artery to
the level of the carotid bulb (32). In such cases the external
carotid artery is supplied from the contralateral external ca-
rotid system via the superior thyroid, facial and occipital
branches.

In occlusion of ICA a collateral circulation through the circle
of Willis is the most important and most frequently encoun-
tered collateral pathway. Occasionally, an additional route of
collateral circulation is observed which joins the external ca-
rotid artery and the ipsilateral internal carotid artery (at the
siphon) via the ophthalmic artery. Other collateral flows sup-
ply for the occluded internal carotid artery through the middle
and accessory meningeal arteries. These additional routes of
collateral flow are often too small to be demonstrated angio-
graphically. They become more significant in the cases of
hypoplasia of one or more communicating arteries of the circle
of Willis (39). Due to the hemodynamic insufficiency of the
extracranial collateral flow vessels, when Willisian collaterals
are absent or inefficient, there is a high probability of the
transient ischemic attack or cerebral stroke.

We observed that ipsilateral and contralateral MCA flow
velocities were significantly decreased compared with con-
trols. The PI and RI in the ipsilateral MCA did not differ from
the values of a control group, and PI and RI in the contralateral
MCA was higher compared with control subjects. In MCA

contralateral to an ICA occlusion normal or mildly elevated
blood flow velocities are usually detected (2, 31). Increased
contralateral MCA flow velocity may result from mild vaso-
dilatation in its territory, which counterbalances the steal of
blood flow through the AComA (2). On the ipsilateral side to
ICA stenosis, as long as there is conduit via the ipsilateral ICA,
the MCA flow velocity also shows normal values. Only after
reaching the hemodynamically significant stenosis, the blood
flow velocity across the stenotic artery decrease rapidly. Con-
sequently, greater pressure drops occur that are insufficiently
counterbalanced by cerebral autoregulation and cause low
ipsilateral MCA flow velocity (2, 18). The low contralateral
MCA flow velocity we detected in the exam group, along with
high PI and RI, could have been related to atherosclerotic
changes in the vascular walls of the patients (24). Therefore, no
significant difference in the value of the PI and RI between
ipsilateral MCA and MCA in control group may actually
account for the relative decrease in the value of these indexes
in the exam group. The reduction in pulsatility distal to the
occluded ICA is caused by vasodilatation in the ipsilateral
MCA territory and is related to the reduced peripheral resis-
tance (31). The decreased values of PI in ipsilateral MCA in
patients with innominate artery occlusion could also be
caused by a carotid-subclavian shunt and a consequent steal
effect. A significant reduced PI in the ipsilateral middle cere-
bral artery would indicate insufficient MCA collateral perfu-
sion (31). Schneider et al. (31) reported that PI was signifi-
cantly higher with asymptomatic ICA occlusions than with
symptomatic ones. A lesser decrease than expected in the PI
and RI in ipsilateral MCA may be the case for the efficient

TABLE 4. Peak systolic, mean and end-diastolic blood flow velocitiesa

Vessel Vs � 2SD (cm/s) Vm � 2SD (cm/s) Ved � 2SD (cm/s) PI � 2SD RI � 2SD

Control subjects
ICA 111 � 36 75 � 26 54 � 22 0.79 � 0.22 0.52 � 0.08
MCA 107 � 38 73 � 24 52 � 18 0.76 � 0.24 0.51 � 0.08
ACA 76 � 26 52 � 22 37 � 16 0.75 � 0.26 0.52 � 0.10
PCA 69 � 22 47 � 12 33 � 10 0.77 � 0.22 0.53 � 0.12
BA 65 � 24 44 � 16 32 � 14 0.77 � 0.30 0.54 � 0.10
VA 59 � 24 41 � 16 29 � 12 0.74 � 0.30 0.53 � 0.12

Patients
Ipsilateral MCA 72 � 26d 50 � 20d 39 � 18c 0.69 � 0.34e 0.46 � 0.18e

Contralateral MCA 90 � 36b 56 � 28b 38 � 22c 0.97 � 0.34c 0.58 � 0.12c

Ipsilateral ACA 140 � 86c 93 � 56c 63 � 38c 0.82 � 0.58e 0.54 � 0.24e

Contralateral ACA 147 � 66d 86 � 40d 56 � 36c 1.09 � 0.60c 0.62 � 0.18b

a Vs, peak systolic blood flow velocity; Vm, mean blood flow velocity; Ved, end-diastolic blood flow velocity; PI, pulsatility index; RI, resistance index; ICA, internal
carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; BA, basilar artery; VA, vertebral artery; ipsilateral/
contralateral, on the obstructed/unobstructed side. PI and RI for the ACA, PCA, BA and VA in 40 healthy subjects, ACA and MCA in seven patients with occlusion
of extracranial cerebral arteries compared with healthy control subjects.
b P � 0.05.
c P � 0.01.
d P � 0.001.
e Not significant.
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collateral circulation through the communicating arteries of
the circle of Willis.

High blood flow velocities in collateral channels of the
circle of Willis reflect increase in blood flow through these

vessels and are related to the necessity of supplying the
increased perfusion territory (24). Baumgartner et al. (2)
noticed that an increase in the contralateral ACA flow ve-
locity is determined by the size of the vascular territory that
is supplied by this artery. They observed the greatest ve-
locity increase in the contralateral ACA with cross-flow to
the middle and anterior cerebral arteries on the opposite
side. In our study, four of six patients with collateral circu-
lation via the AComA toward the ipsilateral middle and
anterior cerebral arteries developed an increase in the con-
tralateral anterior cerebral artery flow velocity. In three of
the presented patients (Patients 1, 2 and 4), including two
patients with an AComA aneurysm, no flow velocity in-
crease was observed in the arteries of the ACA/AComA
complex. Lesser values than expected of flow velocity in the
contralateral ACA in Patient 2 could have accounted for the
fact that the collateral flow through AComA supplies only
A2 segment of the ipsilateral ACA. According to Linde-
gaard et al. (24), a phenomenon of collateral channels dilat-
ing with time allows for increased flow rates without cor-
respondingly increased flow velocities. In Patients 1 and 2,
another factor that reduced the hemodynamic effect of the
AComA collateral circulation was an inflow of blood com-
ing from the ipsilateral ICA caused by a carotid-subclavian
shunt.

The PI and RI in the contralateral ACA were both signif-
icantly higher compared with healthy control subjects. This
increase was most probably caused by some atherosclerotic
changes in the vascular walls. Also, an increase in flow
resistance owing to the smaller diameter of the AComA
could have been an additional element affecting the growth
of PI and RI in the contralateral ACA. These findings seem
to contrast with those of Baumgartner et al. (2). They no-
ticed that velocity increases in the ACA were greater for
end-diastolic than for peak systolic values, similar to those
observed in cerebral arteries supplying arteriovenous mal-
formations. Lasjaunias et al. (22) claim that the increase in
the diastolic fraction of blood flow is responsible for the
growth of the anatomically present arterial ectasias appear-
ing along the cortical arteries and leads to their aneurysmal
transformation. On the other hand, it should be noted that
in intracranial arteries forming collateral pathways no such
significant increase in blood flow velocity values can be
observed as in the angioma feeder arteries (2). Systolic
blood flow velocity values in a vessel feeding a medium-
sized angioma usually exceed 200 cm/s and often reach
300cm/s (16, 26).

The presented results of Doppler studies of intracranial
arteries forming collateral circulation, in the above discussed
cases of cerebral aneurysms coexistent with the occlusion of
brachiocephalic vessels, are consistent with the broadly un-
derstood hemodynamic theory of cerebral aneurysms forma-
tion (33, 38). The studies on the flow in glass or elastic models
of human arteries revealed that flow velocity increase leads to
the increase in the wall shear stresses at the flow divider (7, 14,
23, 34, 35, 36, 37). However, the degree of this increase is also

FIGURE 1. Patient 1. A, angiography of the aortic arch demonstrating
complete occlusion (arrow) of the innominate artery. B, angiography of
the left VA in the late phase showing an aneurysm (arrow) of the left VA
at the origin of the posterior inferior cerebellar artery, and subclavian steal
effect with reversal of blood flow (arrowheads) in the right VA. C, color
Doppler sonography imaging normal antegrade direction of flow with sys-
tolic deceleration in the right common carotid artery. D, transcranial
color-coded sonography of the vertebrobasilar system showing complete
subclavian steal effect in the right VA; in the left VA the mean velocity of
blood flow was 84 cm/s. E, color Doppler sonography demonstrating rever-
sal of blood flow in the superior thyroid artery to supply right external
carotid artery. F, transcranial color-coded sonography of the right internal
carotid artery (arrow) demonstrating antegrade direction of flow with sys-
tolic deceleration. VA, vertebral artery; CCA, common carotid artery; BA,
basilar artery; STA, superior thyroid artery; ECA, external carotid artery;
MCA, middle cerebral artery; PCA, posterior cerebral artery; ICA, inter-
nal carotid artery; L, left; R, right.
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dependent on viscosity, while its distribution to segments at
the flow divider and opposite to the flow divider depends on
the geometry of the bifurcation. Aneurysms develop prefer-
entially at zones of high shear stress at the flow divider, while
atheromatous plaques originate at zones of low shear stress at
lateral angles of bifurcation. The results of studies carried out
on rats in vivo and in vitro show that the increased blood flow
through arteries of collateral circulation and arterial hyperten-
sion should be attributed to their being initiators of aneurysm
formation (27, 28). Both of these factors lead to the prolifera-
tion of the apical intimal pad or deformity of the bifurcation
(11, 19). At the next stage, an important role is played by the
disturbance or stasis of flow on the distal side of the major
branch adjacent to the apex, which may cause injury of the
endothelial cells there, leading to the formation of small an-
eurysmal bulging (27, 28).

In four patients (Patients 1, 3, 5, and 6), the observed
marked increase in blood flow velocity justifies the expla-
nation of an aneurysm development with the existence of a
hemodynamic factor. In Patients 5, 6 and 7, an increase in
blood flow velocity in collateral pathways was observed,
but it did not lead to the formation of an aneurysm. More-
over, in Patients 2, 4 and 7, no significant flow velocity
increase was observed in the collateral arteries with aneu-
rysm. These results show that blood flow velocity, however
important a hemodynamic factor is, it cannot be analyzed in
isolation from other factors determining the hemodynamic
shear stress.

CONCLUSIONS

Occlusion of the brachiocephalic vessels leads to formation of
collateral circulation through the circle of Willis and the extracra-
nial collaterals connecting the external and internal carotid arter-
ies. In unilateral carotid occlusion the main collateral route goes
via the anterior communicating artery. An increase in blood flow
velocity is commonly observed in intracranial arteries forming a
collateral pathways. In some cases, not excluding arteries with a
cerebral aneurysm, the increase in blood flow velocity is insig-
nificant or none at all. This study shows that formation of a
cerebral aneurysm is not always related to the increase in the
flow velocity of collateral arteries.
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COMMENTS

The authors report on their experience with seven consecutive
patients with diagnosed intracranial aneurysms and occlusion of

an extracranial artery. They included a control group comprised of 40
healthy subjects. In the 7 patients, 13 intracranial collateral pathways
were evaluated and an increase in blood flow velocity was observed
in 8 (including 4 cases with cerebral aneurysms). The anterior com-
municating artery formed the main intracranial collateral pathway
(found in 7 patients, including 3 with anterior communicating artery
aneurysms). The authors further explored velocities and pulsatility
and resistance indices in the anterior and middle cerebral arteries.

It is noteworthy that aneurysms arising under these circumstances
are rare (only 0.5% of 1438 patients with diagnosed cerebral aneu-
rysms at this institution during this time period). An increase in blood
flow velocity was seen in some but not all intracranial arteries forming
collateral pathways.

Factors governing the formation and evolution of intracranial an-
eurysms are presently incompletely understood. Hemodynamic stress
is thought to contribute to the formation of intracranial aneurysms.
Data from this study generally support the hemodynamic hypothesis.
However, measuring velocity is not equivalent to measuring shear
stress. Other factors contributing to hemodynamic shear stress are
clearly important although not easily quantifiable and measured in
the human cerebral circulation.

In summary, the present study provides important data character-
izing intracranial aneurysms occurring in the setting of occlusion of an
extracranial vessel particularly with respect to velocity of flow within
arteries contributing to collateral circulation. Additionally, the data

presented here provide some glimpse into factors that may influence
aneurysm formation and evolution and provide impetus for future
investigation.

Aaron S. Dumont
Neal F. Kassell
Charlottesville, Virginia

Kaspera et al. present some provocative data that partially eluci-
dates the etiology of intracranial aneurysm formation following

atherosclerotic brachiocephalic arterial occlusion. As previously noted
by others, occlusion of brachiocephalic arteries results in collateral
circulation to the brain primarily through the circle of Willis arteries
and extracranial collaterals providing flow from the external to inter-
nal carotid arteries. While increased blood flow velocity measured by
transcranial and extracranial Doppler was observed in some collateral
arteries, other collaterals showed no such increased velocity. Further-
more, although 4 patients demonstrated marked increase in blood
flow velocities on the collateral artery harboring an aneurysm, 3
patients did not show increased flow velocities on the collateral ar-
teries that had aneurysms. Thus, elevated blood flow velocity after
atherosclerotic brachiocephalic arterial occlusion may contribute to
the formation of an intracranial aneurysm, but is not essential. Inter-
estingly, all seven of these patients with aneurysms and brachioce-
phalic occlusions had a history of hypertension, suggesting that high
blood pressure also plays an important role in aneurysm develop-
ment, confirming prior epidemiological observations and results in
animal models. The authors’ careful and detailed study shows that the
Doppler techniques employed can yield valuable flow velocity infor-
mation and imply further such investigations should be conducted in
larger numbers of patients. It will be important to identify other
critical hemodynamic, biochemical, and genetic factors that predis-
pose to aneurysm formation.

Gary K. Steinberg
Stanford, California

The authors examine seven patients that were identified over a
15-year interval that had cerebral aneurysms and occlusion of an

extracranial artery. The patients were detailed with angiographic and
transcranial color-coded duplex sonography. This population of seven
patients was 0.5% of the total number of patients managed at the
authors’ institution.

It is of great interest to study the flow direction in relationship to
the formation of intracranial aneurysms. The authors’ drive home
some points made well by Dr. Albert Rhoton regarding flow dynamics
and aneurysm formation. Even in patients without major vessel oc-
clusion, the aneurysm typically forms in the direction of flow as
dominated by the major artery at the bifurcation. For instance, if there
is an atretic A1 segment and an anterior communicating artery aneu-
rysm is present, it often forms in the direction of flow from the
dominant A1 segment. This also can determine the directionality of
the aneurysms in terms of superior and inferior growth. These facts
are well known by aneurysm surgeons in approaching lesions around
the cranial circuit. The authors’ study examines flow findings in
patients who have major intracranial vessel occlusion, either thera-
peutic or spontaneous.

This report highlights the importance of long-term follow-up in
patients who have parent vessel occlusion to treat intracranial aneu-
rysms. This is particularly true if patients are from a family where
aneurysms may be genetic in origin. Even for the patient with an
intracavernous or internal carotid artery aneurysm that appears to be
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a single lesion, there are often abnormalities in the contralateral ca-
rotid artery in the same location that may give rise to an aneurysm in
the setting of carotid artery occlusion. It is in these patients that
long-term follow-up, over 10 to 15 years, is indicated after aneurysm
treatment. The authors are to be commended for their work.

Christopher S. Ogilvy
Boston, Massachusetts

In the present report, the authors evaluated blood flow and collateral
supply in patients with both cerebral aneurysms and brachiocephalic

vessels occlusions. Hemodynamic factors have been implicated in the
pathogenesis of intracranial aneurysms, and the authors provide a re-
view of previous work that lends credence to the role played by hemo-
dynamic factors in the development and growth of cerebral aneurysms.

The authors examined seven patients with evidence of cerebral
aneurysms and extracranial artery occlusion documented by cerebral
angiography, transcranial color-coded sonography, and color Doppler
sonography. They compared the Doppler findings (flow velocities and
pulsatility and resistance index values) obtained in these patients with
those in 40 control subjects. The hemodynamic measurements seemed
to be within normal limits with respect to the aneurysm territory, and
vessel occlusion did not appear to have caused an increase in flow
velocities in some of the patients.

Aneurysm pathogenesis represents a multifactorial process. Hemody-
namic stresses represent certainly a potential trigger, but many other
factors (including cellular, biochemical, and genetic) require investigation
in the quest to comprehend the genesis of cerebral aneurysms.

Eric Sauvageau
L. Nelson Hopkins
Buffalo, New York

A cerebral aneurysm is a major cause of subarachnoid hemorrhage.
The mechanism of the aneurysmal formation, however, is still

controversial. In this paper, Kaspera et al. analyzed the patients with
an occlusion of innominate artery or internal carotid artery, and
described the blood flow of collateral circulations. The authors present
two results: 1) an occlusion of extracranial cerebral arteries resulted in
an increase in the flow velocity of collateral arteries; 2) the increase did
not always lead to formation of cerebral aneurysms. They concluded
that formation of a cerebral aneurysm is not always related to an
increase in the flow velocity of collateral arteries.

The flow velocity is probably an important factor, but this study
shows that it is not enough. If the authors could measure the hemo-
dynamic shear stress of the aneurysmal wall, or if they could calculate
it by the shape of the vessels, there might be a significant correlation.
Another factor to be investigated will be histological characteristics of
the vessel wall itself, because, as referred to in this paper, feeding with
b-aminopropionitrile plays an important role in the formation of
cerebral aneurysms of rats (1) and monkeys (2). This study is a good
first step for further analyses with human patients.

Jun Takahashi
Nobuo Hashimoto
Kyoto, Japan
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INTRODUCTION: Isolated spinal aneurysms are rare; only a few have been reported.
To the best of our knowledge, this series represents the largest experience with four
ruptured spinal aneurysms, all of which were treated surgically.
METHODS: Clinical information from the hospital charts and diagnostic images of four
patients with the diagnosis of spinal aneurysms were reviewed from the senior authors’
(RFS, JMZ) office database, surgical reports, and radiological imaging database.
Follow-up examinations were performed by phone interview, when possible, and by
chart review.
RESULTS: Between 1997 and 2004, four patients with ruptured spinal aneurysms
underwent surgical treatment. All aneurysms were located within the spinal canal and
manifested with spinal subarachnoid hemorrhage. No collagen disease, aortic coar-
taction, arteriovenous fistula, or arteriovenous malformations were identified in these
patients.
CONCLUSION: Subarachnoid hemorrhage within the spinal cord can be caused by
ruptured aneurysms. Spinal aneurysms are rare, but should be considered within the
differential diagnosis of patients with intracranial subarachnoid hemorrhage when
cranial angiography is negative. Magnetic resonance imaging and selective spinal
angiography are useful for workup, but definitive diagnosis may require surgical
exploration.

KEY WORDS: Dissecting aneurysms, Spinal aneurysm, Subarachnoid hemorrhage
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Spontaneous spinal subarachnoid hemor-
rhage (SAH) is called hematorrhachis (8)
and can be caused by conditions such as

vascular malformations, arteriovenous fistu-
las, polyarteritis nodosa, syphilis, and aortic
coartaction. We present the largest series of
patients treated at a single institution with
spinal aneurysms that manifested with in-
traspinal SAH and discuss the diagnosis and
treatment of these rare lesions. We present
two videos that emphasize the differences be-
tween two different kinds of aneurysms: those
with flow distal to the aneurysm and those
associated with no blood flow.

PATIENTS AND METHODS

The senior authors’ (RFS, JMZ) surgical and
radiology databases were searched to identify

patients with spinal aneurysms between 1997
and 2004. Aneurysms from spinal arteries lo-
cated intracranially and aneurysms related to
other vascular malformations were excluded.

RESULTS
(see video at web site)

Four male patients (age range, 30–73 yr;
mean age, 56 yr) were identified (Table 1). All
presented with ruptured aneurysms and spi-
nal SAH and were treated surgically. No col-
lagen disease, aortic coartation, arteriovenous
fistulas, or arteriovenous malformations
(AVM) were identified. One patient has been
reported previously (15).

All patients experienced the acute onset of
back pain. One patient with a concomitant
headache had evidence of SAH on head com-
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puted tomography (CT). All patients underwent magnetic
resonance (MR) imaging, which showed spinal SAH in all
cases. In one patient, MR imaging of the cervical, thoracic, and
lumbar regions raised the suspicion of a vascular lesion within
the spinal canal. All four patients underwent preoperative
spinal angiography. An aneurysm was suspected in three
patients of the four patients. Two patients had evidence of
preserved flow distal to the lesion. In one case, the aneurysm
was resected and the vessel was primarily reconstructed with
10 to 0 Ethilon. The other patient’s aneurysm was wrapped
with muslin to prevent bleeding (15). In the remaining two
cases, there was no evidence of distal flow angiographically or
at surgery, and the aneurysms were resected with occlusion of
the parent vessel. All aneurysms involved the mid- to lower
thoracic spine.

Two patients had operative complications. One patient de-
veloped a hemothorax related to use of an anterior transtho-
racic approach for exposure of the lesion. He was treated with
closed drainage, and suffered no long-term adverse conse-
quences (15). One patient developed a transient cerebrospinal
fluid (CSF) leak that was successfully treated with temporary
lumbar drainage. The pre- and postoperative neurological
status of all patients remained unchanged. Postoperative an-
giography was performed in the one patient that underwent
microvascular reconstruction and confirmed vessel patency.

Clinical follow up was available in all patients (mean, 8 mo;
range, 0.5–14 mo), and there was no evidence of delayed
complications.

Case Presentation

Patient 2 (see video at web site)

A 73-year-old man experienced the acute onset of back pain
and headache. Upon examination he was neurologically in-
tact. Head CT showed SAH. Cranial angiography showed no
abnormalities. MR imaging of the spine showed a flow void at
T6–T7 (Fig. 1). Spinal angiography showed an abnormality
that raised the possibility of an aneurysm. The patient under-
went surgery. A standard laminotomy was performed. After
the dura was opened, the partially thrombosed aneurysm was
visualized with evidence of blood flow in the efferent vessel.
The aneurysm was resected, and the parent vessel was recon-
structed primarily. Intraoperative Doppler ultrasound (Cook
Vascular Inc., Leechburg, PA) was used to document vessel
patency during surgery and was confirmed by postoperative
angiography. The patient did well (Fig. 1).

Patient 3 (see video at web site)

On examination, a 54-year-old man with severe acute back
pain was neurologically intact. MR imaging showed SAH and

TABLE 1. Clinical summary of four patients with spinal aneurysmsa

Age/Sex Presentation Diagnosis Approach Finding Treatment Complications Outcome
Follow-up

period
(mo)

30/M Back pain,
paresthesias,
lower
extremities

Lumbar puncture,
xanthochromic CSF;
MRI spine, CSF flow
void; angio, AK
aneurysm

Thoracotomy,
T11 partial
vertebrectomy

Aneurysm,
nonterminal
branch

Wrapped Hemothorax Intact 12

73/Mb Back pain,
bilateral
headache

CT head, SAH; MRI,
SAH head; angio
head, negative; MRI
spine, SAH flow
void at T6–T7;
angio spine, no
clear abnormality,
possible aneurysm

T5–T7
laminotomy

Dissecting
aneurysm,
nonterminal
branch

Resected,
primary
microvascular
reconstruction
of parent
vessel

None Intact 0.5

54/Mc Sudden onset
back pain,
radicular pain,
bilateral lower
extremity

MRI thoracic and
lumbar, SAH; 2nd
MRI, SAH and flow
void at T12; angio,
T12 aneurysm

T11–L1
laminotomy

Dissecting
aneurysm,
terminal branch

Resected None Intact 14

69/M Sudden onset
back pain

MRI thoracic and
lumbar, SAH angio
posterior spinal
artery aneurysm

T12–L2
laminotomy

Dissecting
aneurysm,
terminal branch

Resected Transient
CSF leak

Intact 6

a CSF, cerebrospinal fluid; MRI, magnetic resonance image; AK, Adamkiewicz; CT, computed tomographic; SAH, subarachnoid hemorrhage.
bSee video 1 at web site.
cSee video 2 at web site.
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an enhancing localized
mass in the lower thoracic
spine (Fig. 2). Spinal an-
giography demonstrated a
blind intradural arterial
pouch with no evidence of
distal flow (Fig. 3). These
findings were felt to be con-
sistent with a dissecting or
mycotic aneurysm. The pa-
tient underwent a thoracic
laminotomy, and an aneu-
rysm with a thrombosed ef-
ferent branch was found.
The aneurysm was resected
(Fig. 4), and the parent
branch was clipped. The
patient did well and was
asymptomatic at his 12-
month follow-up examination. Pathological analysis showed a
layer of fibroblasts and blood cells within the arterial wall
compatible with a dissecting aneurysm (Fig. 5A and B).

DISCUSSION

Few spinal aneurysms have been reported (3, 4, 7, 9, 13–17).
In 1993, Rengachary et al. (13) reviewed 10 cases of isolated
spinal aneurysms. In a large series of more than 3000 spinal
angiograms, only one aneurysm was found (12). The present
report represents the largest series of isolated spinal aneu-

rysms causing SAH unrelated to AVMs, arteriovenous fistu-
las, syphilis, or aortic coartaction.

Spinal aneurysms can manifest as compressive lesions (10,
11, 14), but they typically present with rupture. Although
spinal aneurysms are a rare cause of intracranial SAH, the
diagnosis should be considered when no other source of hem-
orrhage can be identified or when the SAH is limited to the
spine.

Spinal aneurysms differ from intracranial aneurysms in sev-
eral ways. They seldom occur at branching points; rather, they
occur along the course of an artery. The caliber of the spinal
arteries is much smaller than that of intracranial arteries, and
they tend to be less affected by atherosclerosis (11). Dissecting
dilatations usually lack a clear neck and are instead fusiform
(13). Partial thrombosis or acute dissection of spinal aneu-
rysms is a common surgical finding and probably accounts for
their becoming symptomatic (3, 9). The anterior spinal artery
is often involved (14, 17), but aneurysms can involve the
posterior spinal artery, lateral spinal artery (2), or even seg-
mental arteries such as the artery of Adamkiewicz (5, 15).

The specific manifestations of a ruptured spinal aneurysm
depend on its level, and severity of hemorrhage; however, the
abrupt onset of pain appears universal. Lesions involving the
upper cervical spine usually become symptomatic with intra-
cranial SAH (6) or quadriparesis. In one, an unruptured an-
eurysm in the thoracic spine manifested with myelopathy (16).

FIGURE 1. Axial T2-weighted MR
image showing the extra-axial mass with
a signal flow-void inside the lesion (ar-
row).

FIGURE 2. Sagittal post contrast T1-weighted image demonstrating an
enhancing localized soft-tissue mass in the lower thoracic region (arrow).

FIGURE 3. Digital subtraction angiogram showing an aneurysm (arrow)
at the same location as on the MR image. Note that there is no evidence of
flow distal to the aneurysm.

FIGURE 4. Surgical specimen of a resected thrombosed aneurysm.
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Aneurysms in the lower thoracic spine can cause acute para-
paresis and lower back pain (7, 13).

Alternatives for Treatment

Because these aneurysms are fusiform and lack a surgical
neck, direct clipping is usually not possible. Depending on the
angiographic and surgical findings, it may be necessary to
sacrifice the parent vessel. If there is evidence of distal blood
flow at surgery and the aneurysm cannot be directly clipped,
the lesion can be wrapped and clip reinforced. When the bulk
of the aneurysm makes wrapping impossible, direct microvas-
cular reconstruction can be attempted as in Patient 2. Wrap-
ping with clip reinforcement is performed in either case to

minimize the risks of recurrence (1, 15). If there is no evidence
of flow distal to the aneurysm, the parent vessel can be oc-
cluded and the aneurysm can be resected without risk (Video
2).

The position of the aneurysm with respect to the spinal
cord—anterior, lateral, or posterior—is a key determinant of
the surgical approach. In the three patients whose aneurysms
were located anterolaterally to the spinal cord canal, we used
a traditional posterior laminotomy for our approach. Section-
ing the dentate ligament improves exposure from a posterior
approach and also can be used to retract the spinal cord. In all
three of these patients, the posterior spinal elements were
reattached (laminoplasty) with titanium screws and plates.
One patient’s aneurysm was located in the midline, anterior to
the spinal cord in the lower thoracic region. This lesion was
exposed through an anterior approach (transthoracic partial
T11 vertebrectomy), which provides a narrow and challenging
corridor (15). Endovascular procedures can be used to occlude
the parent vessel when there is little or no flow distal to the
lesion. Failure to fill the aneurysm on spinal angiography may
require surgical exploration to confirm the diagnosis.

CONCLUSIONS

Spinal artery aneurysms are a rare cause of SAH. Patients
tend to present with the acute onset of back pain secondary to
hemorrhage. Diagnosis may be delayed unless the patient
presents with neurological deficits. MR imaging is the initial
study of choice followed by spinal angiography; however,
surgery may be required to make a definitive diagnosis. Treat-
ment primarily depends on whether blood flow is present or
absent distal to the lesion. When distal flow is absent, the
parent vessel can be sacrificed and the aneurysm resected.
Alternatively, the parent vessel can be occluded using endo-
vascular techniques. When flow is present distally, we recom-
mend preserving the parent vessel. In such cases, two options
are available: resection of the aneurysm and direct microvas-
cular reconstruction, or reinforcement of the aneurysm by
wrapping with muslin.
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Gonzalez et al. describe their experience in the treatment of pa-
tients with isolated ruptured spinal aneurysms. The patients

presented with subarachnoid hemorrhage and had no other co-
existing intracranial lesions or other vascular anomalies associated
with these findings. All patients were treated with open surgery. Two
patients required either occlusion or wrapping of the aneurysm be-
cause it could not be resected. Additional treatment included resection
and anastomosis of the vessel. As the authors allude, this is an
extremely rare occurrence; however, when patients present with sub-
arachnoid hemorrhage, this certainly reinforces why this spinal axis
must be evaluated carefully. Spinal angiography and, more recently,
dynamic infusion computed tomographic angiography, is very help-
ful in defining these lesions in preparation for treatment. Current
technology may allow these lesions to be treated with endovascular
occlusion of the aneurysm by either endosaccular occlusion or thera-
peutic occlusion of the parent vessel. Many times these dysplastic
lesions have developed and, as a result, circulation to the anterior
and/or posterior spinal arterial axis comes from adjacent levels. When
studying these levels angiographically, if the anterior spinal artery can
be demonstrated from above and below coming to the lesion, it is
often quite safe to sacrifice the apparent vessel. One advantage of an
endosaccular approach is that these patients can be anticoagulated if
parent vessel occlusion is undertaken and to avoid retrograde throm-
bosis. In any regard, these are challenging lesions to treat and whether

they are treated surgically or endovascularly, definitive isolation from
circulation is essential.

Robert H. Rosenwasser
Philadelphia, Pennsylvania

This paper reviews a series of four patients with isolated spinal
aneurysms, an exceedingly rare occurrence in the absence of as-

sociated conditions such as coarctation of the aorta, spinal arterio-
venous malformations, or connective tissue disorders (e.g., pseudo-
xanthoma elasticum). This is likely due to, in part, the small size of the
spinal circulation, its relative immunity to the arteriosclerotic process,
and isolation from direct cardiac pulsations. Despite the limited ex-
perience with only four patients, the authors’ detailed characterization
of the distinctive architectural and patho-anatomic aspects of spinal
aneurysms provide both for a conceptual understanding of these
lesions as well as a cogent paradigm for management.

Paul C. McCormick
New York, New York

“There is no more difficult art to acquire than the art of observation,
and for some men it is quite as difficult to record an observation

in brief and plain language.” -William Osler, Aphorisms from His
Bedside Teachings and Writings

A case series represents a valuable contribution to the literature
when it reinforces knowledge of a rare but important condition.
Seemingly complex problems are usually quite simple when well
understood. Gonzalez et al. presented an interesting, succinct, and
clear description of isolated spinal aneurysm cases, a rare entity
encountered in neurosurgery. The workup and management of this
entity, along with treatment alternatives, are well explained and dis-
cussed by the authors. This document will help neurosurgeons rec-
ognize and manage this rare, complex condition.

Eric Sauvageau
L. Nelson Hopkins
Buffalo, New York

The authors report four patients with ruptured spinal aneurysms
that underwent surgical treatment. While these lesions are ex-

tremely rare, they must always be considered in the setting of spinal
subarachnoid hemorrhage. As the authors point out, their diagnosis
can, at times, be elusive. Indeed, the initial diagnosis can be missed
due to the fact that the patient may have no neurologic deficit and
only neck ache or back ache. I agree with the authors that magnetic
resonance imaging in conjunction with standard spinal angiography
yield the most useful information in terms of narrowing the diagnosis
and helping to sharpen the surgical approach. As the authors note,
these lesions will be increasingly explored from and endovascular
standpoint. Indeed, at our institution, we typically attempt endovas-
cular exploration and embolization of any such lesion and, if this
cannot be fully accomplished, we then proceed with surgical excision.
The authors’ images and succinct review of this topic are to be
commended.

Christopher S. Ogilvy
Boston, Massachusetts
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OBJECT: Data regarding the long-term efficacy of Gamma knife surgery on a large
series of patients with low-grade gliomas is lacking. We aimed to review the outcome
of patients with low-grade gliomas undergoing Gamma knife surgery at the Lars Leksell
Gamma Knife Center at the University of Virginia to clarify its role in the management
of these lesions.
METHODS: A retrospective review of 49 patients treated between 1989 and 2003 was
conducted. The median follow up was 63 months. Gamma knife surgery was generally
performed for tumors in eloquent brain, residual tumor post-surgery or for late progression
after surgery.
RESULTS: Median clinical progression free survival was 44 months and median
radiological progression free survival was 37 months. Five-year radiological progres-
sion free survival was 37% while clinical progression free survival was 41%. Mortality
due to tumor progression occurred in 7 patients (14%). Complete radiological remis-
sion was seen in 14 patients (29%). Complications due to Gamma surgery were seen
in 4 patients (8%). Of these, two resolved without sequelae, one required surgery for
neurological decline and associated radiation induced changes, and one patient
suffered a permanent neurological deficit from treatment.
CONCLUSION: Gamma knife radiosurgery is a safe treatment for low-grade gliomas
and may be considered in patients with residual or recurrent disease.

KEY WORDS: Astrocytoma, Gamma knife, Low-grade glioma, Pilocytic, Radiosurgery
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World Health Organization Grade 1
and Grade 2 gliomas (collectively
referred to as low-grade gliomas)

account for approximately 15% of primary tu-
mors of the central nervous system in adults
(14). They have a predilection for the pediatric
and young adult populations. While Grade 1
lesions in children often behave in a benign
manner following surgical excision, Grade 2
gliomas often result in the patients’ death,
either through recurrence or dedifferentiation
into a higher grade neoplasm.

Management of low-grade gliomas remains
an area of much discussion. Viable options in-
clude biopsy and monitoring with serial neuro-
imaging, surgical resection, radiotherapy (either
early following surgery or late on evidence of
disease progression), chemotherapy and stereo-
tactic radiosurgery. Class 1 evidence for the var-
ious treatments however is difficult to obtain,
given that the relatively slow rate of lesion pro-
gression would necessitate a large sample size to
be followed over a prolonged period (13).

Radiosurgery has become an established
technique in the management of a wide range
of benign tumors and malignant intracranial
metastatic deposits. A number of small stud-
ies have demonstrated early efficacy in the
setting of low-grade gliomas (1, 2, 4, 5, 6, 8, 12,
17). However, prolonged follow-up assessing
long term control in a large series is lacking.
To address this, we reviewed the cases of low-
grade glioma treated at the Lars Leksell
Gamma Knife Center at the University of Vir-
ginia over a 14 years period.

Clinical Material and Methods

The medical records of 49 patients who un-
derwent Gamma knife surgery (GKS) for low-
grade gliomas at the University of Virginia
between 1989 and 2003 were retrospectively
reviewed. Radiosurgery was generally re-
served for patients with focal tumors in elo-
quent regions of the brain, for residual tumor
post surgery or for late tumor recurrence fol-
lowing surgery. In this study, magnetic reso-
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nance imaging (MRI) characteristics of low-grade gliomas in-
cluded a low intensity area on T1-weighted imaging with a
corresponding increased signal intensity on T2-weighted im-
aging. The area of increased signal usually appeared homog-
enous and lacked necrosis. On computed tomographic (CT)
scanning, the low-grade gliomas appeared to have lower den-
sity than surrounding brain parenchyma. With CT and MRI
scans, there frequently was faint, homogenous enhancement.
For those patients with prior radiation therapy, the pre-
radiosurgical neuroimaging studies were evaluated and be-
lieved to demonstrate local tumor progression rather than the
�finger-like� radiation induced changes that travel along ana-
tomic and physiological vascular pathways.

The Gamma Knife Technique

The Gamma knife is a dedicated neurosurgical tool. It con-
sists of 201 independent cobalt 60 radiation sources that de-
livery highly focused ionizing beams to an intracranial target
in a single session. All patients underwent stereotactic frame
placement under monitored anesthesia in the operating room.
This process insures sterility with the frame placement and
minimizes patient discomfort.

After frame placement, stereotactic neuroimaging was per-
formed. If not contraindicated, MRI was used. Nonenhanced
and contrast-enhanced T1-weighted spin echo axial images
and coronal T1-weighted images with slice separation of 1.5
mm were used. T2-weighted sequences were obtained for
Gamma planning when the tumor could not clearly be defined
by T1-weighted imaging. If an MRI scan was medically con-
traindicated, a thin axial sliced (1.5 mm), stereotactic CT scan
with and without contrast was performed.

From 1989 until the middle of 2001, a model U Gamma knife
(Elekta AB, Stockholm, Sweden) was used for radiosurgery,
and, since the middle of 2001, the model C (Elekta AB) has
been used. The dose rate varied from 3.66 Gy/min in 1989 to
1.59 Gy/min in October 1995 when the source was reloaded
and the dose rate was 3.56 Gy/min from November 1995 to
2.31 Gy/minute in July 2001 when the model C was installed.
The dose rate of the model C unit was from 3.67 Gy/min in
July 2001 to 2.29 Gy/min in January 2005. Treatment planning
between 1989 and 1993 was performed using the KULA sys-
tem, and after 1993, Gamma Plan (Elekta AB) software was
used. Shielding of eloquent structures was performed as nec-
essary. Radiosurgical planning was performed so as to respect
the principle of limiting the therapeutic dose entirely within
the lesion and to insure as steep a boundary gradient as
possible. As a rule, multiple isocenters were used. Dose selec-
tion was made on the basis of tumor volume, location, previ-
ous fractionated radiation therapy, and the prescription isod-
ose.

Follow up Methodology

All patients underwent serial MRI follow-up at six monthly
intervals with additional scanning in the event of neurological
deterioration. A large number of the patients were from out-

side the Virginia area and follow-up was conducted by local
physicians who forwarded films and clinical data to the Uni-
versity of Virginia. Computerized volumetry of residual or
recurrent tumor was undertaken on these films and compared
to the preoperative results. The computerized volumetry
method requires the use of 3 mm or thinner slices through the
region of interest to insure appropriate accuracy. The volume
of lesions as they appear in CT or MRI studies was calculated
from the sum of the areas delineated on each slice multiplied
by the slice thickness. We made use of the trapezoidal rule
method with an additional refinement of approximating the
contributions from the first and last slices as cones. Of the
patients with incomplete follow-up information at the start of
the project, each patient and his or her referring doctor were
contacted to obtain follow-up clinical and radiological infor-
mation so as to maximize the duration of data collection.

The data collected included the following: patient demo-
graphics, histological diagnosis, tumor location, prior surgery
and radiation therapy; if radiosurgery was performed early
postsurgery or late on evidence of disease progression, target
volume, maximum and margin doses, complications of treat-
ment and the total duration of clinical and radiological follow-
up. Radiological progression free survival was calculated as
the time from treatment until the lesion started to increase in
size on volumetry. The exception to this was if the lesion
increased in size immediately after GKS and subsequently
decreased. It is worth noting that we continue the use of the
term �radiological progression� despite the fact that most mod-
ern radiosurgical series (this one included) rely upon MRI
rather than imaging based upon the radiant beams of x-rays.
Clinical progression free survival was the time from treatment
to deterioration in clinical condition. Time to death and cause
of death were also recorded.

Statistics

Clinical and radiological outcomes were assessed after ra-
diosurgery. The outcomes of these two measures were ana-
lyzed with respect to gender, tumor location, histology, pre-
vious surgery, previous radiation therapy, and presence or
absence of radiation induced changes. T-tests, �2 tests, and
multivariate analysis were performed using the statistical soft-
ware packages Statview version 5.1 (SAS Institute Inc., Cary,
NC) and JMP IN 5.1 (SAS Institute). Statistical significance was
defined as P � 0.05. Clinical and radiological progression free
survivals were calculated with Kaplan and Meier curves.

Patient Characteristics

Demographic data and tumor characteristics are presented
in Table 1. Preoperatively, all neuroimaging studies were re-
viewed by one author (LS) and a neuroradiologist at the
University of Virginia. GKS was classified as early if per-
formed immediately after diagnosis and surgery (28 patients),
or late if performed on evidence of disease progression on
serial neuroimaging studies before Gamma surgery (21 pa-
tients). The median time from diagnosis to Gamma surgery
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was 6 months (range, 0–137 mo). Previous radiation therapy
doses typically ranged from 45 to 64 Gy.

Treatment Parameters

Treatment parameters are presented in Table 2. The median
treatment volume was 2.4 cc with a range of 0.50 to 36.00 cc.
The median maximum dose was 36 Gy with a range of 10 to 50
Gy. The median dose to the periphery of the tumor was 15 Gy
with a range of 2 to 26 Gy.

RESULTS

Clinical Outcome

The median duration of clinical follow-up was 63 months
(range, 2–180) (Table 3) and a Kaplan-Meier plot for clinical

progression free survival is given in Figure 1A. Median clinical
progression free survival was 44 months (range, 0–180 mo),
whereas the 5-year clinical progression free survival was 41%.
At clinical censoring, which occurred either at the time of

TABLE 1. Patient characteristics

Characteristic No. of patients

Total no. of patients 49
Median age 27 (2–70)
Sex 23

Male 26
Female

Previous surgery
Biopsy 25
Debulking 24

Previous radiotherapy 5
Tumor Location 17

Hemispheric 1
Optic tract
Thalamic 6
Hypothalamic 7
Tectal 5
Brainstem 6
Cerebellar 7

Histology
Pilocytic astrocytoma 21
SEGA 2
Grade 2 astrocytoma 25
Oligoastrocytoma 1

Treatment
Early 28
Late 21

TABLE 2. Treatment

Treatment Median (range)

Treatment volume (cc) 2.4 (0.50–36.00)
Maximum dose (Gy) 36 (10–50)
Peripheral dose (Gy) 15 (2–26)

TABLE 3. Follow-up and outcome

Follow-up and outcome Median (range)

Duration of clinical follow up (mo) 63 (2–180)
Duration of radiological follow up (mo) 59 (2–180)
Clinical progression free survival (mo) 44 (0–180)
Radiological progression free survival (mo) 37 (0–180)
Tumor volume at final follow-up

Increase 12
Stable or decrease 37

Clinical state at final follow-up 4
Stable or improved 37
Deada 8

a One death not owing to disease progression.

FIGURE 1. Kaplan-Meier Survival Plots for Progression Free Clinical
(A) and Radiological Outcomes (B). Time is reported in months post-GKS.
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neurological deterioration or at the last available follow up,
71% were clinically stable or improved.

Eight patients died during follow-up (with mortality data
not available for one patient) of which all but one died of
disease progression. Of the one patient for which we could not
obtain definitive mortality data, that patient did demonstrate
evidence of tumor progression on the last neuroimaging study
we had on record. As such, that patient was censored at that
time point in terms of progression free survival.

Imaging Outcome

The median duration of radiological follow up was 59
months (range, 2–180) (Table 3) and a Kaplan-Meier plot for
radiological progression free survival is given in Figure 1B.
Median radiological progression free survival was 37 months
(0–80), whereas 5-year radiological progression free survival is
37%. At the time of radiological censoring, which occurred
either when the lesion started to increase in size or at the last
available follow up, 73% showed no radiological evidence of
progression or evidence of lesion regression. Fourteen patients
had no evidence on radiological studies of residual disease at
the time of last radiological follow-up.

Factors influencing long-term control

Results of multivariate analysis are summarized in Table 4.
Long-term clinical stability was significantly related to maxi-
mum dose (patients who received higher maximal doses did
better than those receiving lower ones), longer duration of
follow-up, and radiological stability at the last follow-up ex-
amination. Radiological stability was more likely if GKS was
performed with a higher tumor maximal dose, and if the
duration of follow-up was longer. Neither measure of progres-
sion appeared to be influenced by histology, type of previous

surgery (biopsy versus debulking), target volume, previous
radiation therapy, and peripheral dose.

When comparing patients with histologically confirmed pi-
locytic tumors with all others, there was no statistically sig-
nificant difference between radiological (P � 0.068) or clinical
(P � 0.071) free progression. In a similar subgroup analysis,
pilocytic patients younger than 18 years of age did not achieve
a statistically significant difference in either clinical or radio-
logical free progression compared to the rest of the study
population.

Complications

Complications are summarized in Table 5. A total of four
patients (8%) suffered clinical complications after GKS. Three
patients developed temporary neurological decline that in one
case was associated with increased T2 signal on MRI scanning
but in the other two cases had no corresponding abnormality
on radiological studies. These latter two patients improved
with a short course of corticosteroids. The other patient re-
quired surgery for resection of radiation induced changes
causing significant mass effect.

Two patients showed radiological evidence of radiation-
induced changes characterized by an increase in lesion size,
but showed evidence of hypometabolism on Positron Emis-
sion Tomography (PET) scanning. These lesions subsequently
decreased in size, and the patients remained clinically stable.
A final patient developed evidence on radiological studies of
radiation induced change, resulting in significant basal gan-
glia encephalomalacia and a persistent hemiparesis. The me-
dian target volume, maximum dose and margin dose for four
patients with clinical complications after GKS was 3.2 cc (0.5–
9.7 cc), 39 Gy (22–50 Gy) and 18 Gy (12.6–20) respectively.
Treatment parameters in the group with clinical complications
did not differ in a statistically significant fashion from those
without complications.

DISCUSSION

Although low-grade gliomas are often considered relatively
�benign� tumors, their prognosis remains poor, with 50–75% of
patients eventually dying of their disease (16). This is espe-
cially alarming when one considers the young age group that
constitutes the bulk of most series. Studies before 1990 sug-
gested a 5-year survival rate of 40–50% and a 10-year survival
rate of 20–30%. More recent series have shown an improve-

TABLE 4. Factors influencing long-term control

Factor
Clinical
stability
P-value

Radiological
stability
P-value

Age 0.18 0.20
Gender 0.15 0.16
Supra-/infratentorial 0.51 0.56
Histology 0.64 0..95
Type of previous surgery 0.83 0.76
Previous radiation therapy 0.95 0.95
Early versus late 0.29 0.54
Target volume 0.14 0.23
Maximum dose 0.04 0.03
Marginal dose 0.74 0.76
Tumor volume decrease on first
follow-up

0.29 0.43

Tumor volume decrease on last
follow-up

0.03 0.08

Length of follow-up �0.0001 �0.0001

TABLE 5. Complications

Complication No. of patients

Temporary neurological decline 3
Radiological evidence of radiation induced changes 7
Surgery for radiation induced changes 1
Significant long-term neurological deficit 1
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ment in 5-year survivals of approximately 60% and 10-year
survivals of approximately 40% (14). This improvement is
probably due largely to earlier diagnosis with the advent of
CT and MRI scanning. Looking at the effects of radiotherapy,
the European Organization for Research and Treatment of
Cancer Study 22845 found a 5-year progression free survival
rate of 44% with radiation therapy and 37% without (9). An-
other study by Plathow et al. (15) on Grade 2 gliomas after
radiotherapy demonstrates an actuarial progression free sur-
vival rate of 39% at 5 years and 8.3% at 8 years . However, the
differences in the study populations and timing of therapy
make direct comparison between the current study population
and the other populations difficult.

Radiosurgery for low-grade gliomas

The role of radiosurgery in the treatment of low-grade
gliomas has been touched upon in a number of pervious
studies. These, however, have tended to be either small in size,
with fewer than 20 patients (1, 2, 4, 5, 6, 7, 8, 12, 17), or have
an average follow-up of less than 3 years (7, 11, 18), making
generalizations about safety and efficacy difficult.

In this study we have evaluated the clinical and imaging
outcome after Gamma surgery of 49 patients with low-grade
gliomas for a median of 63 months clinically and 59 months
radiologically. As in previous studies, GKS was largely re-
served for focal tumors in eloquent brain, residual tumor
postsurgery, or late tumor recurrence after surgery. This ac-
counts for the fact that while tumor locations covered the full
spectrum of intracranial gliomas, the majority of tumors were
located in eloquent brain.

Clinical and Imaging outcomes

The main finding of this study is a median clinical progres-
sion free survival of 44 months and a median radiological
progression free survival of 37 months. The 5-year clinical
progression free survival rate was 41% and the radiological
rate was 37%. In previous studies that have this length of
follow-up, reported progression free survival rates have
ranged from 67% to nearly 100% (2, 8, 12). Barcia (1) managed
a 10-year actuarial survival of 81% for deep seated low-grade
gliomas. The results of these studies probably differ in part
due to smaller sample size and selection of patients at lower
risk of progression.

An earlier analysis of the first 32 low-grade gliomas treated
at the University of Virginia demonstrated an approximately
60% progression free survival at an average of around 30
months (16). Our results would suggest a slow ongoing pro-
gression of disease in this population. With an average of 63
months clinical follow up, eight of our patients had died
following GKS. Seven of these were due to progression of their
intracranial disease while one patient suffered an intracerebal
hemorrhage 134 months after treatment of a tectal glioma with
no radiological evidence or residual or recurrent disease.

Fourteen patients demonstrated complete radiological resolu-
tion of their lesions persisting over the duration of their follow

up. For 9 of these patients,
follow up was over 100
months suggesting the pos-
sibility that these patients
were cured by GKS (Figs. 2
and 3). This finding was di-
vided relatively evenly
among those patients with
Grade 1 and Grade 2 astro-
cytomas. Previous reports
have documented a 21 to
27% complete resolution rate
for pilocytic astrocytomas
(2,7), while Kida (11) noted
an 11.8% �complete re-
sponse� rate for all low-
grade gliomas, although fol-
low up was short at an
average of 27.6 months.

With regard to the multi-
variate analysis, those factors
that did not correlate with
outcome were as interesting
as those that did. Those re-
ceiving a higher maximal
dose and tumor volumetric
regression faired clinically
better. Patients undergoing
GKS early for residual disease
were statistically as likely to
progress on radiological stud-
ies as those undergoing treat-
ment for late evidence of tu-
mor growth. However,
Hidjipanayis (7) found tumor
control was achieved in 76%
of patients receiving adjuvant
radiosurgery versus 60% in
those with recurrent tumors,
although this difference was
not statistically significant.

Histological grade was
not found to be correlated
with outcome. Pilocytic as-
trocytomas form a subset of
intracranial gliomas characterized by a young age at diagno-
sis, relatively benign course and infrequent dedifferentiation
to a higher grade tumor. Complete surgical resection is re-
garded as the treatment of choice as 10-year survival after total
or almost total resection approaches 100%, while it drops to
84% with subtotal resection and 44% after biopsy alone (3). For
patients with residual disease, previous stereotactic radiosur-
gery series have demonstrated satisfactory results. Somaza
(17) demonstrated 100% control and Boethius (2) almost 100%
with a mean follow-up of 22.5 months and 5.9 years, respec-
tively.

FIGURE 2. T1-weighted, contrast en-
hanced axial MRI scan illustrating a
low-grade glioma in the right cerebellum
of a 4-year-old girl. She had undergone
previous microsurgical resection and
presented with tumor recurrence. The
patient had GKS performed to treat the
low-grade glioma.

FIGURE 3. T1-weighted, contrast en-
hanced MRI scan is part of follow-up
imaging obtained on the same patient
illustrated in Figure 2. The MRI scan
was obtained 11 years after radiosurgery
and shows complete resolution of the
low-grade glioma. The patient remains
well neurologically.
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In our series, however, patients with pilocytic astrocytomas
fared no better than those with higher grade histology. There was
a statistical trend towards improved radiological (P � 0.068) and
clinical (P � 0.071) outcomes for those with pilocytic astrocyto-
mas as compared to other low-grade glioma histologies. In ad-
dition, there was a trend toward a more significant outcome in
pilocytic patients less than 18 years of age. The median clinical
and radiological free progression periods for patients less than 18
years of age with pilocytic tumors were 70 months (range 0–140)
and 62 months (range, 6–132), respectively. This study’s small
patient population likely prevents achievement of a statistical
significant difference in such subgroup analyses.

Neither lesion volume nor peripheral dose was found to be
associated with outcome. This agrees with Kida (11) who
found neither tumor diameter nor peripheral dose to affect
response to GKS. Hadjipanyis (7, 8) reported that lesion vol-
ume was not associated with outcome; however, a margin
dose of less than 15 Gy did correlate with a poorer outcome .
It is possible that the failure to find a statistically significant
difference for histological grade, tumor volume and periph-
eral dose reflects a lack of statistical power due to a small
sample size rather than a true lack of effect.

Complications of GKS for low-grade glioma

Clinical complications of treatment were encountered in
four patients (8%). Two of these patients had no associated
radiological findings, and their symptoms were resolved with
steroids. Another patient with T2 signal abnormalities on MRI
scans and who deteriorated after GKS underwent surgery
where an area of radiation induced changes and tumor was
resected. Two patients developed radiation induced changes
on MRI scanning which correlated with an area of hypome-
tabolism on PET scanning; these patients remained clinically
stable and their lesions eventually decreased in size. A final
patient developed hemiparesis associated with MRI findings
of radiation induced changes in the basal ganglia. Subsequent
scans demonstrated significant encephalomalacia in the basal
ganglia, adjacent temporal lobe and ipsilateral anterior brain-
stem, and although some clinical improvement occurred, a
moderately severe hemiparesis persisted. In the patients who
developed complications following treatment, the median
treatment volume was 3.2 cc, the median maximum dose was
39 Gy and the median margin dose was 18 Gy. Although these
values are not far from those of the study population, in
general this group had higher maximum and margin doses
delivered to smaller volumes. Kida (11) previously recom-
mended keeping the margin dose below 15 Gy while Kihlstrom
(12) recommended 12 to 14 Gy to the tumor periphery to mini-
mize complications

Weaknesses of the present study

There are several principle weaknesses in this study. First is
the retrospective nature with the inherent limitations of this
technique. Second is the small number of patients. Although,
with 49 patients, it is the largest reported single-institution

series of low-grade gliomas treated with GKS, this remains a
small number for statistical comparison. This may, in part, be
responsible for the lack of significance of some of the multi-
variate analysis. In particular, the small number of patients
may prevent meaningful differences (e.g., differences in pro-
gression free survival between patients with pilocytic astrocy-
tomas and those with other histologies) from being observed.
This is not to say that pilocytic astrocytomas do not behave
better than those with other low-grade glioma histological
subtypes. It is likely that they do, but that the inherent statis-
tical limitations for a small patient population fail to lead to a
meaningful difference in this study’s population. Similarly,
the failure to determine any significant risk factors for radia-
tion induced injury is probably a result of the small patient
population. Caution must be exercised whenever Kaplan-
Meier curves are used. The relatively small number of patients
and the short period of follow-up in this and other neurosur-
gical series limit the usefulness of the Kaplan-Meier method-
ology.

CONCLUSION

This data along with previous studies support the role of
GKS as an adjuvant to surgical treatment for low-grade glio-
mas. In Keles et al.’s (10) review of the impact of surgery on
low-grade gliomas, it was concluded that �there is growing
evidence, albeit not of high quality, that a more extensive
resection at the time of initial diagnosis may be a positive
prognostic factor favoring survival.� We think that, for tumors
in eloquent brain, the strength of evidence is not enough to
risk major neurological complications during surgery. We fa-
vor a maximal but �safe� resection with consideration of GKS
for residual disease, either at the time of initial treatment or on
evidence of progression. GKS provides satisfactory disease
control in patients with low-grade gliomas. In addition, a
significant proportion of patients treated show complete ra-
diological remission over long term follow up. GKS should be
considered as an option in the multimodality treatment of
patients with low-grade gliomas. Following the results of the
European Organization for Research and Treatment of Cancer
Study into the effects of radiotherapy in patients with low-
grade gliomas, standard fractionated radiotherapy can addi-
tionally be considered to delay time to progression in high risk
patients (9).
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COMMENTS

The authors report a series of patients with astrocytic tumors who
were managed after biopsy or resection, with Gamma knife radio-

surgery. The complication rate was low. Pilocytic tumors did not fare
better than non-pilocytic astrocytomas. This is a controversial area
because the management of such tumors with other approaches re-
mains debated. The use of fractionated radiotherapy (or not), resection
(or not), chemotherapy (or not) can be challenged, as well as the utility
of molecular tumor characterization and new imaging methods for
tumor analysis. In addition, it is imperative to obtain a histologic
diagnosis if one is to offer tumor-specific management. Not every
non-enhancing, bright on long relaxation time magnetic resonance
imaging is a low grade glioma (1). The authors argue that radiosur-
gery can play an important role for patients with smaller volume
gliomas, either as sole therapy after biopsy or as part of a multimo-
dality approach. We agree. The data in this report add to the obser-
vations of others (2, 3). One cautionary note would be that radiosur-

gery can turn a non-enhancing tumor into one that takes up contrast,
likely from radiation effects on the blood brain barrier. This may occur
within the first 12 months of radiosurgery. This can make the tumor
appear to have dedifferentiated into a malignant neoplasm, which
would be unlikely in that time frame.

Douglas Kondziolka
Pittsburgh, Pennsylvania
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Providing advice to patients’ with low-grade gliomas is often diffi-
cult due to the poor quality of data available for the various

treatment options. In this retrospective review, 24 patients (49%) had
tumors involving the thalamus, hypothalamus, or brainstem. The
median tumor volume was 2.4 cc. The authors found that radiosur-
gery provided a median radiologic progression free survival of
slightly more than three years. There was a trend for improved results
for patients with pilocytic astrocytomas, but this did not reach statis-
tical significance.

Overall, I agree that radiosurgery should be considered for patients
with residual or recurrent pilocytic astrocytomas. My primary reser-
vation against using radiosurgery for patients with low-grade fibril-
lary astrocytomas is that after the procedure, many of these tumors
will begin to enhance, especially if the patient had received previous
radiation therapy. Incorrect interpretation of this enhancement as
tumor de-differentiation can potentially lead to inappropriate and
unnecessary treatments. Follow-up by physicians familiar with the
imaging changes that can occur after radiosurgery hopefully can
minimize this risk.

Bruce E. Pollock
Rochester, Minnesota

Given the diffuse nature of low-grade glioma, discretely localized
therapies have limited value. Despite that inherent shortcoming,

experience and most retrospective studies have shown that open
surgical removal is generally beneficial, and in the case of completely
resected juvenile pilocytic astrocytoma, almost always curative. The
philosophy behind using radiosurgical “ablation” to manage low-
grade glioma is a direct extrapolation from this observation. Unfortu-
nately, the slow rate of progression for many of these tumors neces-
sitates many years (even decades) of follow-up to assess the benefits
of any therapy. In this regard, Heppner et al. are to be congratulated
for the obvious patience and tenacity needed to complete the present
study, which is the most extended of its kind. Although it is unlikely
that radiosurgery will ever have a dominant role in managing low-
grade glioma, it can play a useful role in carefully selected cases as the
team at the University of Virginia aptly demonstrates.

John R. Adler
Stanford, California
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Post-operative radiotherapy is generally recommended for patients with
low-grade gliomas only when there is clinical and or radiographic evi-

dence of progressive disease. Most low-grade fibrillary gliomas of adulthood
are very infiltrating and required large field, conformal radiation. Childhood
juvenile pilocytic astrocytomas (JPA) are usually non-invasive and are gen-
erally permanently controlled with highly focal radiotherapy. However,
many JPAs are located in regions (e.g., hypothalamic-chiasmal tumors)
where a single large dose of radiotherapy (radiosurgery) would be poten-
tially associated with significant toxicity. This report describes the experience
of treating patients with a variety of low-grade histologies treated with

radiosurgery. The results for adults with infiltrating disease are quite similar
to those produced with fractionated radiation schedules. There are clearly
situations, albeit uncommon, where radiosurgery could be considered for
the definitive treatment of such tumors. This report is the largest such
experience and will aid others in choosing the appropriate radiation tech-
nique for these patients.

Jay S. Loeffler
Radiation Oncologist
Boston, Massachusetts

The Gokstad Ship, AD 890 excavated at Gokstad, near Oslo, in 1880. The most robust of Viking ships unearthed thus-
far, it measures 80 ft (24.4 m) long, 16 ft 6 in. (5 m) wide, and 6 ft 10 in. (2.1 m) deep. (Courtesy of Viking Ship
Museum, Roskilde, Denmark and photographer Martin Gothche).
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OBJECTIVE: Despite advances in surgical techniques in the management of the brain
abscess, long-term antibiotics are as crucial to cure as the initial surgical procedure
itself. This study was designed to evaluate the effect of adjuvant hyperbaric oxygen
(HBO) therapy on the duration of antibiotic treatment.
METHODS: Between 1999 and 2004, 13 patients with bacterial brain abscesses
treated with stereotactic aspiration combined with HBO and systemic antibiotic
therapy. Patients younger than 18 years of age were excluded from this study. Post-
operatively, all patients were given a 4-week course of intravenous antibiotics. Addi-
tionally, patients received hyperbaric oxygen (HBO, 100% O2 at 2.5 ATA for 60 min)
twice daily for five consecutive days, and an additional treatment (100% O2 at 2.5 ATA
for 60 min daily) was given for 25 days.
RESULTS: There were eight male and five female patients. Their ages ranged between
18 and 71 years, with a mean of 43.9 years. The average duration of follow-up was 9.5
months (range, 8–13 mo). This treatment modality allowed infection control and
healing for all 13 patients with 0% recurrence rate. HBO treatment was tolerated well,
and there were no adverse effects of pressurization. At the end of the follow-up period,
12 patients had a good outcome: nine are without sequelae, and three have a mild
hemiparesis but are capable of self-care. One patient has a moderate hemiparesis.
CONCLUSION: Although the number of patients is small, this series represents the
largest reported group of brain abscess patients treated with stereotactic aspiration
combined with antibiotic and HBO therapy. Our preliminary results indicate that the
length of time on antibiotics can be shortened with the use of HBO as an adjunctive
treatment.

KEY WORDS: Brain abscess, Hyperbaric oxygen therapy, Stereotactic aspiration
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Although the diagnosis and treatment of
many neurosurgical conditions have
improved as a result of technological

advances, the management of brain abscesses
still presents a challenging problem (12, 22, 28,
37). Despite the reported success with nonop-
erative as well as various forms of surgical
therapy, there is no consensus as to what con-
stitutes optimum management of these le-
sions. In recent years, there is increasing ten-
dency to use stereotactic surgery as the first
modality that has proved to be a relatively
simple and safe method of aspirating ab-
scesses (2, 3, 10, 19, 28, 29, 33, 41, 47). How-
ever, as it is well known, long-term antibiotic

therapy is still required in these patients, re-
gardless of the preferred method of treatment.

On the other hand, hyperbaric oxygen
(HBO) has become a recognized treatment for
a number of disorders such as gas gangrene,
severe, necrotizing, soft-tissue infections, skin
transplants, radiation-induced necroses, skin-
muscle flaps, neural tissue transplants, crush
syndrome, necrotic wound infections, com-
partment syndrome, and burns (5, 8, 11, 14, 23,
27, 31, 34, 36). On the basis of this observation,
we think that it may be worthwhile to try a
combination of HBO and stereotactic aspira-
tion in the management of brain abscesses.
Both have been tried individually but have
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not been combined so far. In this article, we report our 5 years’
experience in treating brain abscesses using stereotactic aspi-
ration combined with antibiotic and HBO therapy.

PATIENTS AND METHODS

Between March 1999 and June 2004, 13 patients with brain
abscesses were treated by stereotactic aspiration combined
with HBO and systemic antibiotic therapy. There were eight
male and five female patients. Their ages ranged between 18
and 71 years, with a mean of 43.9 years. Patients younger than
18 years of age and patients with fungal, parasitic, or proto-
zoal abscesses were excluded from this study. The initial
work-up consisted of routine laboratory evaluation with com-
plete blood count, coagulation profile, serum chemical testing,
erythrocyte sedimentation rate (ESR), and urinalysis. In all
cases, chest, cranium, sinus, and dental films were also ob-
tained. Blood, urine and sputum cultures were obtained when
appropriate. In all patients, a search was made for predispos-
ing factors. One patient was an alcoholic. One patient had
endocarditis, resulting from an infected prosthetic aortic
valve, no causes were identified in the remaining eleven.
Pretreatment neurological states were graded as alert, no def-
icits (Grade 0), alert, slight deficits (Grade I), lethargic, mod-
erate deficits (Grade II), and obtunded, marked deficits (Grade
III).

Surgery

We used the Leksell Model ‘G’ Stereotactic system (AB
Elekta Instruments, Stockholm, Sweden) for all of our proce-
dures. We obtained computed tomographic (CT) scans both
preoperatively for treatment planning and immediately post-
operatively to detect complications and to assess the adequacy
of treatment. After the coordinate frame is attached to the
patient’s head using local anesthesia, intravenous contrast-
enhanced CT scanning was obtained using a 3- to 5-mm slice
thickness to determine the target coordinates. The patient was
then transported to the operating room where the stereotactic
procedure was performed under local anesthesia. For small
lesions (� 4 cm in diameter) gentle aspiration was performed.
To drain lesions larger than 4 cm in greatest dimension we
inserted an external drainage catheter (in three cases). Cathe-
ters generally were left in place for 2 to 4 days. In four patients
with multiple abscesses, the abscesses bigger than 3 cm in
diameter were drained in a single setting. In three of these
patients, two different targets were entered, and three ab-
scesses were aspirated in the remaining one. After completion
of the procedure, the patient was closely observed by the
nursing staff in the postanesthetic care unit for an additional 2
hours of observation. The aspirates obtained from patients
were smeared immediately as well as sent for pathological
examination. They were also cultured for aerobic and anaer-
obic bacteria, mycobacteria, and fungi. We began administrat-
ing an antimicrobial therapy in the operating room after learn-

ing the results of the Gram stain or the histopathologic
diagnosis. Initial treatment for abscesses consisted of a com-
bination of cafotaxime and metronidazole. Antibiotics were
changed according to the results of culture and sensitivity
studies. All patients were continued on a 4-week course of
intravenous antibiotics. Patients in whom all cultures were
negative continued to receive the initial antibiotics. The ste-
roid dose was tapered on an individual basis depending on
the extent of mass effect and edema seen on follow-up CT
scans. Antiepileptics were continued for one to two years after
which they are tapered providing EEG shows no epilepto-
genic activity.

HBO treatment protocol

In accordance with our protocol, patients received HBO
(100% O2 at 2.5 ATA for 60 min) twice daily for 5 consecutive
days, and then an additional treatment (100% O2 at 2.5 ATA
for 90 min daily) was given for 25 days (Fig. 1). Regular
neuroradiological studies were performed every 3 days for the
first 2 weeks. Later, providing there was evidence of clinical
improvement, CT scans were obtained weekly for the dura-
tion of therapy. Following discontinuation of treatment, reg-
ular neuroradiologic studies were also performed at 4-week
intervals until there was complete resolution of the abscess.
After this evaluation, the last neurological and radiological
controls were done six months later.

RESULTS

During a 5-year period, there were 13 patients with bacterial
brain abscesses treated with this treatment modality. Character-
istics of these 13 patients are summarized in Table 1. The initial
CT scans showed a total of 21 abscesses. In seven instances, the
abscesses were cortical in location, nine were deep within the
white matter, and five were within the thalamus or caudate
nucleus. Four of these 13 patients had multiple abscesses. In this
group, two patients had two abscesses each, one had three, and

FIGURE 1. Multiplace hyperbaric chamber; 100% oxygen given by hood
at 2.5 ATA.
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one had a total of five abscesses. The majority of these patients
(n � 9, 69.2%) were either alert without any neurological deficits
(Grade 0, n � 3, 23%), or were alert and had slight neurological
deficits (Grade I, n � 6, 46%). The remaining patients were
lethargic and had moderate deficits (Grade II, n � 4, 30.7%).

A total of 20 aspirations were performed. There were no
complications associated with the stereotactic procedure. HBO
treatment was tolerated well. There were no cases of baro-
trauma, treatment-induced seizure, or other major side effects
of HBO treatment. Each patient received a total of 4 weeks of
intravenous antibiotic therapy. In the 10 patients (76.9%) in
whom organisms were identified by culturing aspirate of ab-
scesses, the antibiotics used were specific for those organisms.
Two patients had mixed infection, they had both aerobic and
anaerobic bacteria. The aerobic bacteria were Streptococcus
species in three patients, Pseudomonas species in three, and
Staphylococcus species in one. The anaerobic bacteria were
Peptostreptococcus species in three patients and Bacteroides Fra-
gilis in two patients. In three patients (23%), the causative
organisms could not be identified. In patients with negative
cultures, brain abscess was diagnosed according to the classic
clinical and neuroradiologic findings and good therapeutic
response to therapy. We were able to identify the source of
infection in nine of these patients (69.2%). Hematogenous
spread from a remote focus was the most common source of
infection, occurring for six patients (66.6%). About 33.3% of
brain abscesses were caused by spread of adjacent paranasal
sinus, or middle ear infec-
tions.

The immediate postopera-
tive CT examination showed
a reduction of the targeted
abscess diameter in all pa-
tients, but follow-up moni-
toring revealed that two ab-
scesses recollected in the first
2 weeks. In these patients,
we performed a second aspi-
ration. The rate of abscess re-
currence after initial surgery
was 15.3%. The time course
of abscess resolution on CT
scans varied. A decrease in
size was noticeable in the
first 2 weeks after surgery,
whereas complete resolution
of the abscess cavity oc-
curred 2 to 7 months (mean,
3.5 mo). The follow-up pe-
riod was at least 8 months.
The average duration of
follow-up was 9.5 months
(range, 8–13 mo). There have
been no recurrences in this
follow-up period (Fig. 2, A
and B).

At the end of their
follow-up period, 12 patients
were in a good condition:
nine (69.2%) are without se-
quelae and three (23%) have

FIGURE 2. A, gadolinium-enhanced
coronal T1-weighted MRi scan showing
the characteristic appearances of an ab-
scess with peripheral rim enhancement
in the right basal ganglia. B,
gadolinium-enhanced coronal T1-
weighted MRI scan obtained 9 months
after stereotactic aspiration revealing
complete resolution of the abscess.

TABLE 1. Details of 13 patients with bacterial brain abscess

Characteristics No. of patients

Total patients 13
Male 8
Female 5

Age (yr)
Mean 43.9
Range 18–71

Etiology
Contiguous infection
Middle ear infection 2
Frontoethmoidal sinusitis 1

Hematogenous spread
Chronic pulmonary infection 2
Endocarditis 1
Skin pustules 1
Osteomyelitis 1
Neurosurgical procedure 1
Unknown 4
Location of abscessa

Deep white matter 9
Cortical 7
Basal ganglia 3
Thalamic 2

Neurological state at admissionb

Grade 0 3
Grade I 6
Grade II 4
Grade III —

Isolated microorganismsc

Aerobes
Streptococcus species 3
Pseudomonas species 3
Staphylococcus aureus 1

Anaerobes
Peptostreptococcus species 3
Bacteroides fragilis 2
Negative culture 3

Outcome
Grade 0 9
Grade I 3
Grade II 1
Grade III —

a Four patients had multiple abscesses.
b Grade 0 alert, no deficits; Grade I alert, slight deficits; Grade II lethargic,
moderate deficits; Grade III obtunded, marked deficits.
c Two patients had mixed infection.
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a mild hemiparesis, but are capable of self-care. One (7.6%)
patient has a moderate hemiparesis.

DISCUSSION

Despite advances in methods of radiological diagnosis, ad-
vances in surgical techniques, improved microbiological iden-
tification, and more effective antibiotic regimens, bacterial
brain abscess continues to constitute one of the most impor-
tant neurosurgical diseases. Throughout the history of the
management of intracranial abscess there has been continuous
controversy over the different methods employed (22, 43).
Despite some evidence that brain abscesses can be adequately
managed with antibiotics alone (41–43), various surgical pro-
cedures have been advocated for the treatment of brain ab-
scesses, including drainage, aspiration, and excision (4, 7, 43).
Although, as it is well known, the choice of one procedure
over another may be influenced by the age and neurological
condition of the patient, location and stage of the abscess, the
type of abscess, and whether multiple lesions are present,
modern-day therapy of brain abscesses generally includes a
combined surgical and medical approach (22, 28, 32). Even
though surgical management has been revolutionized by the
development of image-guided stereotaxy that has proven to
be a relatively simple and safe method, antibiotics continue to
be an integral part of the treatment of these lesions (2, 3, 6, 9,
10, 19, 28, 29, 33, 41, 42, 47). However, the duration of treat-
ment with antibiotics is a matter of some debate. Systemic
antibiotics are generally given for six to eight weeks (3, 10, 12,
18, 28, 33, 40, 43), even in those instances where no organism
can be identified (32, 40). Some centers now prescribe two
weeks of intravenous antibiotics followed by up to four weeks
of oral therapy (33, 43). Brain abscesses are at significant risk
of recurrence despite what is considered adequate therapy. In
the literature, rates of recurrence are reported to be between
5% and 50%, and most such events become apparent in the
first 8 weeks after initiation of therapy (4, 7, 40, 44). In our
study, parenteral antibiotics and HBO therapy were adminis-
tered for a total of four weeks, even in patients without bac-
teriological diagnosis. Overall, initial surgery failed in two
patients (15.3%). Two abscesses that recurred were again as-
pirated six and nine days after the first procedure. However,
long-term radiological evaluation has failed to show recur-
rence of abscesses in any of the cases after an average
follow-up period of 9.5 months. The main difference between
our study and those reported in the literature is the reduced
duration of antibiotic therapy. We think that this might be
attributable to some beneficial effects of HBO therapy. It has
been shown that HBO has been used in the management of a
variety of infected, hypoperfused, and hypoxic wounds as a
supplement to medical treatment, particularly where the latter
has not been successful (5, 8, 11, 14, 27, 31, 34, 36). On the basis
of considerations similar to the rationale for the use of HBO
therapy to treat these disorders, the treatment of intracranial
abscesses with adjunctive HBO therapy has been approved by

the Undersea and Hyperbaric Medical Society since 1996 (14).
In several studies, clinical experience with neurosurgical in-
fections indicates that the results achieved with HBO therapy
are remarkable (24–27).

One of the most important effects of HBO treatment is
stimulation of the bactericidal action of white blood cells (15,
26, 27). Most infected tissues are hypoxic because of ischemia
(45). It has been reported that the leukocyte bacteria-killing
capacity is substantially impaired in hypoxic surroundings (1,
30). HBO therapy increases the oxygen tension in infected
tissues, resulting in improvements in phagocytic killing of
bacteria direct bactericidal effects on some microorganisms
(21, 27, 30, 35). Additionally, improved tissue oxygen tensions
in ischemic tissues during HBO therapy inhibits the growth of
aerobic and facultative anaerobic bacteria by inducing a vari-
ety of metabolic effects involved with the synthesis of pro-
teins, nucleic acids and essential cofactors of metabolic reac-
tions. These effects of this treatment are mediated in large part
by oxygen-based free radicals that oxidize proteins and mem-
brane lipids, damage DNA, and inhibit metabolic functions
essential for growth (17, 38). HBO can also affect the outcome
of infections indirectly by influencing tissue repair and regen-
eration responses in infected necrotic tissues (20, 21, 38). It has
also been shown that HBO therapy induces the formation of
new capillaries, making the tissues less ischemic and improv-
ing long-term wound healing (23, 27, 34). However, the issues
of the dose and duration of HBO therapy remain unsettled.
With our protocol of 35 sessions at 2.5 ATA, we may have
overtreated some patients. We believe that time will tell
whether or not 2.5 ATA/35 sessions is the optimal treatment
pressure for these patients, and future refinements could cer-
tainly improve individual responses to treatment. In the entire
series of 13 patients managed with this protocol, no signs of
cerebral oxygen toxicity were observed nor were other ad-
verse effects of pressurization seen.

Brain abscesses displace the brain tissue to a marked degree,
but often little brain tissue is actually destroyed. Many of the
focal deficits produced by abscesses can be ascribed to a
significant amount of perilesional edema, and they are revers-
ible (22). The expansive growth of an intracranial abscess and
the formation of its perifocal edema may result in secondary
lesions in surrounding brain tissue. The other beneficial effect
of HBO on increased ICP has been clearly documented (24, 26,
39, 46). Elevated arterial oxygen tension results in a vasocon-
striction leading to a decrease in cerebral blood flow, and
consequently, to a reduction in intracranial pressure (16, 26).
We think that the therapeutic impact of these physiological
effects of HBO may be of major importance in the prevention
or treatment of secondary brain damage. Additionally, we
have performed stereotactic surgery. It has been proven that
stereotactic aspiration not only does it minimize iatrogenic
brain damage caused by brain retraction and dissection, it also
minimizes operation time and hospital stay (2, 6, 9, 10, 13, 19,
28, 29, 33, 47).

Difficulty in the treatment of multiple abscesses is well
known. They have been associated with high recurrence rates
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(12, 33, 41, 43). In this group, long-term antibiotics are as
crucial to cure as the initial surgical procedure itself. More-
over, according to some authors’ opinions, patients with mul-
tiple brain abscesses, with or without bacteriological diagno-
sis, will usually require three months of systemic antibiotic
therapy which may be a high dose initially followed by a
tapered maintenance dosage (28). Although surgical treatment
of these lesions, particularly with bilateral and/or deep-seated
lesions presents a challenging problem, they can easily be
treated in a single setting utilizing local anesthesia with ster-
eotaxy. This usually can be done with local anesthesia and a
single pass to reach each lesion (6, 10, 28). In our series there
were four patients with multiple abscesses. Any difficulties in
targeting abscesses were never encountered in the patients
with stereotactic aspiration where only one pass was made for
each abscess. Although systemic antibiotics and HBO therapy
were given for only four weeks, there were no recurrences in
the long-term follow-up period in this group.

In our study, the overall mortality rate was 0%. However, as
has been reported before, the most important determinant of
the morbidity and mortality rate is the neurological condition
of the patient at the time of diagnosis (7, 28, 33, 37, 44). Most
of our patients were in good neurological status (Grades 0 and
I), which has resulted in patients being treated while in better
neurological condition. It is clear that the success of treatment
of intracranial abscess still depends on early clinical and ra-
diological diagnosis, awareness in the medical community
and prompt referral for neurosurgical management.

CONCLUSION

Although the overall numbers are too small to make any
definite conclusions, this series represents the largest reported
group of brain abscess patients treated with stereotactic aspi-
ration combined with antibiotic and HBO therapy. This treat-
ment modality allowed infection control and healing for all 13
patients with a 0% recurrence rate. These preliminary results
indicate that adjunctive HBO therapy can reduce the need for
re-operations (repeated aspiration), the duration of antibiotic
therapy, and also reduce overall costs.

Despite advances in surgical techniques in the management
of the brain abscess, long-term antibiotics are as crucial to cure
as the initial surgical procedure itself. On the other hand, HBO
has been shown to have a beneficial effect in the management
of a variety of infected, hypoperfused, and hypoxic wounds.
This study was sought to evaluate the effect of HBO therapy
on the duration of antibiotic treatment. After surgery, all
patients received a total of 4 weeks of antibiotic therapy spe-
cific for a cultured organism in 8 of 11 patients. Additionally,
patients received HBO ( 100% O2 at 2.5 ATA for 60 min) twice
daily for 5 consecutive days, and an additional treatment
(100% O2 at 2.5 ATA for 90 min daily) was given for 25 days.
The average duration of follow-up was 9.5 months (range,
8–13 mo). This treatment modality allowed infection control
and healing for all 13 patients with 0% recurrence rate. HBO

treatment was tolerated well, and there were no adverse ef-
fects of pressurization. Although the overall numbers are too
small to make any definite conclusions, it would appear that
adjunctive HBO therapy can reduce the length of time on
antibiotics.
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COMMENTS

The authors present a series of 13 consecutive patients with brain
abscesses who were treated with stereotactic aspiration and four

weeks of intravenous antibiotics in conjunction with hyperbaric oxy-
gen therapy. Four of these patients had multiple abscesses. They
report good results with no mortality or treatment-related morbidity
and complete response to treatment in all patients, although two of the
abscesses recurred early in treatment, requiring repeat aspiration.
Although the number of patients treated in this series is relatively
small, these results compare favorably against previously reported
rates of recurrence, especially in light of the relatively short duration
of antibiotic therapy.

The efficacy of hyperbaric oxygen therapy in the treatment of
bacterial infections has been well documented. It is not surprising,
therefore, that its beneficial effects would extend to the treatment of
intracranial infections. The authors point out the relatively higher rate
of recurrence among patients with multiple abscesses and the associ-
ated need for prolonged antibiotic therapy. We feel that in centers
where hyperbaric oxygen therapy is available, its use should be con-
sidered as a potentially valuable treatment option in cases where the
probability of failure of treatment is deemed to be high.

At this point, however, any potential reduction in treatment costs
related to decreased duration of antibiotic therapy and possibly lower
rates of recurrence has not been demonstrated. Additionally, while the
use of stereotactic surgery has become fairly widespread, the capabil-
ity of treating patients with hyperbaric oxygen remains relatively
scarce. Given the lack of availability and the cost associated with this
treatment, and in light of the excellent results that are obtained with-
out the use of hyperbaric oxygen, we do not feel that it should be
considered first-line therapy in the treatment of uncomplicated cases
of brain abscess at this time.

Erik C. Parker
Patrick J. Kelly
New York, New York

The authors have written a clear and scholarly approach to the
management of brain abscesses. They appropriately used stereo-

tactic aspiration, catheter placement for larger lesions, and specific
antibiotic therapy. In addition, they used a regimen of hyperbaric
oxygen (HBO). Although they discuss the science behind HBO, its
value in this setting is unclear. Because a randomized trial would be
almost impossible to perform in this disease, a matched cohort study
to patients managed without HBO would have been of interest. I
continue to advocate all of the elements of care they propose, but this
study will not lead me to use HBO as a routine.

Douglas Kondziolka
Pittsburgh, Pennsylvania

The authors report on 13 patients with brain abscesses who were
treated with aspiration, 4 weeks of antibiotics, and 30 days of

hyperbaric oxygen (HBO) at 2.5 ATA. In all patients, they observed
resolution of the abscesses and no recurrence.

The organisms isolated were both aerobic and anaerobic. In three
cases, cultures were negative. The authors provide a good discussion

HYPERBARIC OXYGENATION AND BRAIN ABSCESS

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1145



of hypothesis about the antibacterial effect of HBO. As they indicate,
the numbers of cases are too small to draw definite conclusions, but
the potential for this treatment should be kept in mind.

Robert G. Grossman
Houston, Texas

This paper is a small series of patients in which stereotactic aspira-
tion of cerebral abscesses was performed followed by an abbrevi-

ated course (4 weeks) of intravenous (IV) antibiotics combined with
hyperbaric oxygen therapy. The authors’ conclusion that the abbrevi-
ated IV course is only made possible by the adjunctive hyperbaric
oxygen treatment is interesting, but certainly not definitive. The sug-

gestion that there were no recurrences is not entirely accurate because
two patients required repeat aspirations. This implies a 15.3% early
recurrence after the initial aspiration during treatment; it is true that
there were no recurrences after completion of treatment during the
period of follow-up. An important addition to future papers evaluat-
ing this combined therapy would be a cost analysis compared to other
treatment paradigms. Overall, this contribution offers a baseline
experience of a combination of IV antibiotics and hyperbaric oxy-
gen therapy from which other more definitive studies can be per-
formed.

James M. Ecklund
Washington, D.C.

Reconstruction of a knarr, which was the generic name for viking trade and mercantile ships. Broader in
the beam and deeper draught than longships, they were less reliant on oars and more fully utilized sails.
(Courtesy of Federal Archeology Museum, Schloss Gottorf, Schleswig).
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OBJECTIVE: To better understand the presentation, management, and outcome of
syringobulbia in the pediatric age group.
METHODS: The University of Iowa pediatric neurosurgery database was searched for
patients under the age of 18 with a diagnosis of syringobulbia. The patients’ records were
retrospectively reviewed for demographic data, chief complaint and presenting symptoms,
neurological and radiographic findings, treatment, outcome, and complications. Children
with open neural tube defects and Chiari II malformations were excluded.
RESULTS: Six pediatric patients were identified as meeting inclusion criteria. The average
age at time of surgery was 14.8 years. The chief complaints were vision impairment in
three children and numbness, gait instability, and headache worsened with Valsalva in
one patient each. Other prominent symptoms included sleep apnea and weakness. All
patients showed at least one cranial nerve dysfunction. Radiographs revealed hindbrain
herniation and associated syringomyelia in all cases. Two patients had scoliosis. Treatment
was posterior fossa decompression with cerebellar tonsillar shrinkage, opening of foramen
of Magendie, and duraplasty. Two patients also required concomitant ventral decompres-
sion. The cavity of syringobulbia communicated with syringomyelia and the fourth ven-
tricle in most children but was distinct from the fourth ventricle. Two patients received
fourth ventricle to subarachnoid shunts. Follow-up averaged 3.2 years, and all patients
clinically improved after surgery. Magnetic resonance imaging documented resolution of
syringobulbia in all cases, with syringomyelia improving in all cases. There was no
permanent morbidity or mortality in the series.
CONCLUSION: Syringobulbia is strongly associated with Chiari malformation and
syringomyelia, and patients often present because of cranial nerve palsies. Posterior
fossa decompression is a safe and effective treatment.

KEY WORDS: Brainstem, Cranial nerve palsy, Dysphagia, Hindbrain herniation, Syringomyelia
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Syringobulbia is a very rare entity whereby
a slit-like fluid cavity is present in the
brainstem. The condition may occur in sit-

uations of neoplasm (18, 28, 32, 46), hind-brain
herniation (9, 33, 38), tethered cord (39), or in
isolation (13, 20). Involvement of all parts of the
brainstem has been reported (36), as has cavita-
tion extending even further rostrally to the su-
pratentorial compartment (7, 19, 30, 42). The
current body of literature describing syringob-
ulbia consists of case reports or small case series
linked with syringomyelia. Few reports focus on
syringobulbia in the pediatric population.

METHODS

The University of Iowa pediatric neurosurgi-
cal database was searched using the following

criteria: 1) diagnosis of syringobulbia; 2) age at
surgery less than 18 years; 3) diagnosis after
1984 (when magnetic resonance imaging [MRI]
became available). Patients with neoplasms, my-
elodysplasia, and Chiari II malformation were
excluded because of intrinsic differences in
brainstem pathophysiology (14, 35). The records
of patients fulfilling all search criteria were ret-
rospectively reviewed for chief complaint, other
presenting symptoms, comorbidities, physical
and neurological findings, radiographic and
intra-operative findings, treatment, complica-
tions, and outcome.

RESULTS

Between 1984 and 2002, 22 patients evalu-
ated by the senior author (AHM) were identi-
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fied with a diagnosis of syringobulbia. Thirteen of the 22 were
older than 18 years and were excluded. Two patients had
associated neoplasms producing the syringobulbia and were
excluded. One child with type II Chiari malformation was
excluded. The subject of this paper is therefore six patients,
four girls and two boys. The average age at time of surgery
was 14.7 years (12.1–17.5 yr). The average age at symptom
onset was 13.9 years, and diagnosis followed shortly at an
average age of 14.5 years (Fig. 1). Note that one patient in this
series has been previously described but is included in this
paper for further follow-up and for comparative purposes (1).

The chief complaints of the children included diplopia (2
patients), occipital headache, unsteady gait, numbness, and
�bouncing eyes.� Of note, one child reported sudden onset of
her diplopia. Overall, head or neck pain was seen in two
patients, snoring in four, sensory disturbances (numbness or
paresthesias) of the extremities in three, extremity weakness in
three, scoliosis in two, dysphagia in one, and vomiting was
seen in one patient (Table 1). Comorbidities of the children
included basilar invagination, Klippel-Feil anomaly, su-
praventricular tachycardia, proatlas segmentation failure, cleft
palate, and psychomotor delay.

At the time of initial presentation, all patients exhibited
cranial nerve dysfunction. One patient had left VIth, IXth, Xth,
and XIIth nerve palsies. Two patients exhibited unilateral Vth
nerve sensory dysfunction. One patient had IXth and Xth
nerve impairment with overt aspiration on swallow studies,
and two patients had nonspecific nystagmus. Two patients
had ptosis, and one had enophthalmos in addition.

Deep tendon reflexes were abnormal in all six patients. The
impairments were consistent with the levels of the associated
syringomyeli in that the reflexes referable to the level of the
syrinx were diminished or absent, and the reflexes below the
syrinx cord level were increased. One patient had a dimin-
ished corneal reflex because of impaired Vth nerve function.

Other deficits on neurological examination included motor
deficits in three patients and sensory impairment in three

patients. The motor deficits were mild and consisted of mild
hemiparesis sparing the face in one patient, partial foot-drop
in one patient, and unilateral intrinsic hand weakness in one
patient. The sensory deficits were also mild and were always
unilateral in distribution. Hypesthesia and hypalgesia of both
face and body were seen in two patients, whereas the third
patient with sensory abnormalities had only left upper ex-
tremity diminution.

Scoliosis was seen in two of the patients. One child had
thoracic kyphoscoliosis with 60° kyphosis and 13° scoliosis,
convex left, at the time of diagnosis. A second child had a mild
left-convexity thoracic curve. Neither patient required any
treatment for scoliosis after posterior fossa decompression
(PFD).

MRI led to diagnosis of syringobulbia in all cases. The extent
of the syringobulbia cavity was limited to the medulla in five
cases, whereas one patient had rostral extension to the pon-
tomesencephalic junction (Fig. 2). The cavities were eccentri-
cally located in four children. All patients were found to have
Chiari I malformation (CM I) and spinal cord syrinx in addi-
tion to syringobulbia. The syringomyelia was holochord for
four patients and cervical for two. Communication of the
brainstem syrinx to the fourth ventricle and more caudal
syrinx was not clearly seen on standard MRI sequences but
was observed at surgery in some cases (Fig. 3C). We did not
observe a correlation between the size of the brainstem syrinx
and the size of the spinal cord syrinx.

For statistical comparisons, over the same time period as
this series, the senior author has treated 177 patients under age
18 for CM I. These numbers produce a syringobulbia occur-
rence in children with CM I at the University of Iowa of 6 of
177 or 3.3%. Given that CM I in children is itself an infrequent
entity, syringobulbia is seen to be very rare.

All patients were treated with PFD. In five of the six, this
consisted of bony enlargement of the foramen magnum via a
limited craniectomy, C1 partial laminectomy depending on
the degree of tonsillar descent, intradural exploration with
shrinkage of the cerebellar tonsils, and opening of foramen of
Magendie. A duraplasty using cervical fascia was performed.
This operation constitutes the standard decompression we use
for any child with Chiari I and syringomyelia.

One patient did not undergo intradural exploration. This
child had undergone bony decompression of the posterior
fossa before presentation at our institution. After that surgery,
symptoms recurred after approximately 1 month. Postopera-
tive imaging at that time identified ventral compression at the
cervicomedullary junction. The child then presented to the
University of Iowa and underwent a single-stage transoral
decompression, release of posterior epidural scar tissue, and
occipitocervical fusion. Intraoperative ultrasound after ventral
transpalatal craniovertebral decompression demonstrated a
widely patent foramen magnum and satisfactory cerebrospi-
nal fluid (CSF) flow, so intradural exploration was not under-
taken. One other patient required single-stage ventral decom-

FIGURE 1. Age in years of patient at time of symptom onset (black),
diagnosis of syringobulbia (gray), and posterior fossa decompression
(white).
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pression and posterior fusion in addition to PFD. In this case,
proatlas segmentation failure produced significant ventral
compression.

In addition to the standard PFD described above, three
patients also had shunts placed from the fourth ventricle to the
subarachnoid space. Two of these three were found to have
arachnoidal �veils� obstructing the fourth ventricle outlet. All
three children had very large spinal syringomyelia cavities. As
our experience with other Chiari and syringomyelia patients
has grown, our current practice is to use such shunts only in
situations of re-operation. Others have described similar
methodology (4).

Postoperative MRI documented deflation of the syrinx at all
levels in all cases. The brainstem syrinx resolved in all cases
(see examples in Figs. 3D and 4B). The spinal cord syrinx
resolved completely in two cases, and the remaining four
improved dramatically.

Follow-up for the series averaged 3.2 years (1.8–4.1 yr). At
last evaluation, all patients reported improvement in their
symptoms, and three reported symptom resolution. Cranial
nerve dysfunction resolved in four patients, and improved in
the other two. Deep tendon reflexes improved in three of the

FIGURE 2. (A) Preoperative sagittal T2-weighted MRI showing syrinx
cavity (arrow) involving medulla, pons, and caudal mesencephalon. (B)
Preoperative axial T2-weighted MRI showing the cavity is eccentric to the
patient’s left.

TABLE 1. Series summarya

Age, sex Symptoms Comorbidities Examination
Extent of

syringobulbia
Extent of

syringomyelia
Outcome

Follow-up
(yr)

12F Diplopia, snoring None L VI, IX, X, XII
palsies; ptosis;
hand intrinsic
weakness; R foot
drop; hyperreflexia

Medulla-inferior
pons

Holochord Tongue fasciculations
otherwise normal

4.1

12F Diplopia, headache Proatlas
segmentation
failure

Mild L
hemiparesis;
nystagmus;
hyperreflexia; L C2
hypesthesia

Medulla Holochord Hyperreflexic lower
extremities otherwise
normal

2.5

14F Gait instability,
incoordination

Cleft palate,
Klippel-Feil

Nystagmus;
hyperreflexia

Medulla Cervical Hyperreflexic
otherwise normal

1.8

15F Head and neck
pain, dysphagia,
hand paresthesias,
snoring

Basilar
invagination

L IX, X palsies;
hyperreflexia; R
hand weakness

Medulla Cervical Normal 3.5

17M “Eyes bouncing,” L
arm paresthesias,
snoring, sleep
apnea

None L V palsy;
hypesthesia L
upper extremity;
absent DTR UEs,
hyperreflexic LEs; L
thoracic scoliosis

Medulla Holochord Normal 3.2

17M Numbness L face,
UE, eye droop,
snoring

Wolff-
Parkinson
White
syndrome

L ptosis,
enophthalmos; L
face, UE
hypesthesia,
hypalgesia;
hyporeflexia;
scoliosis

Medulla Holochord Improved 4.1

a DTR, deep tendon reflexes; UE, upper extremity; LE, lower extremity; L, left; R, right.
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six patients. Motor and sensory deficits resolved in most cases,
but two patients had persistent paresthesias.

There was no permanent morbidity in the series. One child
had persistent nausea for several postoperative days prolong-
ing hospitalization.

Case Illustration 1

A 17-year-old male presented with complaints of �bouncing eyes�
and left arm paresthesias. The patient’s family also reported snoring
and sleep apnea. Examination revealed obesity, left hemiface hypal-
gesia with diminished corneal reflex, and hypalgesia throughout the
left upper extremity. Deep tendon reflexes were absent in the arms
and mildly hyperreflexic in the lower extremities. Spinal curvature
was noted with a left, thoracic convexity. Radiographic evaluation
disclosed tonsillar descent below C1, syringobulbia limited to the
medulla and left-sided, and holocord syringomyelia (Fig. 3, A and B).
At surgery, an opening to the medullary syrinx through the floor of
the fourth ventricle was observed (Fig. 3C). At 3 years follow-up, the
patient had no neurological deficit, syringobulbia had resolved (Fig.
3D), and the holochord syrinx had deflated.

Case Illustration 2

A 17-year-old male noted numbness of the left hemibody followed
by subjective weakness. Other complaints included snoring, sleep
apnea, left eye droop, and photophobia. Examination was remarkable
for left ptosis with enophthalmos, left facial hypalgesia and hypesthe-
sia in all three divisions of the trigeminal nerve, and left upper
extremity hypalgesia and hypesthesia. Deep tendon reflexes were
nearly absent in all extremities. Marked kyphosis was obvious. MRI of
the neuraxis identified tonsillar descent of 2 cm, holochord syringo-
myelia, and syringobulbia involving the medulla (Fig. 4A). Spine
radiographs confirmed kyphoscoliosis. At 4 years follow-up after
PFD, the patient was symptomatically improved, neurologically im-
proved, and MRI confirmed resolution of syrinx cavities (Fig. 4B).

DISCUSSION

Our results demonstrate that syringobulbia in the pediatric
age group is a rare entity strongly associated with CM I and

syringomyelia. Children with syringobulbia are likely to ex-
hibit cranial nerve dysfunction at presentation. The brainstem
syrinx often communicates with the fourth ventricle.

Syringobulbia Associated with Chiari Malformation and
Syringomyelia

All six patients in this series had both CM I and syringo-
myelia. These two entities are known to be strongly linked,
with syringomyelia occurring in 50 to 80% of patients with
CM I (5,16). However, review of the literature reveals only 11
total cases of pediatric syringobulbia reported via case reports
(1, 2, 6, 19, 22, 30, 32, 37, 39, 40) and a number of case series
and studies which do not distinguish pediatric from adult age
groups. Of those, CM I was documented in four children.
There are no series of pediatric syringobulbia in the literature.

Contrary with the rare reported association of syringobulbia
and CM I, the association between syringobulbia and syrin-
gomyelia is known. Although syringobulbia without syringo-
myelia has been reported (13, 20, 36), most authors describe
the two entities in association. In a combined series of children
and adult patients, Sherman et al. (38) found 11 of 65 patients
with syringomyelia harboring syringobulbia. Ten of the pa-
tients had CM I. A Japanese epidemiological survey found
1243 cases of syringomyelia, with syringobulbia present in 101
(26). Valentini et al. (41) reported eight cases of syringobulbic
extension from a series of 75 syringomyelia patients. In a series
of 364 pediatric and adult cases of CM I, syringobulbia was
observed in 21 (5.7%), all of whom had syringomyelia as well
(24).

Although there are elegant hypotheses on the formation,
maintenance, and progression of syringomyelic cavities (12,
24, 31, 43), there is relatively little in the literature postulating
mechanisms of the formation of syringobulbia. Because in this
series and most other cases of syringobulbia in the literature
there is concurrent syringomyelia, it is likely that the former

FIGURE 3. (A) Axial T1-weighted preoperative MRI through level of
caudal medulla showing syrinx cavity eccentric to the patient’s left. (B)
Preoperative mid-sagittal T1-weighted MRI showing syringobulbia and
associated septated syringomyelia with descent of cerebellar tonsils through
foramen magnum. (C) Intra-operative photograph showing dorsal view of
cervicomedullary junction after tonsillar shrinkage. Nerve hook is inserted
into an opening where syringobulbia is in communication with fourth
ventricle. (D) Postoperative mid-sagittal T1-weighted MRI showing reso-
lution of syrinx and foramen magnum enlargement.

FIGURE 4. (A) Preoperative sagittal T2-weighted MRI demonstrating
syrinx cavity in medulla (arrow), distinct from the fourth ventricle. Ros-
tral portion of syringomyelia cavity also visible. (B) Postoperative sagittal
T2-weighted image showing resolution of medullary syrinx.
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entity merely represents a spectrum of the latter. In such case,
one possible mechanism of syringobulbia formation is rupture
of a paracentral cervical syrinx rostrally. This has been de-
scribed (38). Alternatively, a dilated spinal central canal may
propagate and result in a dilated central canal in the caudal
medulla. A final possibility would entail entrance of fluid
directly into the brainstem through perivascular spaces, as
hypothesized in the spinal cord by Oldfield et al. (31).

These possible mechanisms of syringobulbia formation are
based on the theories of syringomyelia formation. Although a
complete review of syringomyelia development (3, 24) is be-
yond the scope of this text, some points merit discussion.

Initially, theories about syringomyelia proposed a patent
obex through which fluid was forced into the spinal central
canal. Gardner and McMurray (12) are most commonly cred-
ited with this proposition. They felt that a pressure wave was
generated as a result of obstruction at the foramen of Ma-
gendie. A subsequent theory on syringomyelia formation in-
volves craniospinal pressure dissociation. Williams (43–45) is
credited with this theory. Again, obstruction of CSF flow at
foramen magnum is implicated producing a ball-valve mech-
anism to explain the finding of increased intracranial pressure
with Valsalva maneuvers after the spinal subarachnoid pres-
sure had normalized. This pressure differential could lead to a
motive force for CSF to enter the spinal cord. Oldfield et al.
(31) proposed that pressure waves impacted herniated cere-
bellar tonsils, which then pushed CSF into the cord via
perivascular spaces. For this theory to explain syringobulbia
formation in the setting of hindbrain herniation, either a por-
tion of the medulla would have to be situated caudal to the
tonsillar impaction, or a spinal cord syrinx would have to
exist, precede the syringobulbia, and rupture rostrally. Alter-
natively, an opening in the floor of the fourth ventricle could
provide a point of entry. Our patient depicted in Figure 3C
documents such an opening through the floor of the ventricle.
Nevertheless, we cannot determine whether the syringobulbia
ruptured into the ventricle or whether the opening led to the
syringobulbia.

Thus, although syringobulbia probably represents a spec-
trum of syringomyelia, a dissection of the rostral pole of the
syringomyelia or wall of the fourth ventricle, which has been
described, may be required for involvement of the medulla.
These dissections are likely sudden, and a rapid onset of
corresponding brainstem symptoms as illustrated in this se-
ries is consistent with this hypothesis.

Syringobulbia Often Communicates with Fourth
Ventricle

The presence or absence of a direct communication of the
syrinx with the ventricular system may be an important vari-
able in determining the etiology of syringobulbia. In this se-
ries, communication between the syringobulbia and both the
fourth ventricle was confirmed in some cases. Therefore, sur-
gical treatment directed at restoration of physiological CSF
flow across foramen magnum can be expected to lead to

syrinx deflation. Favorable results from PFD reported here
and elsewhere in the literature further support that assertion
(8, 10, 11, 15–17, 21, 23, 27, 29, 34).

Cranial Nerve Dysfunction is Common in Syringobulbia

All six of our patients showed evidence of cranial nerve
dysfunction, and most had multiple nerves affected. The as-
sociation of such dysfunction with dilation of the brainstem,
usually lower, is well-described, although predominantly in
adult patients (13, 18, 20, 25, 28, 36, 39, 41). Two of our children
presented with evidence of trigeminal nerve dysfunction. Both
had hypalgesia unilaterally, and neither had complaints of
facial pain. A previous report documented unilateral trigem-
inal neuralgia associated with syringobulbia in an adult (33).

CONCLUSION

This series of children with syringobulbia demonstrates that
syringobulbia is infrequently encountered but can be safely
and effectively treated with decompression of the craniover-
tebral junction. Typically, this can be accomplished via PFD. In
the setting of ventral compression, however, a combined pro-
cedure may be required.
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COMMENTS

The six patients described in this report illustrate the close associ-
ation between syringobulbia and syringomyelia with hindbrain

herniation. The fact that the authors could find only six cases at a
neurosurgical center with vast experience in the treatment of cranio-
cervical anomalies emphasizes the rarity of this condition, especially
in children. It is of interest that the syringobulbia was symptomatic in
all instances, whereas syringomyelia is occasionally detected as an
incidental radiographic finding. The principles of operative treatment
are the same as those for the syringomyelia with which it is associated.
In particular, ventral decompression may be required, as was the case
for two of the six children presented.

Paul H. Chapman
Boston, Massachusetts

This is a retrospective chart review of six pediatric patients who
were treated for syringobulbia in association with Chiari I malfor-

mations and hydrosyringomyelia. The results were excellent after
aggressive posterior fossa decompression. This report suggests that
syringobulbia is not a distinct entity, but merely a more severe form of
syringomyelia, and that it is best treated in the same way. The results
are remarkably good, especially considering that the resolution of
syringes after posterior fossa decompression is only 66% in most
series. It is logical that an aggressive approach, including shrinking of
the tonsils and opening of the 4th ventricle is warranted. In some cases,
it may also be appropriate to open the syringobulbia cavity to the 4th

ventricle, if there is a translucent membrane separating the two. In
some cases, the subarachnoid space may be abnormal, and the syrin-
gobulbia may persist. In these cases, a shunt to another cavity such as
the pleura may be required. I am sorry the authors chose to exclude
the Chiari II patients and adults. I think a larger series, with the ability
to contrast these groups, would have been useful.

Leslie N. Sutton
Philadelphia, Pennsylvania
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The authors of this manuscript reviewed their series of patients
under 18 years of age who were surgically treated for syringobul-

bia at a single institution. Eliminated from the series were those
patients with an open neural tube defect and a Chiari II malformation
or neoplasms. As a result of their review, the authors identified six
(3.3%) patients out of 177 who had syringobulbia, all of whom also
had a Chiari I malformation and a syrinx involving either the cervical
spinal cord alone (two patients) or a holocord syrinx (four patients).
All six patients underwent posterior fossa decompression, but two
patients also needed anterior decompression because of more complex
abnormalities. All six patients showed neurological improvement at
the follow-up examinations.

The authors state that their series is the largest and the only one that
is exclusively pediatric. They also indicate that they excluded patients
with Chiari II malformations from their review because the intrinsic
structure of the brainstem in patients with a Chiari II malformation is
different than of a patient with a Chiari I malformation. This is true,
but one would anticipate that the pathophysiology that leads to sy-
ringobulbia in Chiari II malformations is similar to that resulting from
a Chiari I. It is hoped that the authors would undertake a review of
their patients with Chiari II malformations and syringobulbia to com-
pare this group with patients harboring Chiari I malformations to
determine if the intrinsic differences in the brainstem in the former
have any influence on the incidence or configuration of syringobulbia.

I agree with the authors’ premise that the insertion of a shunt
should be reserved only for patients who have previously failed
operative intervention, as these shunts seem to function for only a
given period of time before becoming blocked by arachnoidal scar-
ring. The authors recommend that a shunt be placed after failure to
diminish the size of the syrinx after the first operative procedure. My
current position is that a shunt not be placed until after failure from a
second craniocervical decompression, as there is roughly a 50%
chance of success after the second procedure. If craniocervical decom-
pression has failed on two occasions, resorting to a syringopleural or
syringoperitoneal shunt at the third operation is appropriate.

Although there is nothing wrong with shrinking the tonsils or
performing a duraplasty, I think such maneuvers are not necessary
because the same results can be achieved with a lesser degree of

operative manipulation (1). With the increased use of magnetic reso-
nance imaging studies, incidental Chiari I malformations are being
found, a number of which have no syrinx and no clinical symptoms.
One wonders what the natural history of this condition will be. At the
present time, when such a condition is encountered, we have elected
to just observe the patient and obtain follow-up magnetic resonance
imaging studies at increasingly longer intervals.

J. Gordon McComb
Los Angeles, California

1. Kanev PM, Getch CC, Jallo J, Faerber EN: Cerebral syrinx with Chiari I
malformation. Pediatr Neurosurg 20:214–216, 1994.

Despite being a small series overall, the authors have reported on
a significant number of children with syringobulbia, including

the presentation, management, and outcome of this disease, more than
any previous reported series. In their experience, all of the patients
experienced cranial nerve dysfunction at some level, and all had
Chiari I malformations in association with a syringomyelia. Interest-
ingly, the magnetic resonance imaging findings in this series seemed
to indicate an eccentric development of the syrinx in syringobulbia, in
contrast to the typical central cavitary formation of syringomyelia,
and could explain the unilateral cranial nerve findings on presentation
for some of the patients. All patients were treated using the authors’
standard technique for posterior fossa decompression, cerebellar ton-
sillar shrinkage, opening of the foramen of Magendie, and duraplasty.
Although some have argued for shunting in addition to the decom-
pression, as was the authors’ practice early in their series, they make
a strong argument that, because the syringobulbia is strongly associ-
ated with a Chiari malformation and is likely a result of obstruction of
outflow, it can best be treated safely and effectively with decompres-
sion and opening of the cerebrospinal fluid pathways alone, without
need of shunting at the outset.

P. David Adelson
Pittsburgh, Pennsylvania

Future Meetings—Congress of Neurological Surgeons

The following are the planned sites and dates for future annual meetings of the
Congress of Neurological Surgeons:

2006
2007
2008

Chicago, IL
San Diego, CA
Orlando, FL

October 7–12
September 15–20
September 20–25

Future Meetings—American Association of
Neurological Surgeons

The following are the planned sites and dates for future annual meetings of the
American Association of Neurological Surgeons:

2006
2007
2008
2009

San Francisco, CA
Washington, DC
Chicago, IL
San Diego, CA

April 22–27
April 14–19
March 29–April 3
May 2–7
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OBJECTIVE: This study addresses impact biomechanics from boxing punches causing
translational and rotational head acceleration. Olympic boxers threw four different
punches at an instrumented Hybrid III dummy and responses were compared with
laboratory-reconstructed NFL concussions.
METHODS: Eleven Olympic boxers weighing 51 to 130 kg (112–285 lb) delivered 78
blows to the head of the Hybrid III dummy, including hooks, uppercuts and straight
punches to the forehead and jaw. Instrumentation included translational and rotational
head acceleration and neck loads in the dummy. Biaxial acceleration was measured in
the boxer’s hand to determine punch force. High-speed video recorded each blow.
Hybrid III head responses and finite element (FE) brain modeling were compared to
similarly determined responses from reconstructed NFL concussions.
RESULTS: The hook produced the highest change in hand velocity (11.0 � 3.4 m/s)
and greatest punch force (4405 � 2318 N) with average neck load of 855 � 537 N.
It caused head translational and rotational accelerations of 71.2 � 32.2 g and 9306 �
4485 r/s2. These levels are consistent with those causing concussion in NFL impacts.
However, the head injury criterion (HIC) for boxing punches was lower than for NFL
concussions because of shorter duration acceleration. Boxers deliver punches with
proportionately more rotational than translational acceleration than in football con-
cussion. Boxing punches have a 65 mm effective radius from the head cg, which is
almost double the 34 mm in football. A smaller radius in football prevents the helmets
from sliding off each other in a tackle.
CONCLUSION: Olympic boxers deliver punches with high impact velocity but lower
HIC and translational acceleration than in football impacts because of a lower effective
punch mass. They cause proportionately more rotational acceleration than in football.
Modeling shows that the greatest strain is in the midbrain late in the exposure, after the
primary impact acceleration in boxing and football.

KEY WORDS: Boxing, Concussion, Impact biomechanics, Sport equipment testing, Sport injury

Neurosurgery 57:1154-1172, 2005 DOI: 10.1227/01.NEU.0000187541.87937.D9 www.neurosurgery-online.com

Closed head injury is an occupational
hazard of many sports, and specifically
in boxing and football. Participants in

both sports are at risk for sustaining concus-
sions (�dinged,� �knocked out,� cerebral con-
cussion, MTBI). Zazryn et al. (101) found 107
injuries to 427 professional boxing partici-
pants, 89.8% of the injuries were to the head,
neck and face with 15.9% concussions. For
amateur boxers, the incidence of concussion is
4.0% to 6.5% (19, 38, 98). The difference in
concussion rates between professional and
amateur boxing may be due to differences in
safety gear, and there have been recommen-

dations to analyze professional and amateur
boxers’ injury rates separately (41).

The clinical picture of more severe brain
injury is different in football and boxing (60–
64, 75, 88, 89). The pattern of brain injuries in
boxing has been extensively studied (2, 6, 7,
12, 13, 15, 18, 20, 22, 25, 26, 29–31, 36, 37, 44, 47,
51, 67–69, 72–74, 82, 85, 98). The pattern of
brain injury in professional football has been
recently studied and reviewed (60–64).

The medical literature is clear on the differ-
ence in the acute phase. Boxers are much more
likely to develop subdural hematomas and
brain-injury deaths than professional football
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players (40, 42, 66, 88, 89). Boxers are also prone to develop,
over the long term, a characteristic pattern of chronic brain
injury (chronic encephalopathy of boxers, pugilistic dementia,
�punch-drunk�) that has never been reported in professional
American football players (12, 39, 47, 75, 87, 89).

The biomechanical forces affecting the brain of professional
football players have been recently reported as part of the
ongoing studies of the NFL (58, 59, 64, 93–95). This study of
the biomechanical forces in boxing was undertaken to help
explain the similarities and differences between the clinical
overview of brain injuries in the two sports. A longer term
goal of this research is to study the effectiveness of protective
headgear and sport equipment, including helmets in football
and headgear and gloves in boxing. An understanding of the
biomechanical forces causing injury is the first step in address-
ing improved protection. Boxing gloves and headgear are
currently required in amateur boxing to prevent head injury
(98). The equipment may reduce some injuries, but it does not
eliminate the risk of knockouts (101).

The effectiveness of boxing safety equipment has been ad-
dressed by Schmidt-Olsen et al. (81) in a three-year study of
amateur boxers in Denmark. No decrease in injuries was
found with an increase from 8- to 10-ounce gloves, unlimited
hand-wrap and use of helmets for heavier boxers. The lack of
other data on this topic leaves boxing officials, athletes and
trainers uncertain as to what specific safety equipment is most
effective and what areas of improved safety needed additional
study.

An improved understanding of the mechanisms of brain
injury and biomechanics of head responses in amateur boxing
is needed to lay the foundation for improvements in the
effectiveness of protective equipment in boxing. This study of
boxing and the biomechanics of the punch involves several
factors, including how much force is exerted during a punch
type, how that force is transferred to the opponent’s head,
how the opponent’s head responds to the punch and how the
opponent’s head responds to different punches.

Punch Forces in Boxing

The biomechanics of punches has been studied using sur-
rogates simulating the opponent (3, 83, 99). Atha et al. (3) and
Smith et al. (84) analyzed different surrogates that have been
used, including a ballistic pendulum, a uniaxial strain gauge
platform, instrumented punching bags, water-filled elastic
bags and boxing dynamometer. A consideration when choos-
ing a surrogate is its ability to mimic the human body in both
shape and impact response.

Atha et al. (3) used a single boxer and an instrumented
ballistic pendulum to evaluate a single straight punch. The
professional boxer punched the surrogate with 4096 N, which
the author estimated translated into 6320 N of force to a
human head. This force produced peak acceleration for 53 g’s
on the 7 kg ballistic pendulum.

Joch et al. (34) placed 70 boxers into one of three categories,
including 24 elite, 23 national and 23 intermediate boxers. The

force of straight right punches was measured with a water-
filled punching bag fit with a pressure transducer. The aver-
age maximum punch force was 3453 N, 3023 N and 2932 N,
respectively. In addition to the lack of biofidelity, there was a
need to stabilize the surrogate and de-gas the bag, which
made testing cumbersome (84).

Smith et al. (84) developed a boxing dynamometer to mea-
sure punch force. Twenty-three boxers were sorted into elite,
intermediate, and novice boxer categories. Boxers were in-
structed to punch the head region of a pear-shaped bag
mounted to a wall. Boxers threw straight punches using both
their lead and rear hands. Punches were thrown singularly
and in two and three punch combinations. The elite boxers
had a mean rear-hand punch force of 4800 N and a front-hand
punch force of 2847 N. The intermediate boxers’ rear and front
hand punch forces were 3722 N and 2283 N, respectively, and
the novice boxers’ mean rear and front hand punch forces
were 2381 N and 1604 N (84). The researchers developed a
surrogate, but the faceless pear-shaped device lacked the hu-
man response provided by the neck.

Walilko et al. (97) recently studied the biomechanics of
straight punches to the jaw causing translational and rota-
tional head acceleration. This was a precursor study to the
present investigation. Seven Olympic boxers from five weight
classes delivered 18 straight punches to the compliant face of
the Hybrid III dummy. Instrumentation included hand accel-
eration and pressure distribution on the jaw. The punch force
averaged 3427 � 811 N, hand velocity 9.14 � 2.06 m/s and the
effective punch mass 2.9 � 2.0 kg. The jaw load was 876 � 288
N. The peak translational acceleration was 58 � 13 g, rota-
tional acceleration 6343 � 1789 r/s2 and neck shear 994 � 318
N. They found that boxers deliver straight punches with high
impact velocity and energy transfer to head rotation. The
severity of the punch increased with weight class primarily
due to a greater effective mass of the punch.

Assessing Head Injury Risks

Following the methods of Pellman et al. (58), the risk of
head injury was determined by the methods of Gadd (21) and
Hodgson et al. (32) using a human surrogate that has biofi-
delity in its impact response. Biofidelity reflects the ability of
the surrogate to simulate the essential biomechanical charac-
teristics of the human impact response. The Hybrid III dummy
used in this effort is currently the most advanced, validated
biomechanical surrogate, particularly for the head and neck
areas. Sensors placed in the surrogate collect biomechanical
data that are related to risk of injury. Previous studies have
developed criteria to estimate the risk of head injury from
various impacts (24, 28, 55).

One of the earliest head injury criteria was based on re-
search conducted at Wayne State University (46). By investi-
gating the relationship between the level of acceleration and
duration of the impact, the Wayne State Tolerance Curve
(WSTC) was developed (27). Impacts to the head that were
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lower in acceleration required a longer pulse duration to cause
the same injury as those higher in acceleration.

From this initial research, Gadd (21) expanded the analysis
by including other human tolerance data from Eiband (17) and
plotted the effective or average acceleration versus duration of
impact on a log-log scale. The result was a straight line that
had a slope of –2.5. Based on this result, the Severity Index (SI)
was developed relating head acceleration to risk of injury:

T

SI � �a�t�2.5dt

where a(t) is the resultant translational acceleration at the head
center of gravity (cg) and T is the duration of the acceleration.
SI depends on the time history of the resultant translational
acceleration. From the existing data, an SI tolerance of 1000
was established.

Versace (90) presented a new method for determining a
head impact injury that took the SI one step further by opti-
mizing the formula over the duration of impact. The final
result was the Head Injury Criterion (HIC):

HIC � ��t2 � t1���
t1

t2

a�t�dt⁄�t2 � t1��2.5�max

where t1 and t2 are determined to give the maximum value to
the HIC function and a(t) is the resultant translational accel-
eration of the head cg. In practice, a maximum limit of T � t2

� t1 � 15 milliseconds is used.
Risk of head injury is calculated from accelerations at the

head cg in three orthogonal directions. The resultant acceler-
ation is calculated from these measurements and is used to
determine HIC. As summarized by Walilko et al. (97), the final
value provided a maximum acceptable value. The US delega-
tion to Working Group (WG) 6 provided an estimate of the
percent of the adult population expected to experience a life-
threatening brain injury (AIS 4) for various HIC levels due to
frontal head impacts (70). The delegation’s best estimate is that
16% of the adult population would experience a life-
threatening brain injury at a HIC level of 1000. In a recent
study of concussions in the NFL, Pellman et al. (58, 59) rec-
ommended a value below 250 to minimize the risk of Mild
Traumatic Brain Injury (MTBI or concussion).

Holbourn (33) worked with gel models of the brain and
showed that rotational acceleration was an important mecha-
nism in head injury. Ommaya and Hirsch (55) scaled primate
head injury data to humans and predicted that a level of head
rotational acceleration in excess of 1,800 r/s2 would have a
50% probability of cerebral concussion in man. Analysis of
injuries produced in rhesus monkey experiments resulted in
Gennarelli et al. (23) estimating a 16,000 r/s2 rotational accel-
eration tolerance threshold in man.

In a recent survey of rotation head injury criteria, Ommaya
et al. (54) found that the rotational acceleration of 4,500 r/s2

was required to produce concussion in an adult and that
severe diffuse axonal injuries (DAI) occurred at 18,000 r/s2.
The range is from scaling of animal impact data and indicates

the difficulty in developing a precise injury-prediction crite-
rion for rotational motion, since the shape and mass of the
animal brains are different from human and scaling laws
assume geometric similarity. This makes extrapolating animal
data to humans difficult. Also, the low mass of the animal
brain requires very high rotational accelerations to produce
closed head injuries (55). The combination of these factors
makes predicting injuries in humans difficult. Furthermore,
Pellman et al. (58, 59) found concussion was related to trans-
lational acceleration of the head.

In an effort to understand the relationship between forces
delivered in boxing and risk of head injury from linear and
rotational accelerations, the biomechanics of four different
types of boxing punches was studied. The punches included
straight punches to the forehead and jaw, a hook and an
uppercut. Olympic boxers threw punches at an instrumented
Hybrid III headform with their dominant hand, except for the
hook. Correlations were made between the biomechanics of
the Hybrid III head responses for the boxing punch and hel-
met impacts in professional football with attention to concus-
sion. This study shows the similarities and differences be-
tween the head impacts.

Methodology

Eleven Olympic boxers weighing 51 kg (112 lb) to 130 kg
(285 lbs) were included in the study. They were tested while
participating in the 2004 United States Boxing National Cham-
pionships. The research received approval from the Wayne
State University’s Human Investigation Committee and each
boxer read and signed an informed consent prior to testing.
Since their involvement was voluntary, they could withdraw
from the study at any time. A certified boxing trainer was
present for the tests even though the risk of injury was mini-
mal. The boxers were not compensated for their participation.

Each boxer was evaluated for four punches. After a boxer
warmed-up, they were instructed to strike the instrumented
Hybrid III head with their gloved fist two times with four
different punches, straight punches to the forehead and jaw
and a hook and uppercut. Based on the method of Walilko et
al. (97), three of the four punches were delivered with the
dominant hand, including a straight punch to the jaw, a
straight punch to the forehead and an upper cut to the jaw. For
the fourth punch, the boxers’ non-dominant hand was instru-
mented and they were asked to deliver a hook to the temple.
Impact location of the punch was determined by high-speed
video.

Measurement of Effective Hand-Arm Mass

Height and weight of each boxer were measured and an-
thropometric data for the dominant hand was collected. Vol-
ume measurements were obtained by submerging the domi-
nant fist up to the styloid process in a water bath (97). The
displaced volume of water was measured. Boxers then sub-
merged their fist and forearm up to the epicondyles of the
humerus bone. The effective mass of the fist and forearm were
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calculated from the anthropometric and volumetric measure-
ments by estimating the density of the body and converting
densities of the forearm and hand. The segmental forearm and
hand densities were multiplied by the segmental volumes to
determine mass. Density estimates (d) were made using d �
0.6905 � 0.0297c with c � h/w1/3, where h � height (inches),
w � weight (lbs), conversion factor for hand density (1.08) and
conversion factor for forearm density (1.06). The equations
have been shown to be suitable for estimating segmental body
masses (8, 10, 100).

Test Setup

The test methods follow those described by Walilko et al.
(97). A Hybrid III dummy with a frangible face was used to
represent the response of the jaw and realistically transfer
acceleration to the head. For the tests, a cork insert was used
to give facial compliance for the straight jaw punches. The
straight blow to the forehead and hook to the temple were on
regions of the Hybrid III with known biofidelity. The uppercut
was to the jaw, which has less biofidelity.

The tests used the compliant face of the Hybrid III head (50).
This design has an improved biomechanical response in the
facial region over the standard molded Hybrid III and more
accurately reproduces the force and acceleration of the head
for impacts in the frontal, zygomatic, maxillary and mandib-
ular regions. Other devices used either a stiff load-measuring
face or deformable structures in regions other than the jaw (1,
52, 92). The head and neck of the dummy were attached to the
upper torso, which was fixed to the table by the flexible
lumbar joint. This gave realistic head and upper body motion.

For the straight punch to the forehead, hook and uppercut,
the punches were directly to the Hybrid III head. The straight
punch to the jaw loaded the compliant face. Headgear was not
placed on the dummy. The upper torso was attached to a rigid
table with a foam pad placed below the Hybrid III abdomen
insert so that the dummy remained in an upright position after
each punch. Scaffolding was used to adjust the height of each
boxer to a minimum 175 cm (69�) to ensure the punches were
in the horizontal plane.

The Hybrid III simulates a tensed neck so the head is nor-
mally upright. The segmented neck includes flexible polymer
discs to simulate the flexion-extension and lateral bending
responses. A cable inside tightens the assembly to give the
right neck response in calibration testing and during head
acceleration (77, 80). While the Hybrid III neck was utilized in
the study, it is unknown how it represents the strength of a
boxer’s neck. Boxers undergo extensive training to develop the
neck muscles necessary to resist punch forces from an oppo-
nent. However, Johnson et al. (35) demonstrated that neck
muscle tension has little effect on the oscillation of the head
under sinusoidal excitation from a shaker.

Instrumentation

Instrumentation was placed in the boxer’s clenched hand.
Two Endevco (San Juan Capistrano, CA) 7264-2k accelerome-

ters were secured to a semicircular cylinder, which was
wrapped with the boxer’s hand to measure hand acceleration
in a biaxial arrangement. Integration of acceleration gave the
velocity change of the hand during the punch. The Hybrid III
was equipped with the standard triaxial accelerometers
(Endevco 7264-2k) at the head center of gravity (cg) and six
more accelerometers in a �3-2-2-2 configuration� to determine
rotational acceleration (56). Processing of the nine accelera-
tions determined the complete three-dimensional motion of
the head. Rotational accelerations were computed from linear
accelerations in the head. The analysis is valid for accelerom-
eters coincident with the origin of the system or coincident
with one of the axes. Deviations from this were required in the
Hybrid III head, and a correction for centripetal and Coriolis
acceleration was made according to DiMasi (16). Data was
collected at 10,000 Hz using the TDAS PRO (DTS, Inc.) data
acquisition system (SoMat, Co, Urbana, IL) and post processed
according to SAE J211-1 (78).

Video Film Analysis and Target Location

A target was placed on the glove to digitize its motion and
calculate impact velocity. Additional targets were attached to
the head of the Hybrid III to measure the overall kinematics of
the dummy during impact. Images were captured with a
Kodak HG2000 high-speed video camera. The camera re-
corded the event at 4500 images per second. Digitization of the
data was completed using the Image Express for video record-
ing and processed according to SAE J211-2 (79).

Data Collection Procedure

After an appropriate warm-up period, the boxer was asked
to lightly punch the head of the instrumented dummy with
their wrapped and gloved hand. If there was no pain or
discomfort, they were asked to increase their punch strength
until they reached a point where they were throwing �normal�
punches. Once the boxer was comfortable throwing punches,
they were asked to deliver four different punch types to the
dummy. Each punch type was performed twice for a total of
eight punches per boxer. The order of punch placement was
varied randomly; however, all of the punches for a particular
hand were completed before the alternate hand was tested.

Punch and Head Inertial Forces

Impact forces were determined by two methods. First, the
hand acceleration was measured for each punch and multi-
plied by their effective punch mass, which was determined
separately. This estimated the impact force for the punch.
Second, the resultant head acceleration of the Hybrid III was
multiplied by the head mass of 4.45 kg to estimate the inertial
force on the head. The punch force includes the inertial force
on the head and neck loads, so it was always higher than the
inertial force. The severity of the impacts was further quanti-
fied using translational and rotational acceleration, head in-
jury criterion (HIC), severity index (SI) and change in head
velocity (�V).

CONCUSSION IN PROFESSIONAL FOOTBALL
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Concussion Risks from Boxing Punches

Pellman et al. (58) determined concussion risks using the
Logist function in the Statistical Analysis Package (SAS). This
function relates the probability of concussion p(x) to a re-
sponse parameter x based on a statistical fit to the sigmoidal
function p(x) � [1�exp(�-�x)]�1, where � and � are parame-
ters fit to the NFL response experience from the laboratory
reconstruction of game impacts. The risk of concussion was
determined for Olympic boxer punches using the NFL risk
functions based on all football players exposed to helmet
collisions. The parameters for the Logist functions were � �
2.677 and � � 0.0111 for HIC, � � 4.678 and � � 0.0573 for
translational acceleration and � � 5.231 and � � 0.000915 for
rotational acceleration.

FE Modeling of Brain Responses

Head accelerations from the Hybrid III dummy were used
as input to a finite element (FE) model of the boxer’s brain.
This analysis follows the approach reported by Viano et al.
(95) in the study of brain responses in NFL concussions. The
brain responses for three punches from the heaviest boxer
were simulated and compared with the patterns of brain
deformation determined with NFL concussions. Early and
mid-late strain responses and brain displacement were deter-
mined to show timing and areas of greatest brain deformation
from the punches.

Effective Impact Radius

During a punch, the head experiences translational and
rotational acceleration from the impact force. The accelera-
tions are coupled. The impact can be resolved into a force at
the head cg and a moment. The moment is related to the

punch force times a radius between the impact axis and head
cg. The radius (r) of impact causing rotational acceleration can
be approximated by a simplified 2D relationship: r � �I/F �
(�/a)(I/m), where the head mass (m) is 4.45 kg and moment
of inertia (I) about a lateral axis through the head cg is 0.022 kg
m2 (45). The impact radius is proportional to the ratio of
rotational to translational acceleration, where the constant of
proportionality is the ratio of head moment of inertia to mass,
or 0.0049 m2. If the simplified analysis assumes the head and
neck are acting together to resist the impact, the mass is 5.80
kg and the average moment of inertia is 0.035 kg m2 (4). This
gives a ratio of head-neck moment of inertia to mass of 0.0059
m2 and the effective radius increases 20%.

RESULTS

Boxer Anthropometry and Effective Punch Mass

Table 1 shows anthropometric data on each boxer. It also
gives the volume of the hand and forearm, which were used to
determine the effective punch mass. The average weight of the
11 boxers was 76.5 � 22.1 kg (167.7 � 48.5 lb) and their height
was 177.2 � 9.2 cm (69.8 � 3.6 inch). The hand mass increased
with boxer weight and averaged 1.67 � 0.28 kg.

Punch Force and Biomechanical Responses

Figure 1 shows an example of the punch kinematics for the
four different blows. These are images from the high-speed
video and show the progression of the punch to the head of
the Hybrid III dummy. The left column shows the straight
punch to the jaw, which initially causes flexion of the upper
neck and extension of the lower cervical region (third image).
This happens because the punch is below the head cg. The

TABLE 1. Anthropometry of the Olympic boxersa

Boxer #
Height
(cm)

Weight
(kg)

Hand
volume

(mL)

Forearm
volume

(mL)

Forearm
circumference

(cm)

Wrist
circumference

(cm)

Wrist
width
(cm)

Wrist
thickness

(cm)

Wrist to
knuckle

(cm)

Fist
width
(cm)

Fist
thickness

(cm)

Hand
mass
(kg)

2 165 50.9 320 1130 26.2 16.2 5.3 3.8 10.2 8.5 6.7 1.26
11 168 55.0 350 1270 26.2 16.1 5.6 3.7 10.7 8.3 6.4 1.41
13 168 57.7 350 1260 27.1 16.5 5.5 3.7 9.7 8.5 6.1 1.39
4 180 65.9 360 1300 27.5 17.0 6.0 4.0 8.0 8.5 6.5 1.45
9 173 70.9 470 1730 29.5 17.0 5.4 4.5 10.9 8.5 6.9 1.88

10 178 70.9 460 1660 27.8 16.5 5.7 4.2 12.2 8.9 7.0 1.83
14 175 74.5 490 1840 30.4 18.5 6.3 4.7 9.8 9.4 7.5 2.00
8 177 84.1 440 1540 30.0 18.0 5.7 4.4 10.2 9.1 6.8 1.66
7 188 87.3 540 1520 31.2 18.7 6.4 4.6 12.7 9.5 7.5 1.68

12 183 91.8 440 1590 30.8 18.5 6.1 4.6 11.8 9.2 6.7 1.72
6 196 129.5 470 2030 32.7 19.0 6.0 4.3 10.8 9.0 7.0 2.15

Average 177.2 76.2 426 1534 29.0 17.5 5.8 4.2 10.6 8.9 6.8 1.67
SD 9.2 22.1 70 276 2.2 1.1 0.4 0.4 1.3 0.4 0.4 0.28

a SD, standard deviation.
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hook produces lateral bending of the neck and twists the head
about its vertical axis. The uppercut is shown in the last
sequence at the right.

Table 2 summarizes the average biomechanical responses for
the four different punch types. The full data is given in the
Appendix. The hook produced the greatest impact force (4405
� 2318 N) and inertial load on the head (3107 � 1404) with an
average neck load of 855 � 537 N. It also had the highest
change in hand velocity (11.0 � 3.4 m/s). The lowest forces
occurred with the uppercut to the jaw. Because of the range in
boxer weight, the overlap in responses does not produce
significant differences when the punches are grouped by type.

The hook also produced the largest head translational and
rotational accelerations, reaching an average 71.2 � 32.2 g and
9306 � 4485 r/s2, respectively. The straight punch to the jaw
resulted in the largest neck loads (1088 � 381 N) as the neck
flexes as the jaw is driven rearward. This also resulted in the
greatest bending moment of 81.9 � 23.8 Nm about the y-axis
(flexion-extension bending).

Even though the hand velocity change was in the range of
6.7 to 11.0 m/s on average, the change in velocity of the

Hybrid III head was only 2.8 to 3.1 m/s on average for the
various punches. This reflects the relatively low punch mass
during the momentum exchange in the punch, although the
change in hand velocity includes some effects of rebound from
the punch.

Comparing Boxer Punches to NFL Concussions

Figure 2 shows the average and standard deviation in head
inertial force (head mass times acceleration) for the four punches
from the Olympic boxers and three conditions from NFL helmet
impacts. The highest force is for NFL players experiencing con-
cussion. Lower forces were measured in the NFL reconstructions
for players struck without injury and for the striking players in
helmet-to-helmet tackles. The force from the boxer’s hook ex-
ceeded that of the non-injured NFL players and was within the
statistical range for concussion. The jaw and forehead impact
forces were lower and the uppercut produced the lowest inertial
loads on the Hybrid III head.

Figure 3 compares the head biomechanical responses for the
NFL game reconstructions and the boxer punches to the Hy-

FIGURE 1. Sequences from high-speed video of a boxer throwing a
straight punch to the jaw (left column) and forehead (second column),

a hook (third column) and an uppercut (right column). Time is shown in
the top left of each image and the number in the top right is the frame count.
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brid III dummy. The HIC was higher for NFL players experi-
encing concussion. The NFL players not injured or striking
without injury had HICs slightly higher than the range of
boxer punches. A similar trend can be seen in the translational
acceleration, but the hook shows levels in the range for a risk
of concussion based on the NFL experience. Interestingly, the
boxers deliver more rotational acceleration to the Hybrid III
dummy head for the hook and jaw punches than occurred in
NFL concussions. However, the duration of impact is shorter
for the boxing punch, so the rotational velocity of the head is
similar to that in NFL concussion impacts with longer dura-
tion but lower rotational acceleration.

Figure 4 shows the peak rotational and translational accel-
erations for the NFL concussions and the boxers punches to
the Hybrid III dummy. The closed circles represent concussed
players in the NFL and the open symbols biomechanical data
from players struck without injury or the striking players. The
boxer data is included showing that jaw and hook punches
have impacts in the range of the concussions experienced in
the NFL. On average the boxers produce more rotational than
translational acceleration with their punches.

Concussion Risks in Boxing and NFL Head Impacts

Table 3 shows the average and standard deviation in con-
cussion risk using biomechanical responses from the Hybrid
III dummy. Risk functions were used for concussion, where
HIC had the strongest statistical correlation with NFL concus-
sions (58). Based on HIC, the hook had a 13.8% � 14.3% risk
of concussion. On average, the predicted risks were in the
range of 7 to 14% for the various punches. Similar concussion
risks were predicted by peak translational acceleration, which
was also a good predictor of concussion for the NFL impacts.
The risk averaged 11 to 97% based on the peak rotational
acceleration.

For comparison, the average and standard deviation in NFL
concussion risk is shown from Pellman et al. (58, 59). Based on
28 players struck with 22 concussions, the average risk of
concussion was 58.2% � 33.0% based on HIC. While no strik-
ing player experienced concussions, the head responses were
high enough to estimate a risk of 23.4 � 20.7%, which obvi-
ously overstates the incidence based on the field experience.
Nonetheless, the Logist risk functions were determined as a

FIGURE 2. Inertial force on the Hybrid III head for NFL game impacts
and four different boxing punches.

TABLE 2. Summary punch forces and biomechanical responses of the Hybrid IIIa

Punch
type

HIC15 SI
Res.
head
acc. g

Head
delta

V
m/s

Res.
rot.
acc.
r/s2

Res.
rot.
vel.
r/s

Res.
neck

load N

X-neck
moment

Nm

Y-neck
moment

Nm

Z-neck
moment

Nm

Res.
hand
acc. g

Hand
delta
V m/s

Peak
force
using
head

N

Punch
force
using
hand

N

Forehead
Average 58 72 47.8 3.1 5452 22.9 664 �8.0 39.6 4.8 206.7 8.2 2085 3419
SD 44 53 20.1 0.7 2107 5.9 199 8.9 26.6 3.0 75.2 1.5 876 1381

Hook
Average 79 99 71.2 3.1 9306 29.3 855 34.6 8.4 �14.8 263.4 11.0 3107 4405
SD 70 87 32.2 1.0 4485 6.2 537 21.1 6.6 8.1 105.4 3.4 1404 2318

Jaw
Average 52 66 48.8 2.9 6896 20.7 1088 �21.1 81.9 10.3 145.8 9.2 2127 2349
SD 42 53 20.9 1.0 2848 5.6 381 22.2 23.8 6.3 57.1 1.7 910 962

Uppercut
Average 17 23 24.1 2.8 3181 17.5 1486 �12.0 �21.0 6.5 92.9 6.7 1051 1546
SD 19 25 12.5 0.9 1343 5.0 910 5.2 6.1 3.4 39.9 1.5 547 857

a HIC15, head injury criterion for 15 ms duration; SI, severity index; Res, resultant; Acc, acceleration; Rot, rotation; SD, standard deviation; Vel, velocity.
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probability relationship between measured biomechanical re-
sponses and physician observed concussions.

FE Modeling of Brain Responses

Figure 5 shows the simulated brain responses for a hook
from the heaviest Olympic boxer (boxer #6). This was a sub-
stantial blow and the strain �hot spots� show an early pattern
in the temporal lobes with the highest strain occurring late in
the midbrain. The maximum strain occurred about 10 milli-
seconds after the peak impact force.

Effective Impact Radius

Figure 6 shows groupings of peak accelerations for NFL
concussions, striking players without concussion, struck play-
ers without injury and the four boxer punches. The lines are
based on the relationship: r � �I/F � (�/a)(I/m). The average
radius between the punch axis and head cg was 57 to 71 mm
with 57 mm for the forehead punch, 65 mm for the hook, 66
mm for the uppercut and 71 mm for the jaw punch. In con-
trast, NFL concussions occur at a higher translational acceler-
ation and force on the head, but lower rotational acceleration.
The average radius varied from 32 to 36 mm for the NFL

players struck and injured (35 mm), those struck and not
injured (36 mm) and the striking players (32 mm).

The ratio of head rotational to translational acceleration is
higher in boxing than in NFL helmet impacts and results in a
larger effective radius. The effective radius in football is 48%
smaller than in boxing on average (34 mm v 65 mm). If the
simplified analysis assumed the head and neck was acting to-
gether to resist the impact, the effective radius increases 20%.

FIGURE 3. HIC and peak translational and rotational acceleration for
NFL game impacts and four different boxing punches.

FIGURE 4. Individual data points for translational and rotational acceleration
of the Hybrid III head for NFL game impacts and four different boxing punches.

FIGURE 5. Strain �hot spots� in the brain for a hook (Test 6h) showing
the early, mid and late response pattern. The punch is to the right side of
the Hybrid III head. The peak translational acceleration occurred at 5 mil-
liseconds and the duration was about 8 milliseconds. The strain and
strain-rate responses are shown for tissue in the brain.
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DISCUSSION

This study compares the biomechanical forces affecting the
head and brain from boxing punches with football helmeted
impacts occurring in the NFL. There were three significant dif-
ferences noted. The boxers’ punches resulted in lower transla-
tional accelerations in the struck head, as compared to the foot-
ball impacts. The boxers’ punches applied a higher moment to
the struck head than did the football impacts. This necessarily
resulted in higher rotational accelerations in the head struck by
the boxers’ punch. Boxers therefore sustain brain injury by two
mechanisms, translational and rotational accelerations of the
brain, with a preponderance of the rotational component. Pro-
fessional football players, on the other hand, sustained MTBI
mostly by translational accelerations. These differences in the
biomechanical forces may help explain the clinical differences
between head injury in boxing and professional football.

Brain injury resulting in death is mostly due to acute subdural
hematomas, which is much more common in boxing than in
professional football. This difference can be explained by the
differing effects on the bridging veins and other fragile brain
structures resulting from the biomechanical forces. In addition,
boxers are susceptible to a specific, unique pattern of chronic
brain damage that has never been seen in American football

players. The relative prepon-
derance of rotational accelera-
tions and the lower transla-
tional accelerations seen in
boxing impacts may set the
stage for boxers to sustain this
type of long term brain injury.

This study also demonstrates
one significant similarity be-
tween the head impacts in box-
ing and professional football. In
both cases, the FE modeling in-
dicates that the highest strain
and strain-rate occur in the mid-
brain in the late time frame after
the peak head acceleration. This
suggests that high midbrain
strain in the late timeframe
might be a final common path-
way in the development of con-
cussion from a variety of head
impact conditions.

Difference Between
Boxing and NFL Brain
Injuries

Acute head injuries in box-
ing can be more serious and
devastating than those seen in
professional football. There
were over three hundred box-

ing deaths recorded in England due to brain injury before 1937
(66). Between 1945 and 1980, there were over 335 documented
fatalities due to boxing (38–40, 66, 86–89). There have been many
more deaths due to boxing in the years since 1980.

Approximately 75% of brain injury deaths from boxing are
due to subdural hematoma (40, 66, 75, 89). Most of the other 25%
are due to other traumatic intracerebral hemorrhages. Most acute
subdural hematomas that account for the majority of boxing
deaths are due to tearing and rupture of the bridging veins that
run between the dura and the surface of the brain (40, 66, 89).
These fragile structures are easily torn by head trauma. Studies in
animals as well as clinical experience in humans indicate that
almost all of the subdural hematomas are due to the effects of
rotational forces stretching the bridging veins (89). One would
expect that tearing of the bridging veins and subsequent sub-
dural hematoma would be seen more commonly after head
blows in a sport such as boxing with a preponderance of rota-
tional acceleration as compared to professional football in which
translational forces predominate.

The data from these tests on boxers shows proportionately
higher rotational accelerations than translational acceleration
in boxing. There is another possible explanation for tearing of
the bridging veins in boxing. The present study indicates that

TABLE 3. Estimated risk of concussion for boxer punches based on the National Football League
concussion experiencea

Risk of concussion

HIC Trans acc. g Rot. acc r/s2

Olympic boxer punches Forehead
Average 11.2% 11.9% 49.2%
SD 5.7% 16.5% 32.5%

Hook
Average 13.8% 35.9% 96.9%
SD 14.3% 31.9% 29.3%

Jaw
Average 10.5% 12.5% 78.0%
Standard Deviation 5.2% 18.1% 35.2%

Uppercut
Average 7.3% 3.1% 11.1%
SD 1.8% 4.1% 15.9%

NFL Helmet Impacts Struck players
Average 58.2% 57.7% 61.8%
SD 33.0% 29.9% 28.8%

Striking players
Average 23.4% 24.6% 26.0%
SD 20.7% 22.7% 22.1%

All players
Average 40.8% 41.2% 43.9%
SD 32.5% 31.2% 31.2%

a HIC, head injury criterion; Trans acc, translational acceleration; Rot acc, rotational acceleration; SD, standard
deviation.
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punches directly to the jaw cause flexion of the head and neck
resulting in stretching (high strains) of the bridging veins. In
contrast, punches impacting the forehead cause extension of
the head and neck with resultant compression (low strains) of
the bridging veins.

Although there have been 433 fatalities due to head injury in
football between 1945 and 1984 (337 cases due to subdural
hematoma), almost all of these have occurred in high school or
college players (66), where neck musculature and abilities are
not as well developed as in the professional athlete. The
authors are aware of one head injury related death in a pro-
fessional Canadian football player and no brain injury related
deaths in American professional football players since 1945.
There was one case of subdural hematoma occurring in an
American professional football player during those years but
this was successfully removed without fatality.

The occurrence of subdural hematoma is consistent with the
relatively larger translational accelerations and inertial force
on the head in professional football than in boxing. This also
raises the possibility that rotational head accelerations may be
more predominant among college and high school players
than in professional football players. It is also possible that the
younger high school and college athletes’ brains are more
susceptible to tearing of the bridging veins than the more
mature adult brains of the professional players. Although the
absolute number of head injury related fatalities are similar in
boxing and amateur levels of football, the incidence is in fact
much higher in boxing because of the much larger number of
annual participants in football at all levels compared to the
number of annual participants in boxing.

Another clinical difference between the patterns of brain
injury seen in boxing and football is the chronic brain damage
seen in boxers but not in football players. A chronic enceph-
alopathy of boxers has been well known to physicians since its

initial description in 1928 (39, 47, 49, 75, 89). The clinical
syndrome of pyramidal, extra pyramidal and cerebellar dys-
function combined with organic mental syndromes with cog-
nitive and memory impairments and personality changes has
been well documented (75, 89). The chronic encephalopathy
may range from very mild to very severe.

During the past 25 years, studies have documented a pattern
of cognitive and memory impairments in boxers ranging from
subclinical to clinical dementia of varying degrees from chronic
brain injury (5, 76). Studies have also defined a specific pattern of
neuropathology which constitutes the chronic encephalopathy of
boxers. This consists of abnormalities of the septum pellucidum,
the cerebellum, the substanta nigra and the cerebral hemispheres
(11, 89). The abnormalities of the septum pellucidum region
include tears and fenestrations with resultant CSF leakage into
the septum resulting in cavum septum pellucidum. The cerebel-
lar findings consist of scarring and loss of Purkinje cells. In the
substantia nigra there is depigmentation and loss of neurons.
There is cerebral scarring as well as the presence of neurofibril-
lary tangles without senile plaques. There is enlargement of the
third and lateral ventricles. This distinct neuropathological pat-
tern is diagnostic of chronic encephalopathy of boxers. Studies
have demonstrated that this chronic encephalopathy of boxers is
related to the accumulation of multiple subconcussive blows to
the brain over a long period of time. Its occurrence is directly
related to the length of a boxer’s career and the number of bouts
fought, not to the number of times the boxer had been knocked
out (5, 75, 76).

Roberts’ (75) study suggested that chronic encephalopathy
was more prevalent in heavier weight class boxers. This cer-
tainly would be consistent with the findings of the present
study that heavier fighters delivered blows with higher forces
than those generated by the lighter boxers. Critchley’s (14)
earlier paper, however, found that chronic encephalopathy
occurred equally across all weight classes thus raising a cau-
tionary note to interpreting the findings of this present study.
This syndrome has never been reported in American football
players. The present study may give some insight into why
this syndrome is seen in boxers but not in other athletes such
as professional football players. The present results indicate
that boxers’ brains sustain translational forces which are
largely at or below the threshold for MTBI in NFL players and
are likely to be subconcussive in nature when encountering an
alert opponent rather than the stationary Hybrid III dummy.
As a result, boxers are infrequently knocked out and thus able
to continue fighting even though there may be substantial
force in the punches landed.

In the course of training or a bout, a boxer may sustain large
numbers of such blows in a repetitive manner. Repetitive head
impacts with relatively high translational and rotational acceler-
ation sustained over a period of time may cause tearing of
structures such as the septum pellucidum resulting in cavum
septum pellucidum, damage to the deep midline structures of
the brain such as the substantia nigra and damage to the cere-
bellum and cerebral hemispheres. The nature of the forces im-
pacting the boxer’s brain may ultimately make him susceptible to

FIGURE 6. Peak translational and rotational acceleration for Olympic boxing
punches and NFL helmet impacts. The lines are a constant distance between the
axis of impact force and head center of gravity (cg) using a simplified formula
linking translational and rotational acceleration.
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long term chronic brain damage (39, 71). The professional foot-
ball player’s head, on the other hand, is occasionally subject to
much higher translational accelerations which are more likely to
result in cerebral concussion and more likely to result in the
player being removed from play or at least limited in his game
activities for at least a short period of time. Professional football
players do not sustain frequent repetitive blows to the brain on a
regular basis. In addition, the relative preponderance of transla-
tional forces in professional football players may make them less
susceptible to chronic injury than does the relative preponder-
ance of rotational accelerations in boxing.

Difference Between the Biomechanics of Boxing and
NFL Head Impacts

Figure 2 shows the inertial force on the head (58, 59) from
reconstruction of helmet impacts in the NFL. They collected
data from Hybrid III dummies simulating impacts recorded
on game video. The laboratory reconstructions provided data
on the biomechanical responses associated with recorded con-
cussions in the players, and other severe impacts without
injury. No concussion occurred in six struck players, and none
of the striking players was injured. Interestingly, the boxers in
this study generated impact forces that are similar to the
non-concussion forces on the helmeted heads of NFL players.

The super-heavy weight boxer generated inertial forces of
3633 � 1196 N and punch forces of 5352 � 2775 N, which is at
the average impact force causing concussion in NFL players.
Since a majority of NFL players are injured by facemask or
lateral impacts on the helmet, the loading direction is consis-
tent with directions of the boxing punches, although straight
anteroposterior impacts are an uncommon cause for NFL con-
cussions. Boxer weight correlated with punch force, HIC and
head acceleration in tests on Olympic boxers (97). While
weight was a good predictor, punch force had a stronger
correlation with HIC and translational acceleration. This
means the effective mass of the boxer’s punch is more impor-
tant in increasing the severity of a blow.

There are probably two means by which boxers deliver con-
cussive blows. The first means involves the boxer delivering
enough translational acceleration. The hook involves a blow to
the temple, which is just above the head cg. The forehead punch
delivers force frontally above the head cg and the jaw impact
applies force below the head cg. These impacts translate the head
cg, and the forces can reach levels consistent with NFL concus-
sions. The damaging mechanism is translational acceleration
where the greater the mass of the punch, the greater the head
HIC and translational acceleration. The second means involves
rotational acceleration, which occurs with the impacts taking
advantage of the offset from the head cg. During the punch, the
axis of impact moves away from the head cg and introduces
proportionately more rotational acceleration during the punch.
The hook, for example, is always thrown with the elbow bent
(43). This necessarily results in the axis of impact moving away
from the cg after impact, thus imparting a significant amount of
rotational acceleration to the opponent’s head. The rotational

nature of the hook has led sports writers to describe this punch
as �whirling� and �tornadic� (43).

Increasing the effective mass behind a punch is the best way
to increase the force of the punch. Increased acceleration of the
punch may also result in increased force but it would seem
difficult to increase the acceleration in the actual scenario of
throwing a punch. Boxers and trainers intuitively realize that
increasing the effective mass behind the punch increases its
force. Champion boxer Jack Dempsey wrote that when he
threw a straight left hand punch he began his attack �with a
falling step forward toward the target with his left foot� (43).
This �started the weight transfer which was the power source.�
He continued, �as you take your falling step forward, you
shoot a half open left hand straight along the power line chin
high� (43). The emphasis on keeping the arm and hand
straight is consistent with the results from Walilko et al. (97)
indicating that keeping the wrist straight and not flexed in-
creases the force of the punch. By falling forward into the
punch, Dempsey was increasing the effective mass behind the
punch and thus increasing its force. Dempsey also knew that
it was very difficult to deliver a knockout punch without
throwing the entire weight of his body behind the punch. He
wrote that it would be very difficult to throw a knockout
punch by just turning the shoulders (43).

Presumably, other champion fighters and trainers have
learned the same lessons that were known to Dempsey (96).
The results of the present study lend scientific validity to this
intuitive knowledge.

Figure 3 shows the HIC and translational and rotational
accelerations from Pellman et al. (58, 59) on the biomechanics
of NFL concussion. The boxers cause HIC and peak transla-
tional accelerations in the lower range of concussions in the
NFL, but the head rotational accelerations can be higher from
boxing punches. This means the boxers do not transfer as
much energy in their punch as the collisions in the NFL. Figure
4 shows more of the trend in the peak translational and
rotational acceleration. In this case, there is a greater overlap
in the peak rotational accelerations of the boxing impacts with
concussion levels found for NFL players. However, the peak
translational accelerations are lower than what occurs in the
NFL. GAMBIT is a head injury criterion that limits the com-
bination of rotational and translational acceleration (53). The
tolerance line is shown.

With the use of football helmets, the striking player must line
up his impacts closely with the head cg of the other player. This
allows the impact to transfer energy. If the impact vector is at an
angle, the blow will glance off due to the smooth plastic shell of
the helmets. Players realize that they need to align their impact
through the head cg to deliver a solid blow and maximize energy
transfer to the other player. Severe helmet impacts that cause
concussion involve high translational acceleration and change in
head velocity (�V). NFL concussions involve an average impact
velocity of 9.3 � 1.9 m/s; and, the �V is 7.2 � 1.8 m/s for the
concussed player. Since the duration of impact is nominally 15
milliseconds, the peak head acceleration is high at 98 � 28 g. In
football, there is a strong correlation between translational and
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rotational acceleration due to the impact alignment and subse-
quent head-helmet motion.

In boxing, the punch and glove conform more to the head of
the opponent allowing punches to induce high rotational ac-
celeration without high translational acceleration. The effec-
tive mass of the boxer’s fist is 1.67 � 0.28 kg, which is more
than an order of magnitude lower than the 25 kg effective
mass of the helmeted football player who strikes an opponent
(64, 93). With concussion, the striking player lines up their
head, neck and torso so their effective mass is considerable,
and only the head and part of the opponent’s neck resist the
blow. In boxing, the most efficient energy transfer involves
more rotational acceleration than translational acceleration.

The punch velocity of the boxers averaged 6.7 to 11.0 m/s for
the four different punches. These levels are essentially similar to
the impact speed in football concussions; but, the head �V after
a punch was only 2.8 to 3.1 m/s on average, well below half that
with NFL concussion. This reflects the much lower effective mass
of the punch. Boxers cannot deliver high translational accelera-
tion and �V to the opponent because of the low punch mass in
comparison. Obviously, the effectiveness of punches is greater
when the opponent is dazed and their neck muscles are more
relaxed, since this lowers the effective head mass resisting the
punch. Many of the well known boxing fatalities in the modern
era have involved a fighter who has been dazed and stunned by
multiple blows from his opponent. He is in a defenseless state
with resultant marked diminution of muscle tone in the cervical
paraspinal muscles (89). The resultant decrease in effective head
mass results in increased translational and rotational accelera-
tions of the head with every further punch. These increased
accelerations are more likely to result in high strains to the brain,
including the bridging veins, leading to severe injury or death.

While this discussion is theoretical, it is based on the me-
chanics of two different sports that can deliver neurocognitive
effects to the brain in the form of memory, cognitive and
functional problems. What is critical to the logic is that striking
players in the NFL do not experience concussion even though
they have head �V of 4.0 � 1.2 m/s and the same impact
velocity as the concussed player. Their �V and peak transla-
tional acceleration are above what the boxer can deliver in
their punches. This indicates that rotational accelerations may
be a factor in boxing knockouts, since translational effects are
low.

Obviously, boxers can deliver rotational accelerations in
and above the range where NFL players are concussed. How-
ever in both sports, we have not determined the root cause of
concussion or knockouts. The underlying injury mechanism
may depend on yet unknown combinations of translational
and rotational acceleration, or factors of the brain response to
skull accelerations associated with the impact. It is clear that
head accelerations displace the skull in a complex kinematic,
which loads the brain and causes internal stresses that deform
neural tissues (45, 93). Brain and spinal cord tissues are sen-
sitive to the rate and extent of strain in an impact (91). A
sufficient combination of strain and strain rate can bruise the
tissue and cause dysfunctions in neural function.

FE modeling of the brain response to a hook is shown in
Figure 5. The responses are similar to the patterns of strain �hot
spots� found in NFL concussions (95). Strain migrates from the
temporal lobes early in the response to the midbrain, where
the largest strain occurs late after the primary impact force of
the punch. Since most of the NFL concussions involve lateral
acceleration of the head, the hook has a similar direction of
head loading. The boxers claim the hook is their knockout
blow, but it is hard to deliver in a bout. Obviously, more
analysis of the FE responses is needed to determine strategies
for improving head protection in boxing and football; but,
these results offer new insights into the biomechanical re-
sponses of the brain during head impact.

Effective Impact Radius

Figure 6 shows typical NFL concussion conditions and those of
the striking and struck players who were not injured. The aver-
age radius was 34 mm for the three groups (range 32-36 mm).
The average radius for the four boxer punches was 65 mm (range
57–71 mm). The lines are constant radii. The impact radius is
proportional to the ratio of rotational to translational acceleration
with the ratio of moment of inertia to mass a constant of propor-
tionality. The ratio of head rotational to translational acceleration
is larger in boxing than in NFL impacts. This simplified analysis
seems to point to rotational acceleration as a possible factor in the
severity of knockout punches, whereas the NFL concussion stud-
ies found the strongest correlation with translational acceleration
and that the impacts had to be aligned with the head cg to
prevent the helmets from sliding off. The duration of impact is
shorter for boxing punch.

This analysis points to two different biomechanics of head
injury in boxing. One associated with high translational accel-
eration and HIC, and another related to high rotational accel-
eration with low translational acceleration and HIC. Obvi-
ously, more study is needed to determine the underlying
causes of boxing knockouts and football concussions. The
simplified analysis assumed average values for a complex
three dimension event. Also, the radius varies with time, the
punch can be at varying orientation to the head cg and the
flexibility of the neck is a factor. Nonetheless, the simplified
analysis shows that a punch produces proportionately larger
rotational than translational accelerations than in football by
having a larger effective radius. The analysis also shows that
rotational acceleration depends on the translational accelera-
tion; they are inextricably coupled in an impact.

The data generated by this present study has been compared
to the data from MTBI in the National Football League. The
present study indicates that boxer punches cause relatively lower
translational accelerations to the Hybrid III dummy head than
the impacts seen in the NFL; whereas, the rotational accelerations
are similar or higher to those seen in NFL concussions. This
indicates that there may be a greater role for rotational accelera-
tion in boxing blows compared to translational accelerations in
helmet impacts in professional football. These results suggest
that rotational acceleration of the head may be a factor in chronic
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brain damage from repetitive impacts in boxing, since the pattern
of brain injury is not seen in football players.

Comparing Concussion Risks in Boxing with NFL Head
Impacts

Previous studies have primarily determined the force of a
boxer’s punch using a heavy bag or instrumented pendulum.
The current study is a continuation of the effort started by
Walilko et al. (97) to collect head impact responses using the
Hybrid III dummy to determine head injury risks from boxer
punches. The head-neck assembly of the Hybrid III closely
represents the mass and compliance of the human head and
neck. With this system, the risk of injury in terms of HIC, and
translational and rotational acceleration can be explored from
the momentum transfer of a punch to the head.

Because the dummy has humanlike impact responses and
there are risk functions for concussion, the results of this study
are relevant to determining the concussion risks from the
punches of boxers. Although the knockout punch is a dramatic
part of the sport, it is a relatively uncommon event. Studies have
shown that knockouts occur in less than 5% of professional fights
and probably in less than 2 to 3% of amateur level fights and in
less than 1% of all amateur fights (40, 48).

The present results are consistent with this data. The trans-
lational accelerations resulting from these punches were at
levels that one would expect to see relatively few clinical
concussions, particularly for the uppercut and forehead im-
pacts. The rotational accelerations are relatively higher and
perhaps closer to the levels that one might see with clinical
concussion. Most of the rotational accelerations were at or
above levels expected to cause cerebral concussion in football.
The uppercut is the exception. Therefore the laboratory results
are consistent with a measurable but low incidence of knock-
out in the sport of boxing.

High rotational accelerations were found. The average peak
rotational acceleration varied from a high of 9308 rad/s2 for
the hook to 3181 to 6898 rad/s2 for the other punches. Om-
maya et al. (54) indicated a rotational acceleration of approx-
imately 4500 rad/s2 were required to produce concussion. He
also stated severe DAI occurs at 18,000 rad/s2, and moderate
and mild DAI occur at 15,500 r/s2 and 12,500 r/s2, respec-
tively. Earlier studies by Pincemaille et al. (65) measured
rotational accelerations of 13,600 rad/s2 and rotational veloc-
ities of 48 rad/s during boxing. There were no cases of con-
cussion in the tests. The current tests with the Hybrid III also
show high rotational accelerations, however, the data reflect
higher tolerances than specified in the literature otherwise
knockouts would be much more common in boxing matches.
Since the rotational acceleration tolerances are based on scal-
ing of animal data, a question may be raised about the ade-
quacy of the technique, which assumes similar geometry and
equivalent material characteristics between animal and man.

Using risk functions for concussion in NFL players (58), the
boxer impacts in this study show the highest risks with peak
rotational acceleration (Table 3). The average risk was 11 to 97%
for the four boxing punches. However, the NFL data showed the
most significant correlation of concussion with HIC and peak
head acceleration. Based on those biomechanical responses, the
boxing data indicate a concussion risk of 7 to 14% for HIC and 3
to 36% for translational acceleration. Interestingly, the boxers do
not generate enough head �V to reach much of a concussion risk
based on the NFL data. HICs were low for the four punches with
a risk of severe traumatic brain injury �2% (70). The average
HICs were 17 to 79 also well below the proposed NFL concussion
threshold of 250 (58, 59).

Limitations

Force delivered to the jaw loads the dummy in an area with
responses that are similar to the human, so the reported trans-
lational acceleration and HIC reflect what occurs in boxing
(50). However, it is uncertain how force from the uppercut to
the jaw is related to risk of MTBI or if the Hybrid III dummy,
in its current form, has sufficient similarity to the human
response to measure risks with this punch. Development of
human surrogate with an articulating jaw may improve the
response of the head in this region and may show different
biomechanical responses for the uppercut.

Before applying the results of this study to actual boxing
experience in the ring, one must be aware of other limitations.
The boxers that participated in this study were Olympic level
amateur boxers. Although these boxers are at the higher ech-
elon of amateur boxers, they most likely have not attained the
proficiency or power levels of professional boxers. It is prob-
able that more accomplished professional boxers can deliver
punches with significantly higher force than those that were
generated by these boxers.

It also must be pointed out that only four specific punches
were evaluated in this study, including a straight punch to the
jaw, uppercut to the jaw, hook to the temple and forehead
punch. Other punches and uppercuts, hooks and crosses to
other regions of the head may have different characteristics
than the punches studied here; and, therefore may result in
different translational and rotational accelerations in the op-
ponent’s brain than were seen in this study.

Furthermore, the data in this study was collected in a con-
trolled laboratory setting, not during an actual boxing match.
Factors such as fatigue, excitement and the effects of �adren-
aline� on the boxers may significantly alter the forces of the
punches delivered. Also, in an actual boxing match, the move-
ments and defensive maneuvers of the opponent may affect
the forces of the punches delivered to the opponent’s head. In
the present study, the punches were delivered to a stationary
dummy head. The punch forces that were measured may be
different than those that are seen in an actual boxing match.
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APPENDIX: Measured and determined results from testing of Olympic boxersa

Boxer No.
punch ID

punch
type HIC15 SI

Res.
head
acc. g

Head
delta V

m/s

Res.
rot.
acc.
r/s 2

Res.
rot.

vol. r/s

Res.
neck

load N

X-neck
moment

Nm

Y-neck
moment

Nm

Z-neck
moment

Nm

Res.
hand
acc. g

Hand
delta V

m/s

Peak
force
using

head N

Punch
force
using

hand N

Forehead
2f 15 18 23.1 2.5 3062 24.1 453 �18.3 29.5 3.0 87.4 8.4 1006 1082
11c 66 86 55.9 3.4 7448 21.6 825 �23.2 71.0 9.4 219.4 9.0 2438 3037
11f 87 106 66.0 3.4 7159 21.9 711 �10.8 41.5 7.9 298.7 9.4 2878 4134
13b 56 69 52.5 2.9 6017 10.6 789 �28.8 79.5 2.6 234.2 9.1 2286 3198
13e 82 101 67.8 3.4 4835 20.7 1105 �3.0 11.4 5.0 239.6 10.0 2955 3272
4c 9 13 21.3 2.1 3622 19.7 561 �2.3 60.1 10.2 165.1 8.2 930 2350
4f 16 23 29.2 2.5 3938 28.1 491 �1.9 40.3 7.0 159.7 7.2 1273 2273
9c 16 19 26.8 2.1 1928 16.5 376 �1.8 11.7 2.7 91.0 6.1 1171 1682
9f 18 22 28.9 2.3 2313 16.8 349 �1.3 13.7 3.2 90.7 6.2 1259 1676
10e 47 57 50.2 2.6 5202 20.3 701 �1.3 53.0 7.1 184.5 9.2 2187 3306
10h 53 61 42.7 3.1 6060 20.1 570 �9.6 38.6 4.6 221.4 7.0 1861 3968
14c 55 69 42.2 3.9 5764 28.6 683 �22.0 55.8 — 309.1 8.3 1842 6049
8c 15 19 28.2 2.1 2971 21.1 515 �0.7 7.0 0.6 87.4 5.0 1230 1422
7d 121 148 68.7 4.3 6663 25.0 920 �1.3 18.2 2.4 263.0 9.1 2994 4321
7g 123 145 64.2 4.1 7793 38.9 747 �10.4 53.3 3.4 273.2 9.1 2801 4488
12d 26 35 32.2 3.0 4747 23.0 556 �1.8 47.6 3.2 284.4 6.3 1405 4784
12g 31 42 42.1 2.8 6327 19.8 946 �9.1 98.9 10.0 290.4 9.4 1837 4886
6b 120 150 77.5 3.9 9421 30.1 585 �2.2 11.1 2.6 207.8 9.8 3379 4376
6e 145 181 88.9 3.9 8307 25.8 739 �1.9 10.4 1.7 221.3 9.9 3875 4661
Average 58 72 47.8 3.1 5452 22.9 664 �8.0 39.6 4.8 206.7 8.2 2085 3419
SD 44 53 20.1 0.7 2107 5.9 199 8.9 26.6 3.0 75.2 1.5 876 1381

Hook
2a 57 70 57.6 3.2 6386 27.1 579 20.2 7.7 �5.7 181.6 10.7 2513 2247
2b 72 87 65.1 3.5 6862 27.8 780 19.6 5.6 �6.2 275.4 11.7 2839 3407
11g 111 142 92.2 3.7 12562 19.4 1081 54.3 13.5 �20.9 294.7 11.3 4022 4079
11h 77 96 71.4 3.2 8536 28.8 641 26.9 5.6 �13.6 310.1 10.6 3114 4292
13g 58 69 58.4 3.0 5804 24.3 448 13.4 3.2 — 293.0 9.3 2545 4001
13h 52 66 56.6 2.7 5967 22.1 446 8.6 5.7 �9.2 212.6 8.5 2470 2904
4a 74 90 67.7 3.3 6863 28.8 476 23.5 4.2 �4.6 313.7 14.0 2952 4466
4b 102 142 126.6 3.8 17487 36.0 1763 22.1 3.3 �6.2 281.5 19.8 5519 4007
9g 20 25 32.1 2.1 3635 21.5 491 18.8 1.9 �9.6 111.6 7.2 1400 2063
9h 55 64 52.0 2.8 5282 24.9 550 14.5 3.3 �6.0 272.2 10.7 2267 5030
10a 16 19 34.1 2.1 4693 27.9 494 30.7 3.6 �18.1 214.4 8.5 1488 3843
10b 11 14 33.2 1.6 6907 46.3 709 56.8 18.0 �27.1 55.4 5.9 1447 994
14a 87 116 102.3 3.5 12083 22.5 36 98.4 31.7 �27.8 270.9 12.6 4462 5302
14b 107 137 114.7 3.1 13337 37.0 1929 49.8 11.3 �21.4 443.0 12.4 5001 8671
8i 5 8 20.1 1.4 3804 36.6 315 21.2 6.2 �24.8 110.0 6.4 875 1791
8j 54 72 88.6 2.2 10756 35.2 840 27.8 8.4 �27.5 301.5 9.7 3862 4907
7a 96 118 92.9 3.6 19925 26.9 2167 43.6 7.9 �9.1 296.1 10.2 4052 4865
7b 95 116 80.4 3.5 12381 32.0 1304 62.3 9.5 �22.2 197.2 12.6 3508 3241
12a 19 26 35.6 2.5 7117 28.8 975 56.3 6.0 �13.7 200.2 9.2 1552 3368
12b 52 67 56.6 2.7 8396 32.0 652 34.6 11.1 �18.6 231.0 9.0 2470 3887
6g 187 221 88.6 4.6 10301 29.4 950 29.6 4.7 �8.3 472.4 14.4 3863 9950
6h 330 415 140.6 5.7 15626 28.4 1178 27.4 13.2 �9.0 455.7 17.7 6131 9597
Average 79 99 71.2 3.1 9305 29.3 856 34.6 8.4 �14.8 263.4 11.0 3107 4405
SD 70 87 32.2 1.0 4485 6.2 537 21.1 6.6 8.1 105.4 3.4 1404 2318
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APPENDIX: Continued

Boxer No.
punch ID

punch
type HIC15 SI

Res.
head
acc. g

Head
delta V

m/s

Res.
rot.
acc.
r/s 2

Res.
rot.

vol. r/s

Res.
neck

load N

X-neck
moment

Nm

Y-neck
moment

Nm

Z-neck
moment

Nm

Res.
hand
acc. g

Hand
delta V

m/s

Peak
force
using

head N

Punch
force
using

hand N

Jaw
2e 11 14 28.3 1.5 4422 19.6 842.3 �22.8 46.9 12.5 82.0 10.2 1232 1015
2h 20 25 36.5 2.2 5706 11.0 1020.4 �12.3 68.3 10.0 134.1 8.7 1590 1659
11d 49 64 53.0 3.0 8706 26.0 966.2 �21.1 97.4 16.9 190.1 10.3 2311 2632
13c 66 82 64.3 3.5 8097 16.8 954.4 �5.4 95.5 10.0 227.9 9.7 2804 3113
13f 66 81 55.8 3.1 6605 14.4 812.1 �23.2 80.7 — 250.8 10.3 2435 3424
4e 15 29 32.9 2.1 4775 19.0 899.2 �14.8 60.1 12.6 100.9 7.7 1433 1436
4h 15 21 28.3 2.3 3979 22.4 768.0 �9.4 73.5 15.4 124.4 8.0 1236 1771
9a 12 16 25.8 2.2 3946 18.6 706.7 �24.5 63.4 5.8 54.7 7.2 1124 1010
9e 15 21 26.8 2.5 4108 19.8 823.8 �15.2 77.0 6.3 68.2 6.5 1168 1260
10d 76 95 62.2 3.9 11215 25.8 2101.2 �104.3 50.7 26.8 113.1 9.2 2715 2028
10g 10 13 26.6 2.0 3399 13.5 664.0 �6.5 58.6 2.5 95.2 7.1 1159 1707
8a 77 100 55.0 4.4 7334 23.9 1350.5 �25.7 107.6 8.1 95.4 7.0 2399 1553
7e 120 153 84.1 3.8 11492 28.8 1711.6 �10.8 117.8 11.5 203.3 11.3 3666 3340
7h 80 103 59.7 4.3 8738 28.2 1453.6 �34.2 116.6 15.3 175.0 10.6 2603 2876
12c 12 16 28.1 1.7 3511 11.3 906.8 �12.1 59.1 9.9 174.2 8.6 1224 2930
12f 32 40 45.0 2.0 6805 24.5 1082.0 �18.7 96.7 8.8 172.4 12.0 1961 2901
6a 130 168 81.5 4.1 11321 25.5 1427.7 �3.8 120.1 2.4 168.2 10.9 3553 3543
6d 121 149 84.2 3.4 9969 24.6 1101.4 �14.1 83.7 0.8 194.2 11.0 3671 4090
Average 52 66 48.8 2.9 6896 20.7 1088.4 �21.1 81.9 10.3 145.8 9.2 2127 2349
SD 42 53 20.9 1.0 2848 5.6 381.4 22.2 23.8 6.3 57.1 1.7 910 962

Uppercut
2d 19 24 28.8 2.8 3338 24.4 1496.0 �18.5 �18.5 10.3 96.1 8.9 1257 1189
2g 18 24 25.5 3.6 3946 22.0 1729.2 �8.2 �25.6 5.7 96.9 8.8 1113 1198
11b 6 0 2.1 2.8 472 5.5 73.6 �1.9 �4.0 1.6 33.1 4.6 92 458
11e 9 14 19.1 3.5 2632 15.8 1424.9 �9.3 �27.6 5.7 55.8 5.7 831 773
13a 12 18 26.1 2.8 3381 20.3 1865.2 �12.2 �27.8 4.8 87.6 6.7 1140 1197
13d 20 27 30.7 2.9 4387 10.0 2175.7 �20.3 �15.1 5.8 98.4 8.5 1339 1343
4d 10 14 18.6 3.1 3125 22.6 1291.9 �10.1 �28.3 8.3 48.2 6.7 809 686
4g 3 4 14.9 3.6 1973 14.8 819.0 �6.1 �22.5 4.9 70.2 5.9 651 999
9b 4 5 13.1 1.9 2359 15.8 919.6 �13.0 �22.7 4.4 63.1 4.4 572 1167
9d 8 9 19.9 1.7 1919 12.7 909.9 �8.7 �16.0 6.8 107.3 6.4 867 1983
10c 4 7 14.7 2.1 2707 15.4 815.6 �15.8 �26.3 11.8 67.0 5.1 640 1201
10f 12 17 25.1 2.4 3218 18.2 1383.6 �13.9 �25.6 7.3 112.3 5.5 1096 2012
8b 23 30 27.7 3.4 3478 21.6 1499.2 �14.1 �21.6 12.6 74.7 6.1 1209 1216
7c 5 7 16.6 1.7 2354 19.8 850.9 �5.3 �16.1 2.1 74.4 7.5 725 1223
7f 19 27 30.6 3.3 3964 17.2 2044.5 �19.3 �22.2 7.7 78.5 8.0 1337 1291
12e 2 3 11.6 1.1 1431 15.0 419.8 �11.1 �17.0 8.3 95.1 4.2 507 1600
12h 14 20 27.5 3.0 4288 15.7 1347.0 �20.3 �15.1 11.8 192.9 7.2 1200 3246
6c 73 94 53.9 4.2 5950 20.2 3658.7 �11.3 �21.9 2.9 156.2 8.0 2350 3270
6f 64 85 51.3 4.2 5515 25.5 3500.2 �9.3 �25.6 1.4 158.1 8.5 2238 3330
Average 17 23 24.1 2.8 3181 17.5 1485.6 �12.0 �21.0 6.5 92.9 6.7 1051 1546
SD 19 25 12.5 0.9 1343 5.0 910.5 5.2 6.1 3.4 39.9 1.5 547 857

a HIC15, head injury criterion for 15 ms duration; SI, severity index; g, gravity; Res acc, resultant acceleration; Res rot acc, resultant rotational acceleration; N,
newton; SD, standard deviation.
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COMMENTS

Viano et al. continue their fascinating biomechanical studies of sports-
related traumatic brain injury by investigating boxing punches and

comparing them to helmet impacts in professional football. Rotational accel-
eration of the head is proportionately greater after boxing punches, whereas
translational acceleration tends to predominate in football impacts. As the
authors suggest, this fundamental biomechanical difference may account for
the higher incidence of both acute injuries, such as acute subdural hema-
toma, and chronic brain injury in boxing.

Alex B. Valadka
Houston, Texas
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Viano et al. carefully studied the biomechanics of boxing injuries
using finite element modeling, and compared the physical char-

acteristics of the impact to the head from an amateur boxer’s punch
with the physical characteristics of head injuries sustained in profes-
sional football. As they point out in the discussion section, the clinical
applicability of their results is limited. For example, the forces applied
to the head as measured in their laboratory would be expected to
cause a much higher incidence of concussion than is actually seen on
the playing field. It also is likely that professional boxers sustain
significantly greater translational and rotational displacement of the
head than do amateur boxers. Because of the more severe rotational
forces sustained by boxers compared with football players, and the
much higher incidence of lethal brain injuries in boxing, I completely
agree with the statement by Viano et al. that “boxers are susceptible to
a specific, unique pattern of chronic brain damage that has never been
seen in American football players.” Their study underscores the need
for studies that clearly define the histopathology of chronic traumatic
encephalopathy in professional football players, and cautions against
generalizing the autopsy findings in boxers to other sports.

Donald W. Marion
Boston, Massachusetts

In sports, such as American football, ice hockey, boxing, rugby,
lacrosse, and martial arts, in which contact is an integral part of the

game, athletes develop hitting strategies to gain an advantage. In
many cases, this strategy involves head impacts. This article provides
insight into what, until now, has largely been ignored. Depending on
the situation, athletes are able to use different strategies to create
concussions. Even though it is obvious that a number of factors
contribute to head injuries in sport, helmet designs have, for the most
part, focused on preventing subarachnoid bleeds. This has primarily
been accomplished by managing a 40 to 80 joule impact under 275 gs
of linear acceleration. Recently, cerebral concussion has become more
of a concern, whereas subarachnoid bleeds have become relatively
rare. Although the threshold for protecting the brain against concus-
sive injuries is not well established, it has been estimated at approx-
imately 4500 r/s2 for angular acceleration and 75 to 80 gs of linear
acceleration. Football helmets are primarily designed to manage im-
pacts to prevent subarachnoid bleeds and although they do provide
some protection against concussion, they are not designed to do so.

The objective of these and many other sports is to manage physical
interactions in such a way as to enrich the competitive environment of the
activity without undue risk of injury to participants. This thin line is man-
aged by game rules, coaching and training programs, protective equipment,
and player integrity. A breakdown in any one of these elements increases the
risk of player injury. Coaches, players, and game officials all have incentives
to allow increased hitting. Examples of this are numerous and include
coaches having to gain an advantage over other teams, especially when the
team is under pressure to win, players fighting to win a spot on the team,
and league officials under pressure to increase fan attendance. Professional
sports are extremely vulnerable to the pressures of producing a product that
is attractive to a broad audience.

This article demonstrates the need for research to better understand the
mechanism underlying head injuries in specific activities. There is little doubt
athletes become extremely skilled in gaining an advantage and, if necessary,
can use any number of strategies to take advantage of their opponents. Just
how athletes receive concussions in sport is still not well understood. The
recent National Football League study identified linear acceleration as the
primary mechanism for concussions in professional football. This included a
very limited data set and should be interpreted accordingly. More extensive
research directed at understanding the mechanism of head injuries in indi-

vidual sports would be extremely valuable in managing head injuries in all
sports.

T. Blaine Hoshizaki
Ottawa, Ontario, Canada

In a further contribution from the National Football League (NFL) Mild
Traumatic Brain Injury Committee, the authors sought to evaluate the

potential relationships between the impact biomechanics of boxing and
football. To do so, 11 Olympic-level boxers (weight range 112–285 lbs)
delivered 78 blows (inclusive of four types including hooks, uppercuts, and
jabs) to the head of a Hybrid III Dummy. Recorded variables included
translational and rotational head acceleration and neck load. Punch force
was measured using a biaxial acceleraton model. The most significant
change in hand velocity was in the hook (11.0 m/s) in addition to the greatest
punch force (4405 � 2318 N). The authors found that boxing punches have
proportionately more rotational than translational acceleration than what is
observed in football cuncussions.

This is useful information and indirectly addressed a number of
questions. It is interesting to note that the NFL Mild Traumatic Brain
Injury Committee has yet to identify an example of dementia pugilis-
tica (or variants thereof) in retired NFL players. Obviously, this is
quite the contrary in professional level boxing. Exposure obviously
differs significantly both with regard to the quantity of head impacts
and the likely associated force in the absence of headgear.

The importance of head-gear will need to be defined at the amateur
level before any consideration at the professional level. Even then, the
more spurious elements involved in the management and promotion
of the sport will likely be slow in adopting any suggested guidelines
regarding headgear use at the professional level. The perception is the
possible impact on the fan base and the associated income. Initial
work continues at the Olympic Training Facility in Colorado to eval-
uate responses in the presence and absence of headgear in boxing.
Evaluation of impact at varying distance will also be required.

The consideration of headgear is important at the professional level. A
lack of understanding of the components of injury that are most significantly
related to central nervous system injury and short- or long-term disability
remain unknown. Conceptually, the understanding of the force associated
with “Heavy Hands,” or lack thereof, in athletes susceptible to concussion
(Glass Jaw) will also need to be determined. An important first step would
be to evaluate the potential myth of the big punch. Obviously, the only
chance an individual may have in a fight in which, based upon points, the
individual has no chance of winning the fight. The damage sustained by
individuals who are losing in these competitions tends to be consistent. We
would suspect that the suggestion of an early end to a 12-round champion-
ship fight given an inability to win based on the 10 point scale would be as
well received as the use of head gear. A final caveat. There are a number of
things about the sport of professional boxing that we cannot and should not
change.

‘I am going to kill him good. I do not care about styles. Styles do not
mean anything. I have seen every style in the world. I have been in this
game for 18 years. I have been a world champ for 12. He cannot even
touch that. I am going to be the WBA heavyweight champ of the world.
I am ready to go no matter what. I do not care: you want to play rough,
I will play rough. Boy, you have no idea. I tell you, I will hurt you.’

Min Park
James Toney
John Arthur
Michale L. Levy
San Diego, California
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This study by Viano et al. investigates the biomechanical forces involved
in boxing punches in comparison with football impacts. Using a Hybrid

III test dummy and accelerometers, 11 Olympic boxers were studied deliv-
ering hooks, uppercuts, and straight punches to the instrumented Hybrid III
test mannequin. Using finite element analysis, the kinetic energy and head
responses were compared with similarly determined impacts from video
documented and reconstructed concussions in NFL players. Any study that
analyzes the biomechanical forces imparted during contact sports is a wel-
come addition to the literature. As the authors note, closed head injury is an
occupational hazard of many sports, particularly in boxing and football, in
which neurocognitive effects to the brain can occur in the domains of
memory, cognitive, and functional injury. The ability to carefully visualize
and measure the various aspects of the contact athlete’s torso and head
response to high velocity impacts increases our understanding of the issues
involved.

This study also adds insight and helps clarify the fact that
translational and rotational accelerations are major components of
the human body’s response in contact sports. In my opinion, the
effective radius of the impact and the relative contribution of the
supporting musculature in the thorax, head and neck are most
important factors.

Our computerized video analysis of various types of boxing matches
has led to the conclusion that there is little difference between the fights
which are considered “classic” versus those that result in a lethal out-
come. Unquestionably, the most significant contributing factor in lethal
boxing outcomes is the absorption of multiple blows to the cranium,
especially during long-duration fights and with a fighter who is progres-
sively impaired, resulting in relaxation of the supporting neck muscula-
ture and lowers the effective head mass against the punch.

Surprisingly, the dramatic single-punch knockout rarely results in a
lethal outcome or significant brain injury in a boxer. The chronic effect
seen in boxers is related to an accumulation of blows to the cranium,
accentuated with years in the sport and in heavier weight classifica-
tions. the authors note the limitations of their study, which was
performed in a controlled laboratory setting with Olympic-level am-
ateur boxers, looking at a limited number of punches, and those
delivered to a stationary test mannequin. This is an important study
with comparative data between two contact sports which are associ-
ated with potential for brain injury.

Julian E. Bailes
Morgantown, West Virginia

Hoard unearthed from a bog in Norway containing a gold trefoil brooch from France, a large golden neckring from Russia,
and coins from Arabia, Byzantium, and England. (Courtesy of Museum of Cultural Heritage, Oslo).

VIANO ET AL.



CLINICAL STUDIES

PREDICTION OF OUTCOME IN TRAUMATIC BRAIN INJURY

WITH COMPUTED TOMOGRAPHIC CHARACTERISTICS: A
COMPARISON BETWEEN THE COMPUTED TOMOGRAPHIC

CLASSIFICATION AND COMBINATIONS OF COMPUTED

TOMOGRAPHIC PREDICTORS

Andrew I.R. Maas, M.D.,
Ph.D.
Department of Neurological
Surgery,
Erasmus Medical Center,
Rotterdam, The Netherlands

Chantal W.P.M. Hukkelhoven,
M.Sc.
Center for Clinical Decision
Sciences,
Department of Public Health,
Erasmus Medical Center,
Rotterdam, The Netherlands

Lawrence F. Marshall, M.D.
Department of Neurological
Surgery,
University of California,
San Diego, California

Ewout W. Steyerberg, Ph.D.
Center for Clinical Decision
Sciences,
Department of Public Health,
Erasmus Medical Center,
Rotterdam, The Netherlands

Reprint requests:
Andrew I.R. Maas, M.D., Ph.D.,
Department of Neurosurgery,
Erasmus Medical Center
P.O. Box 2040,
3000 CA Rotterdam,
The Netherlands.
Email: airmaas@erasmusmc.nl

Received, January 21, 2005.

Accepted, May 20, 2005.

BACKGROUND AND OBJECTIVE: The Marshall computed tomographic (CT) classi-
fication identifies six groups of patients with traumatic brain injury (TBI), based on
morphological abnormalities on the CT scan. This classification is increasingly used as
a predictor of outcome. We aimed to examine the predictive value of the Marshall CT
classification in comparison with alternative CT models.
METHODS: The predictive value was investigated in the Tirilazad trials (n � 2269).
Alternative models were developed with logistic regression analysis and recursive
partitioning. Six month mortality was used as outcome measure. Internal validity was
assessed with bootstrapping techniques and expressed as the area under the receiver
operating curve (AUC).
RESULTS: The Marshall CT classification indicated reasonable discrimination (AUC �
0.67), which could be improved by rearranging the underlying individual CT charac-
teristics (AUC � 0.71). Performance could be further increased by adding intraven-
tricular and traumatic subarachnoid hemorrhage and by a more detailed differentiation
of mass lesions and basal cisterns (AUC � 0.77). Models developed with logistic
regression analysis and recursive partitioning showed similar performance. For clinical
application we propose a simple CT score, which permits a more clear differentiation
of prognostic risk, particularly in patients with mass lesions.
CONCLUSION: It is preferable to use combinations of individual CT predictors rather
than the Marshall CT classification for prognostic purposes in TBI. Such models should
include at least the following parameters: status of basal cisterns, shift, traumatic subarach-
noid or intraventricular hemorrhage, and presence of different types of mass lesions.

KEY WORDS: Computed tomography, Computed tomography classification, Outcome, Prognosis, Statistical
models, Traumatic brain injury
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Classification of traumatic brain injury
(TBI) is necessary to accurately de-
scribe patient series and requires

grouping of patients according to specific
characteristics. In clinical practice, the clinical
severity of TBI is generally classified as severe,
moderate or mild according to the level of
consciousness as measured with the Glasgow
Coma Scale (GCS). The increased use of early
sedation, intubation and ventilation in more
severe patients has decreased the value of the
full GCS for purposes of classification (1, 4,

25). Alternatively, in more severe patients, TBI
can be classified according to morphological
criteria based on computed tomographic (CT)
or magnetic resonance imaging (MRI) investi-
gations. Although MRI may be more sensitive
for detecting small white matter lesions in a
later phase after TBI (9, 32), CT examination
remains the investigation of choice in the
acute phase.

Conventional classification of TBI with CT
findings differentiates between focal and dif-
fuse injuries (10, 22). In 1991 Marshall et al.
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(24), after analysis of the Traumatic Coma Data Bank, pro-
posed a CT classification for grouping patients with TBI ac-
cording to multiple CT characteristics. This CT classification
identifies six different groups of patients with TBI, based on
the type and severity of several abnormalities on the CT scan.
It differentiates between patients with and without mass le-
sions and permits a further discrimination of patients with
diffuse injuries into four categories, taking into account signs
of raised intracranial pressure (ICP; i.e., compressed or absent
basal cisterns, midline shift). Since its introduction, this CT
classification has become widely accepted for descriptive pur-
poses, and is also increasingly being used as major predictor of
outcome in TBI. Various studies have confirmed the predictive
value of the CT classification (17, 21, 28), and the international
guidelines on prognosis include the CT classification as a
major CT predictor based on Class I evidence (5). Whether the
Marshall CT classification is best suited for prediction or
whether other combinations of CT parameters may be more
appropriate for this specific purpose has not been investigated
in detail.

The aim of the present study was to examine the prognostic
performance of the Marshall CT classification in comparison
with other combinations of CT predictors in TBI, by reevalu-
ating and refining the CT characteristics used to determine
this classification and by including additional CT parameters.

PATIENTS AND METHODS

The Marshall CT Classification

The Marshall CT classification is presented in Table 1. Dis-
criminating features in this classification are 1) presence or
absence of mass lesions, 2) presence or absence of intracranial
abnormalities, 3) CT signs of raised intracranial pressure (sta-
tus of basal cisterns, shift), and 4) planned evacuation of mass
lesions.

To facilitate comparison with alternative classifications, we
translated the Marshall CT classification into a binary tree (Fig. 1).

Patients

Our studies were conducted on the combined data sets of
the International and North American Tirilazad trials (n �

2269). Details on the Tirilazad trials have been reported else-
where (16, 23). Inclusion and exclusion criteria of the two trials
were similar. Both trials included patients between 15 and 65
years of age with severe (GCS, 3–8) or moderate (GCS, 9–12)
closed TBI. With respect to the CT characteristics the inclusion
criteria varied slightly: the international study excluded mod-
erate TBI patients with a normal CT scan, whereas the North
American study excluded such patients only when the blood
alcohol level exceeded 0.2 g/dl. Protocols and recommenda-
tions for management were comparable for both trials.

In both trials, the efficacy of Tirilazad mesylate, an amino-
steroid that displays an antioxidant effect, was studied against
that of placebo. We combined data from placebo and treat-
ment groups, since in neither trial was a significant difference
between the Tirilazad and the placebo treated group shown
for the primary outcome measure, i.e., mortality and unfavor-
able outcome on the GOS.

Definitions of CT Characteristics and Outcome

We based our studies on data recorded for admission CT
scans performed within the first 4 hours after injury. Full data
on CT characteristics on admission were available in 2249
patients. CT data were extracted on the following items:

TABLE 1. Marshall computed tomographic classificationa

Category Definition

Diffuse injury I (no visible pathology) No visible intracranial pathology seen on CT scan
Diffuse injury II Cisterns are present with midline shift of 0–5 mm and/or lesions densities present; no high or

mixed density lesion �25 cm3 may include bone fragments and foreign bodies
Diffuse injury III (swelling) Cisterns compressed or absent with midline shift of 0–5mm; no high or mixed density lesion

�25 mm
Diffuse injury IV (shift) Midline shift �5 mm; no high or mixed density lesion �25 cm3

Evacuated mass lesion Any lesion surgically evacuated
Non-evacuated mass lesion High or mixed density lesion �25 cm3; not surgically evacuated

aCT, computed tomographic.

FIGURE 1. Marshall CT classification presented in a tree structure.
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• CT classification
• presence of abnormalities
• presence and size of midline shift
• status of basal cisterns
• presence of intraventricular blood (IVH)
• presence of traumatic subarachnoid hemorrhage (tSAH)
• presence and type of mass lesions and expected evacuation

of mass lesion
• single versus multiple non-mass lesions

The characteristics �any abnormalities,� �intraventricular
blood,� �tSAH,� and expected evacuation of mass lesions were
available in the data sets as binary data and scored as present
or absent, without further differentiation. The other CT char-
acteristics were classified into several categories with increas-
ing differentiation: midline shift was classified in two ways: 1)
shift � 5 mm versus shift � 5 mm and 2) no shift, shift of 1 to
5 mm, shift of 6 to 10 mm, or shift � 10 mm. The status of basal
cisterns was categorized in two ways: 1) normal versus abnor-
mal (compressed and absent), and 2) normal, compressed,
absent. Presence and type of mass lesions were categorized in
3 ways: 1) mass lesion present versus absent; 2) absent mass
lesion, epidural mass lesion, intradural (intracerebral plus
subdural) mass lesion; and 3) absent mass lesion, epidural
mass lesion (EDH), subdural mass lesion (SDH), intracerebral
mass lesion.

For several patients, the values of some of the predictors
were missing (4.8% of the required values). These values were
statistically estimated with regression models including the
other predictors and subsequently imputed (14, 20). This ap-
proach is considered preferable to complete case analysis, in
which patients with missing values are excluded from analysis
(14). The outcome measure was mortality at 6 months postin-
jury.

Statistical Analysis and Performance of Models

To test whether the arrangements of the CT characteristics
within the Marshall CT classification was reasonable for pre-
dictive purposes, we developed alternative models with the
same variables. Subsequently, we investigated whether per-
formance could be improved by adding CT characteristics or
by separating already included characteristics into smaller
categories. Each model was developed with two methods:
recursive partitioning (CART) and logistic regression analysis.

We chose these two approaches for different reasons: logis-
tic regression analysis is a standard statistical procedure, in
which the relative importance of predictors is considered.
Results are generally robust. On the other hand, recursive
partitioning (2) has a greater clinical appeal because prediction
trees are created, which are visually attractive. This approach,
however, carries some risk of overfitting, especially in more
complex trees. To correct for this, the trees were pruned using
cross-validation. Modeling was performed with SAS software
(version 6.12; SAS Institute, Inc., Cary, NC) and S-plus (ver-
sion 2000; Insightful Corp., Seattle, WA), using the RPART
library (http://www.stats.ox.ac.uk/pub/SWin).

Internal validity of the original CT classification and alter-
native models was assessed with bootstrapping procedures.
Internal validity assesses whether the models perform well for
a population of patients similar to those for whom the model
was developed. Bootstrapping involved taking samples 100
times with replacement from the development sample. Each
sample can be considered as repeating the data collection with
the same number of patients and under identical circum-
stances as the original. In each of the 100 bootstrap samples a
regression model was estimated, and evaluated on the original
sample to estimate statistical optimism (7, 13, 14, 15). This
validation approach leads to better predictions of outcome for
patients similar to the development population (13, 14, 30).

Performance of the models was assessed with respect to
discrimination, which can be quantified by the area under the
receiver operating curve (AUC). For a randomly chosen pair
of patients, the AUC represents the probability that a patient
who dies has a higher predictive probability for mortality. The
higher the AUC, the better the model discriminates. A model
with an AUC of 0.50 has no discriminative power, while a
model with an AUC of 1.0 reflects perfect discrimination.

Application in Clinical Practice

Presentation of a classification according to a prediction tree
is readily understandable for a clinical audience. Interpreta-
tion of a logistic regression model is more complicated. To
facilitate application of these models we created a score chart
to estimate the outcome probability based on the values of the
regression coefficient, which were re-scaled and rounded to
whole numbers.

RESULTS

Individual CT Characteristics and Outcome

The distribution of CT characteristics and outcome is pre-
sented in Table 2. Mortality was lower in North American
patients (19%) than in international patients (24%), partly re-
flecting a different distribution of severe versus moderate
patients included in both trials. More than 90% of the patients
had abnormalities on the admission CT scan: 84% showed
evidence of parenchymal or extracerebral lesions, 45% had
abnormal basal cisterns, 53% tSAH and 21% had intraventric-
ular blood. Mass lesions were present in 39% of the popula-
tion, and of these 80% had an associated intracerebral lesion.
74% of all mass lesions were evacuated and of these 84% were
evacuated within 4 hours of injury.

Midline shift, basal cisterns, intraventricular blood, and
traumatic SAH were identified as significant predictors of
mortality (Table 3). In the multivariable analysis, the full dif-
ferentiation of lesions was not clearly associated with differ-
ences in mortality, but the differentiation between epidural
and intradural lesions was highly relevant (Table 3 and 4).
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TABLE 2. Distribution of computed tomographic parameters and mortality in the international and North American samplesa

CT parameters
Total (n � 2249) International sample (n � 1112) North American sample (n � 1137)

No. (%) No. (%) No. (%)

Abnormalities
No 173 (8) 52 (5) 121 (11)
Yes 2076 (92) 1060 (95) 1016 (89)
Missing 0 0 0

Traumatic SAH
No 1030 (47) 519 (48) 511 (46)
Yes 1171 (53) 573 (52) 604 (54)
Missing 42 20 22

Intraventricular blood
No 1746 (79) 863 (79) 883 (79)
Yes 473 (21) 235 (21) 238 (21)
Missing 30 14 16

Basal cisterns
Normal 1194 (54) 576 (52) 618 (56)
Compressed 709 (32) 375 (34) 334 (30)
Absent 296 (13) 143 (13) 153 (14)
Missing 50 18 32

Midline shift
None 1426 (64) 654 (59) 772 (70)
1–5 mm 362 (16) 208 (19) 154 (14)
6–10 mm 233 (11) 121 (11) 112 (10)
� 10 mm 190 (9) 118 (11) 72 (6.5)
Missing 38 11 27

Lesion
No 360 (16) 117 (11) 243 (22)
Yes 1872 (84) 995 (89) 877 (78)

One, not mass 691 (37) 429 (29) 262 (30)
Multiple, not mass 585 (31) 329 (33) 256 (29)
Mass lesion 729 (39) 370 (37) 359 (41)

Epiduralb 204 (28) 129 (35) 75 (21)
Subduralb 418 (57) 205 (55) 213 (59)
Intracerebralb 584 (80) 277 (75) 307 (86)

Missing 21 4 17
CT classification

I 173 (8) 52 (5) 121 (11)
II 833 (37) 425 (38) 408 (36)
III 426 (19) 219 (20) 207 (18)
IV 88 (4) 46 (4) 42 (4)
V 539 (24) 289 (26) 250 (22)
VI 190 (8) 81 (7) 109 (10)
Missing 0 0 0

Outcome
Mortality

Yes 491 (22) 270 (24) 221 (19)
No 1758 (78) 842 (76) 916 (81)
Missing 0 0 0

a CT, computed tomographic.
b More than one type of mass lesion on the CT scan was possible.
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Prognostic value of CT classification versus alternative
groupings of individual components

Figure 2 presents the classification of our patient population
according to the Marshall CT classification in a prediction tree
format with mortality figures per class. The percentage mor-
tality in patients with no abnormalities (CT Class 1) and in
patients with diffuse injuries without radiological signs of
raised ICP (CT Class 2) was low (6.4 and 11% resp.).

The highest mortality rate, 44%, was observed in patients
with absent or compressed basal cisterns and a midline shift
larger than 5 mm (CT Class 4). Mortality rates for patients
with mass lesions were 30% for those with evacuated mass
lesions and 34% for those with non evacuated mass lesions.
Analysis of the discriminatory properties of the Marshall CT
classification showed an AUC of 0.669.

Figure 3 presents a prediction tree constructed with recur-
sive partitioning, using the same characteristics and the same
number of terminal nodes as used in the Marshall CT classi-
fication. We found that a primary division according to status
of the basal cisterns yields the strongest discrimination. Sub-

sequently for patients with present basal cisterns a split on
abnormalities and for patients with absent or compressed
basal cisterns a split on shift greater than 5 mm caused the
maximum reduction in heterogeneity. Discriminatory analysis
showed an AUC 0.705, considerably higher than found for the
original CT classification.

Alternative models with additional variables

We investigated whether models could be developed with
better discriminative properties by adding additional CT pre-
dictors not originally included in the Marshall CT classifica-
tion or by further separation of already included CT charac-
teristics.

The added benefit of additional parameters was assessed
versus the basic model presented in Figure 3. Results are
summarized in Table 4. The discriminative ability could be
improved considerably by adding tSAH and intraventricular
blood, and by further differentiating the basal cisterns, mid-
line shift and mass lesions into several categories. Dropping
the characteristic �any abnormalities� had negligible influence
on the AUC. No statistically significant interactions were ob-
served between the selected characteristics (P � 0.42).

The results of this multivariable analysis showed the poten-
tial for developing an alternative model with added charac-
teristics. Including all discriminating variables in a logistic
regression model yielded an AUC of 0.769, and of 0.794 in the
prediction tree. Such a model is, however, complex and re-
sulted in 15 terminal nodes in the prediction tree. Searching
for an appropriate compromise between good discrimination
and easy clinical applicability we chose a more simple model
based on the following characteristics: midline shift (subdi-
vided into 0–5 mm, � 5 mm), basal cisterns (subdivided into
absent, compressed and present), mass lesion (subdivided into
epidural and intradural), traumatic subarachnoid hemorrhage
and/or intraventricular blood. The apparent validity of this
model was 0.750 and on internal validation we obtained an
AUC of 0.748.

Clinical application

For clinical application, we translated the logistic regression
model into a score chart, with which the probability for mor-
tality according to the CT characteristics can be estimated by
adding the scores for individual patients (Table 5). We chose to
add plus 1 to the sum score to make the grading numerically
consistent with the grading of the motor score of the GCS and
with the Marshall CT classification. Table 6 shows the appli-
cation of this score chart for classifying the study population
according to prognostic risk. The difference in observed mor-
tality rates between patients from the lowest and patients from
the highest risk group is 61%, which is considerably larger
than the maximal difference in mortality in the Marshall CT
classification (38%, Fig. 2), Table 7 illustrates the better discrim-
ination for prognostic risk assessment of the CT prediction
score in comparison to the Marshall CT classification, partic-
ularly in patients with mass lesions.

TABLE 3. Multivariable analysis of computed tomographic
characteristics, pooled Tirilazad patientsa

Characteristics Mortality (%) OR (95% CI)b

Abnormalities 6.4 Reference
No 23 1.0 (0.5–2.0)
Yes

Shift
No shift 17 Reference
0–5 mm 26 1.4 (1.0 – 1.9)
6–10 mm 36 1.6 (1.1–2.4)
� 10 mm 49 2.0 (1.3–3.1)

Basal cisterns
Normal 15 Reference
Compressed 27 2.0 (1.5–2.7)
Absent 55 5.7 (4.0–8.0)

Intraventricular blood
No 19 Reference
Yes 31 2.0 (1.5–2.6)

tSAH
No 12 Reference
Yes 30 2.0 (1.5–2.5)

Lesions
No 12 Reference
Single non-mass 15 0.9 (0.6–1.4)
Multiple non-mass 23 1.3 (0.9–1.9)
Epidural mass 17 0.5 (0.4–0.9)
Subdural mass 40 1.4 (0.9–2.1)
Intracerebral mass 35 1.1 (0.7–1.7)

a OR, odds ratio; CI, confidence interval; tSAH, traumatic subarachnoid
hemorrhage.
b Missing values were entered.
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DISCUSSION

We confirmed the predictive value of the Marshall CT classi-
fication in a large series of patients (n � 2249), but showed that
a better discrimination can be obtained by making fuller use of
the individual CT characteristics underlying the Marshall CT
classification. Discrimination could be further improved by add-
ing intraventricular and traumatic subarachnoid hemorrhage
and by a more detailed differentiation of mass lesions and basal

cisterns (AUC, 0.77). We do
not wish to detract from the
general validity and appeal of
the Marshall CT classification
when used for descriptive
purposes. This classification
however was not developed
from the perspective of prog-
nosis, and the question
whether the categorization of
variables in the Marshall CT
classification is appropriate for
predictive purpose is relevant.
For instance, in the Marshall
CT classification, radiological
signs of raised ICP (status of
basal cisterns and presence of
shift) are only used for further
differentiation of patients with
diffuse injuries while these pa-
rameters may also be expected
to be of prognostic value par-
ticularly in patients with mass
lesions. Indeed, Table 7 shows
a better prognostic discrimina-
tion of the proposed prognos-
tic CT score over the Marshall
CT classification, particularly
in patients with mass lesions.

The presence of tSAH has been shown to be a strong predictor
both for outcome and mortality in TBI (8, 11, 12, 18, 26, 27, 29) but
is not included in the Marshall CT classification. The predictive
value of tSAH in TBI is confirmed in our study and we have
additionally shown that including this parameter in a predictive
model significantly increases discrimination; we also found IVH
to be an independent predictor, in contrast to other studies in
which the relation of IVH to poorer outcome was mainly caused
by the association with other predictors (6, 8, 19). Further, the
Marshall CT classification does not permit any distinction on
type of mass lesion. Many studies have shown that prognosis in
patients with an EDH is much better than in those with a sub-

TABLE 4. Added discriminative value of extra computed tomographic characteristics and further
differentiation of computed tomographic characteristicsa

Models

Discrimination (AUC)

Logistic
regression

Recursive
partitioning

Basic modelb 0.703 0.705
Added CT characteristic

Evacuation mass lesion 0.714 0.712
Dropped CT characteristics

Any abnormalities 0.703 0.701
Added CT characteristics

Non-mass lesions (single or multiple) 0.714 0.712
Blood (tSAH and/or intraventricular blood) 0.730 0.737

Separation of already included CT characteristics
Mass as epidural versus intradural 0.720 0.719
Mass as epidural versus subdural versus intracerebral 0.722 0.721
Cisterns (normal, compressed, absent) 0.726 0.727
Shift (no, 1–5 mm, 6–10 mm, � 10 mm) 0.710 0.716

Allc 0.769 0.794

a AUC, area under the operating curve; CT, computed tomographic; tSAH, traumatic subarachnoid hemorrhage.
b The basic model contains all characteristics included in the Marshall classification, except evacuation mass lesion.
c Basic model plus single non-mass lesions, multiple non-mass lesions, mass as epidural versus subdural versus
intracerebral, cisterns as normal versus compressed versus absent, shift as 1–5 mm versus 6–10 mm versus � 10 mm,
blood as tSAH versus intraventricular blood.

FIGURE 2. Mortality related to Marshall CT classification.

FIGURE 3. CT prediction tree constructed with recursive partitioning,
using the same characteristics and the same number of terminal nodes as
used in the Marshall CT classification.
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dural or intracerebral hematoma (5, 10). Bricolo et al. (3) postu-
lated that mortality should approach zero in patients with an
uncomplicated EDH. As shown in Table 6, we found zero mor-
tality in such patients (mass lesion with a prognostic score of 1).
A further problem with the original CT classification is that it
differentiates between patients with evacuated versus non evac-
uated mass lesions. Many have argued that this reflects a clinical
decision and does not in itself constitute a CT parameter, and in
clinical practice this has led to confusion and it has been pro-
posed not to include this differentiation (28). Nevertheless, we do
note a 4% difference in mortality between patients with evacu-
ated versus non evacuated mass lesions. Further in depth ad-
justed analysis, however, will be required to determine whether
the baseline characteristics of these two groups were similar or
not.

Previous studies have shown that the Marshall CT classifi-
cation is a strong predictor in TBI (5, 17, 21, 28) with high inter-
and intraobserver reliability (33). Wardlaw et al. (34), how-
ever, found in a retrospective analysis of 425 patients of vary-
ing severity that the Marshall CT classification did not remain
a significant independent outcome predictor on multivariate
analysis when clinical features were included, in contrast to
tSAH and a newly suggested, ill defined variable describing
�overall appearance.� For the present study we did not include
clinical characteristics in our models, but in a previous study
describing a prediction model for TBI, we found that both the
Marshall CT classification and tSAH remained as statistically
significant predictors in multivariate analysis, following ad-
justment for clinical variables (17).

Consistent with other prediction studies in TBI (31), we
found that performance of the models was more dependent on
the variables included than on the statistical approach. We
found no clear statistical benefit in the use of a prediction tree
compared to logistic regression models. We considered the
use of a prediction tree in the current analysis appropriate as
the Marshall CT classification can be readily presented as a
prediction tree, which may be appealing for the clinician.
Furthermore, a tree can capture and correct easily for interac-
tion, i.e., different relations between predictors in different
subgroups. Interaction, if present, is detected by a better dis-
criminative ability of the tree as compared to a logistic model.
We did not observe such differences in our studies. The clin-
ical appeal of a prediction tree method is, however, also de-
pendent on the number of terminal nodes. The limited number
of nodes (n � 6) in the Marshall CT classification and in the
basic model make this type of presentation appropriate. When
additional variables were added to our model we found an
optimal number of 15 terminal nodes which significantly de-
creases the clinical appeal. For this reason we would prefer the
logistic regression model because discriminative properties
are similar. We realize that a logistic regression model may
have less clinical appeal and therefore suggest translating it
into a score chart as proposed in Table 6. Although this score
chart performed well in our study population, assessment of

TABLE 5. Prognostic score chart for the probability of
mortality in patients with severe or moderate traumatic brain
injury according to their computed tomographic
characteristicsa

Predictor value Score

Basal cisterns
Normal 0
Compressed 1
Absent 2

Midline shift
No shift or shift � 5 mm 0
Shift � 5 mm 1

Epidural mass lesion
Present 0
Absent 1

Intraventricular blood or tSAH
Absent 0
Present 1

Sum scoreb �1

a SAH, traumatic subarachnoid hemorrhage.
b The sum score can be used to obtain the predicted probability of mortality
from the formulae below. We chose to add plus 1 to make the grading
numerically consistent with the grading of the motor score of the GCS and with
the Marshall CT classification. The corresponding probabilities are calculated
with the formula: Probability (mortality) � 1/[1� e –(-2.60� 0.80 *Sumscore)]

TABLE 6. Computed tomographic classification by
prediction score

Score No. of patients Actual mortality no. (%)

1 36 0 (0)
2 600 41 (6.8)
3 773 122 (16)
4 465 121 (26)
5 261 138 (53)
6 114 69 (61)

TABLE 7. Marshall computed tomographic classification
versus Rotterdam computed tomographic scorea

Rotterdam CT Score
Marshall CT classification

Total
1 2 3 4 5 6

1 0 0 0 0 35 1 36
2 173 336 0 0 65 26 600
3 0 492 107 5 95 74 773
4 0 5 249 19 136 56 465
5 0 0 70 37 134 20 261
6 0 0 0 27 74 13 114

Total 173 833 426 88 539 190 2249

a CT, computed tomographic.
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its general applicability will require validation in other data
sets.

A number of limitations of our study should be recognized.
First, our studies were performed on a large patient series
including only patients with severe and moderate injury. Re-
sults cannot, therefore, be extrapolated towards patients with
mild injuries. Secondly, we focused our studies on analysis of
data from the initial CT examination performed within 4
hours after injury. Other studies (21, 28) have shown that the
�worst� CT scan obtained during the clinical course has greater
predictive value. Also within the current data set we found
that the final CT classification, based on the worst CT follow-
ing admission, yielded better discrimination (AUC, 0.692 for
Marshall CT classification and 0.716 for basic model). How-
ever, the intent of our studies was to investigate the use of the
CT classification and CT predictors toward a prognostic clas-
sification of TBI on admission. Such classification is consid-
ered useful to establish the baseline characteristics and prog-
nostic risk of TBI patients on admission. Third, the predictive
analysis presented was conducted versus 6 months mortality.
For these studies we chose mortality rather than the GOS
dichotomized into unfavorable versus favorable as this con-
stitutes a hard and objective endpoint without any missing
outcome data. As a sensitivity analysis we additionally calcu-
lated the discriminative properties of the Marshall CT classi-
fication, the basic model in which the individual parameters of
the CT classification were rearranged and the extended model
versus unfavorable outcome and found similar results.

In summary, we conclude that the Marshall CT classifica-
tion has strong predictive power, but greater discrimination
can be obtained if the individual CT parameters underlying
the CT classification are included in a prognostic model. Con-
sequently, for prognostic purposes, we recommend the use of
individual characteristics rather than the CT classification.
Performance of CT models for predicting outcome in TBI can
be significantly improved by including more details of vari-
ables and by adding other variables to the model. We suggest
that such models should include the following characteristics:
status of basal cisterns, shift, tSAH and/or IVH and presence
of mass lesions with differentiation between EDH versus in-
tradural lesions. For more easy clinical application, models
can be translated into a score chart.
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Maas et al. have conducted a very thorough analysis of the corre-
lation of specific computed tomographic (CT) characteristics

with 6-month mortality in a population of patients with severe and
moderate traumatic brain injury (TBI). As one might expect, they
found that making greater use of individual CT characteristics al-
lowed them to improve on the already sizeable predictive value of the
original Marshall CT classification scheme, which assessed CT scans
by placing them into specific categories. Unlike the authors of many
such predictive schemes, Maas et al. went to great lengths to create a
simple scoring chart to facilitate the use of their system. The discus-
sion is especially frank in its acknowledgment of the limitations of this
work. However, a word of caution is in order concerning the appli-
cation of these results. Information such as that provided by this
model is quite useful in helping to form a general idea about a
patient’s prognosis, but it is only one item of data in the overall
assessment of a patient’s clinical condition, underlying health status,
rate of progression of disease, and numerous other factors that must
be considered when a patient’s overall “prognosis” is assessed.

Alex B. Valadka
Houston, Texas

In this important publication, the authors have improved upon the
Marshall classification of CT scan in TBI. They have rearranged the

underlying individual CT scan characteristics and included new char-
acteristics, namely traumatic subarachnoid and intraventricular hem-
orrhage. They have subsequently applied this new “Marshall/Maas
Classification” to a large population of head injured patients taken
from the previous Tirilazad trial (2269 patients)(1, 2). Using statistical
modeling techniques, the authors have shown that this new classifi-
cation is a powerful predictor of outcome in TBI.

Thus, in contrast with many other disease states, severe brain injury
outcomes can be accurately predicted using four variables. These
variables are age, Glasgow Coma Scale on admission (especially mo-
tor score), CT characteristics, and presence of ischemic and hemody-
namic secondary insults. Using these four predictors, numerous pa-
pers have used statistical modeling techniques to predict up to 80% or
more of the outcome accuracy. It remains to be seen whether this new
modification of the CT characteristics will boost this predictive accu-
racy even higher. Clearly, the algorithms presented in this important
article need to be applied both prospectively and retrospectively to
other large patient cohorts to find this out.

The most important implication of this study, however, is that it is
possible to test outcome in head injury against the individual predic-
tors for each individual patient. In the classical design of head injury
trials, randomization and adequate power have been used as the two
tools to allow for a treatment effect to be detected between placebo
and treatment groups.

If each patient’s outcome could be measured against their predicted
outcome, however, this suggests that much smaller numbers of pa-
tients could be used in trials, and also that it would not be necessary
to stratify for severity as has been done in most previous trials. This,
in turn, opens up the possibility that head injury trials could be
performed more rapidly and more cost-effectively. Only by the de-
velopment of surrogate markers such as the CD-4 count, and the viral
load has it been possible for the acquired immunodeficiency
syndrome/human immunodeficiency virus research community to
develop the wide spectrum of therapeutic agents available for that
disease. This article constitutes significant progress along the road of
better trial design in head injury for the future.

M Ross Bullock
Richmond, Virginia

1. Hukkelhoven CWP, Steyerberg EW, Farace E, Habbema JD, Marshall LF,
Maas AI: Regional differences in patient characteristics, case management,
and outcomes in traumatic brain injury: experience from the Tirilazad trials.
J Neurosurg 97:549–557, 2002.

2. Marshall LF, Maas AI, Marshall SB, Bricolo A, Fearnside M, Iannotti F,
Klauber MP, Langarrigue J, Lobato R, Persson L, Pickard JD, Plek J, Servadei
F, Wellis GN, Morris GF, Means ED, Musch B: A multicenter trial on the
efficacy of using tirilazad mesylate in cases of head injury. J Neurosurg
89:519–525, 1998.

The ability to predict outcome early after a severe TBI enables
treating physicians to appropriately advise family members re-

garding expected duration of treatment, likely short- and long-term
outcomes, future needs for rehabilitation, and other clinical, social and
financial issues that require extensive planning. Early outcome pre-
diction also helps clinicians and hospitals anticipate and plan for the
future medical needs of the patient. For more than a decade, the
Marshall CT classification scheme has been an important adjunct to
the initial clinical assessment in providing the most accurate early
outcome prediction possible. But, those of us who have used this CT
classification have had concerns that it did not account for CT findings
that seemed to be prognostically important. Maas et al. have focused
on those shortcomings using a sophisticated series of statistical anal-
yses applied to a very large database. In so doing, they confirmed that
distinguishing between epidural and subdural hematomas, and in-
cluding traumatic subarachnoid hemorrhage and intraventricular
hemorrhage as additional predictive variables, significantly improves
the prognostic value of the initial CT scans as compared with the
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Marshall Classification. They developed a scoring system that seems
to be more closely associated with outcomes than the Marshall scheme
when applied to the more than 2000 patients in the Tirilazad database.
Although it remains impossible to predict outcomes with complete
accuracy, the new classification system developed by these authors is
a welcome improvement to the Marshall system and will significantly
improve our prognostic abilities.

Donald W. Marion
Boston, Massachusetts

In this clinical study, the authors evaluate the predictive value of the
Marshall CT classification scheme in patients with moderate-to-

severe TBI with 6-month mortality as an outcome measure and com-
pare it with that of several alternative CT models developed by
rearrangement of various CT characteristics. The article highlights the
significance of radiological examination in the assessment of patients
with severe head injuries in whom the Glasgow Coma Scale score has
become less applicable for TBI grading as a result of the increasingly
frequent use of early intubation, sedation, and mechanical ventilation
in the treatment of this patient population. It also points out the fact
that, although the Marshall CT classification has been widely accepted
as an accurate descriptor and predictor (in multiple studies) of prog-
nosis in TBI, no one has investigated the possibility that other com-
binations of CT parameters may, in fact, be better suited for the
purpose of prognostication, which is what the authors aim to accom-
plish in this study. Using a database of the combined Tirilazad trials,
they show that the inclusion of various characteristics, such as the
presence or absence of subarachnoid and intraventricular hemor-
rhage, the quality of the basal cisterns and the location of mass lesions,
in a novel classification scheme results in a statistically significant
increase in the discriminatory capabilities of an outcome predictor
model. By translating this complex logistic regression model into a
score chart similar to the motor score of the Glasgow Coma Scale, they
attempt to create a more practical clinical classification scheme and
demonstrate its superiority to the Marshall model in a “head to head”
comparison.

We found several areas of concern in this article, a number of which
the authors recognize themselves, including the following: The data-
base excludes patients with mild TBI, a significant subset of individ-
uals for whom this classification would not be applicable. The em-
phasis on the importance of basal cisterns and midline shift in the
model requires some consistency in the accuracy with which these CT
scans are read and interpreted. Is there any difference in the predictive
value when films are evaluated by physicians with dissimilar levels of

experience, i.e., neuroradiology attendings versus radiology residents
versus neurosurgical residents? Also, the study uses the “initial CT
examination performed within 4 hours after injury.” As the authors
mention, it has been shown elsewhere that the worst CT scan obtained
during the clinical course has greater predictive value. It would be
interesting to see if the results change when this criterion is used and
if the 4-hour cutoff really has any merit in the overall TBI population.
To make their model more clinically relevant, the authors convert the
values of the regression coefficient to a simple six-point score estimat-
ing outcome probability (rescaled and rounded to whole numbers). In
doing this, they likely sacrifice some accuracy and would have to
answer the question of whether or not this score applies to TBI
patients in general; it is absolutely necessary to evaluate the validity of
this scale in a prospective fashion. We also agree with the decision to
exclude clinical features in these models, as the aim here is to develop
a classification scheme based solely on the features of the CT exami-
nation.

Jason H. Huang
Nathan Ranalli
Eric L. Zager
Philadelphia, Pennsylvania

The Marshall CT classification has served a very useful purpose as
a predictor of head injury severity and outcome and has been

widely embraced since its introduction in 1990. However, it is impor-
tant to bear in mind that it was devised from data collected between
1984 and 1987 through the Traumatic Coma Data Bank, and is based
on a total of 753 patients.

Nevertheless, until this contribution by Maas et al., there has not
been a concerted effort to revisit or revise this classification to achieve
greater reliability and sensitivity. This novel modeling methodology is
based on more than 2000 scans and seems to have accomplished these
goals.

Only two concerns are expressed over this important contribution.
First, the scan abnormalities are heavily weighted to mass lesions
(84%), with 74% of these undergoing evacuative surgery. This would
appear somewhat skewed given the current spectrum of what is
presently being seen in trauma centers in the US and may uninten-
tionally bias the modeling. Second, the authors’ findings need to be
corroborated on another large head injury database or through pro-
spective investigations

Jack E. Wilberger
Pittsburgh, Pennsylvania
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OBJECTIVE: Controversy exists about the indications and timing for surgery in head
injured patients with an intradural mass lesion. The aim of this study was to survey
contemporary approaches to the treatment of head injured patients with an intradural
lesion, placing a particular focus on the utilization of decompressive craniectomy.
METHODS: A prospective international survey was conducted over a 3-month period
in 67 centers from 24 countries on the neurosurgical management of head injured
patients with an intradural mass lesion and/or radiological signs of raised intracranial
pressure. Information was obtained about demographic, clinical, and radiological
features; surgical management, and mortality at discharge.
RESULTS: Over the period of the study, data were collected about 729 patients
consecutively admitted to one of the participating centers. The survey included 397
patients with a severe head injury (Glasgow Coma Scale [GCS] 3–8), 155 with a
moderate head injury (GCS 9–12) and 143 patients with a mild head injury (GCS
13–15). An operation was performed on 502 patients (69%). Emergency surgery (�24
h) was most frequently performed for patients with an extracerebral mass lesions
(subdural hematomas) whereas delayed surgery was most frequently performed for an
intracerebral hematoma or contusion. Decompressive craniectomy was performed in
a substantial number of patients, either during an emergency procedure (n � 134,
33%) or a delayed procedure (n � 47, 31%). The decompressive procedure was nearly
always combined with evacuation of a mass lesion. The size of the decompression was
however considered too small in 25% of cases.
CONCLUSION: The results provide a contemporary picture of neurosurgical surgical
approaches to the management of head injured patients with an intradural mass lesion
and/or signs of raised intracranial pressure in some Neurosurgical Units across the
world . The relative benefits of early versus delayed surgery in patients with intrapa-
renchymal lesions and on the indications, technique and benefits of decompressive
craniectomy could be topics for future head injury research .

KEY WORDS: Decompressive craniectomy, Intradural mass lesions, Surgical management, Traumatic brain
injury
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There is controversy about the indications
and timing for surgery in the manage-
ment of head-injured patients. This ap-

plies especially to those with intradural le-
sions such as an acute subdural hematoma
(29, 33), parenchymal brain contusions and/or

an intracerebral posttraumatic hematoma (3,
5). These controversies reflect the lack of high
quality data relating surgical approach to out-
come. Consequently, the uncertainties in the
management of a patient with an intradural
lesion are not satisfactorily dealt with in pub-
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lished guidelines. The international guidelines of the Ameri-
can Association of Neurological Surgeons/Brain Trauma
Foundation (4) do not refer to indications for surgery and
guidelines issued in Europe only contain general suggestions
(17, 27). One of the sources of uncertainty about the manage-
ment of traumatic intradural lesions is the lack of clear criteria
for interpretation of computed tomographic (CT) scan find-
ings in a way that is relevant to clinical and surgical decision
making. The method of Marshall et al. (18) has proved a useful
classification of morphological severity but was not developed
as a discriminator for surgical indications.

Different interpretation of definitions, difficulties in volu-
metric measurement of intraparenchymal lesions and chang-
ing views on surgical indications complicate comparability of
series. The lack of criteria to determine the comparability of
patients is illustrated in a recent paper from the European
Brain Injury Consortium (EBIC) (30) that showed favorable
outcome in 45% of patients with evacuated mass lesions ver-
sus 42% in patients with non-evacuated mass lesions.

The need to reassess surgical approaches has been high-
lighted by the recent resurgence of interest in decompressive
craniectomy (13, 22, 26) in the management of severely head
injured patients. Sometimes decompression is done as a pri-
mary procedure, at the time of an initial operation to evacuate
a contusion or subdural hematoma (22); in other cases, decom-
pression is performed only as a lifesaving or secondary sal-
vage procedure in patients with severe brain swelling and
intracranial hypertension (26, 32). It is, therefore, very difficult
to differentiate between the effects of the bony decompression
for treatment of diffuse brain injury with swelling and results
of combined decompressive craniotomy with removal of mass
lesions. Moreover, even if done, there is no agreement about if
decompressions should be unilateral, bilateral or varied ac-
cording to the lesion’s location and nature (13, 22, 25, 26, 32).

We report the findings of a prospective, multicenter study
of the management of a large cohort of head-injured patients
with intradural lesions (acute subdural hematomas and brain
parenchymal damage) with a particular focus on the use of
external bony decompression. The results provide a contem-
porary picture of practice in neurosurgical units and a frame-
work for further investigation.

PATIENTS AND METHODS

We prospectively collected data over a 3-month period in
2001 about head injured patients with a mass lesion and/or
radiological signs of raised intracranial pressure (ICP) who
were treated in one of 67 centers in 24 countries (see Appen-
dix). The patients were either admitted to the neurosurgery
unit within 24 hours after injury (95%) or were transferred
later (within 72 hours [5%]) after secondary deterioration as-
sociated with a change in their CT picture from one of a
diffuse injury to a mass lesion. Inclusion was based on radio-
logical criteria irrespective of the Glasgow Coma Scale (GCS).
The primary criterion was the presence of an intradural lesion
with a high or mixed density component greater than 25 ml

and secondary criteria, the presence of radiological signs of
shift and/or raised intracranial pressure as determined by the
participating investigators. Details of the inclusion and exclu-
sion criteria are summarized in Table 1. In the case of bone
decompression, we suggested to quantify the extend of the
decompression by the method proposed by Munch et al. (22).
The survey was organized by the EBIC Coordinating Centre at
the University of Glasgow, Scotland.

Data Collection

The study protocol, data forms, and guidelines for form
completion were made available to all investigators on a ded-
icated website (www.ebic.it). We used a modified version of
the data collection forms used in a previous EBIC survey (23).
Data collection was done either via the Internet (Italian and
Spanish centers) or via paper forms subsequently sent to the
EBIC coordinating center. The GCS was determined at three
time points: prehospital, on arrival at the first hospital, and at
admission to the Neurosurgical Unit (NSU). For the �first
reliable GCS,� we used the first GCS recorded at any time
point. Specific attention was focused on details of surgical
procedures. These were differentiated into “emergency” sur-
gery and “delayed” surgery. Emergency surgery was defined
as an operation within 24 hours after injury and delayed
surgery as a later operation. Data relating to the early man-
agement were returned within one month of admission. These
data included death at discharge from the emergency Hospi-
tal.

Statistical Analysis

On the basis of the previous EBIC survey (23), we estimated
that the cohort should contain at least 600 patients. As the
aims of the study were essentially descriptive, few formal

TABLE 1. Enrollment criteriaa

Inclusion criteria

Presence of a high density lesion with a volume � 25 ml on CT
examination and/or radiological signs of raised ICP
Midline shift � 5 mm
Compression/obliteration third ventricle
Compression/obliteration of basal systems
Compression of the ipsilateral ventricle
Dilatation of the contralateral ventricle

Exclusion criteria

Inability to obtain hemodynamic and respiratory stability
Injuries owing to a penetrating object (gun shot wounds and
stab injuries)
CT signs of diffuse injury without mass effect
Pure (i.e., not associated with intradural mass lesions) epidural
hematomas
Rebleeding in a chronic subdural hematoma

a CT, computed tomographic; ICP, intracranial pressure.
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statistical comparisons have been made. Categorical data are
tabulated and data on continuous variables are summarized
using means, standard deviations and percentiles. Factors as-
sociated with the use of decompressive craniectomy are as-
sessed using �2 tests and t tests as appropriate.

Study Limitation

As in previous studies (23, 30), data collection was con-
ducted with very limited budget. Therefore, no central CT
reading was provided. CT classification and the estimated
area of decompression were coded as scored by our investi-
gators.

RESULTS

Patient Characteristics

A total of 729 patients were entered by the 67 centers
participating in the study, see appendix. Demographic and
clinical features are shown in Table 2. The mean age of the
patients was 46 years (range, 2–95). A large proportion of
patients (56%) were admitted to the NSU after secondary
referral. Road traffic accidents caused the injury in 300 pa-
tients (43%).

The first reliable Glasgow showed 397 (55%) patients with a
GCS 3 to 8, 155 (22%) patients with a GCS 9 to 12, 143 (20%)
patients with a GCS 13 to 15 and 21 (3%) patients with a GCS
untestable. The median value was 7 and interquartile range 5
to 12. There was a prevalence of severe and moderate head-
injured patients in this series, but the high percentage (20%) of
mild head injury is somewhat surprising.

The findings in the initial CT are presented in Table 3; 517
patients (73%) had a mass lesion at this stage. Traumatic
subarachnoid hemorrhage was present in 368 patients (54%)
and intraventricular hemorrhage in 96 patients (14%). Midline
shift was present in 453 (62%) patients. The mean shift was
approximately 9mm. Worsening of CT findings was noted in
273 (39%) of patients.

Surgical Management

Details of operative procedures are presented in Table 4.
One hundred and four operations were solely for placement of
an intracranial pressure monitor and were not considered
further; 502 patients (69%) underwent a craniotomy or crani-
ectomy. Of these, 348 (69%) underwent only an emergency
operation, 98 (20%) only a delayed operation and 56 (11%)
underwent both an emergency and a delayed operation. Al-
most all operations were for evacuation of a mass lesion, in
both emergency surgery (99%) and delayed surgery (83%). In
emergency operations, acute subdural hematoma, sometimes
associated with brain contusions, was the most frequently
evacuated lesion (69%). Acute subdural hematomas without
associated contusions were much less frequently removed in a
delayed procedure: 169 (93%) cases were treated as emer-
gency, and only 12 (7%) as delayed surgery. In delayed oper-
ations, intracerebral lesions (hematoma or contusion), some-

times associated with a subdural hematoma, were the most
frequently evacuated lesions (n � 80, 73%). Investigators re-
ported mass effect and lesion size as the main reasons for

TABLE 2. Features of patients included in the European Brain
Injury Consortium studya

Characteristic No.

No. of patients 729
No. of centers 67

Referral (n � 673) secondary referral 376 (56%)
Age (n � 724)

Mean (SD) 46.2 (20.8)
Median (range) 45 (2–95)
Interquartile range 28–64

Gender (n � 725)
Male 570 (79%)

Cause of injury (n �703)
Road traffic accident 300 (43%)
Work 47 (7%)
Assault 53 (7%)
Domestic 100 (14%)
Sport 19 (3%)
Fall under influence of alcohol 91 (13%)
Other 93 (13%)

First reliable GCS (n � 716)
Median (range) 7 (3–15)
Interquartile range 5–12
Severe (�8) 397 (55%)
Moderate (9–12) 155 (22%)
Mild (13–15) 143 (20%)
Untestable 21 (3%)

GCS motor NSU (n � 708)
Median (range) 4 (1–6)
Interquartile range 2–5
Untestable 94 (13%)

GCS total NSU (n � 708)
Median (range) 7 (3–15)
Interquartile range 5–12
Untestable 171 (24%)

Pupillary reactivity (n � 696)
At least one nonreactive pupil 285 (41%)

Extracranial injuries (n � 657)
Major 150 (23%)

Hypoxia (n � 711)
Present 178 (25%)

Hypotension (n � 710)
Present 115 (16%)

Mortality on discharge 192 (26%)

a SD, standard deviation; GCS, Glasgow Coma Scale; NSU, neurosurgical
unit. For each variable, percentages are based on the number of patients
with the relevant data recorded. The number of patients on whom data
were available are reported per variable in brackets; the average number of
missing values was 27 (4%).
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emergency surgery. In �delayed� procedures this was differ-
ent, with the main reason for operation almost equally allo-
cated to increasing intracranial pressure, clinical and radiolog-
ical deterioration. More than one reason may have been
present in some individuals, but this was not recorded.

Decompressive Craniectomy

A decompressive craniectomy was performed in a substan-
tial number of patients, either during an emergency procedure
(n � 134, 33%) or a delayed procedure (n � 47, 30%) (Table 5).
The mean size of decompression performed in the emergency
setting was 67 cm2, and in delayed surgery 80 cm2. In Figures
1 and 2, we reported the areas of decompression. Because we
were surprised by the number of small craniectomies reported
as �decompressive craniectomies� we have taken 30 cm2 as a

cut-off limit between small and large craniectomies. This limit
of 30 cm2 was arbitrarily taken and it is about half of the
reported area (22) sufficient to reduce cistern’s compression
and midline shift after external decompression. In 43 patients
(38 emergency surgeries and 5 delayed surgeries), the size of
the decompression was less than 30 cm2 and the procedure
probably consisted only of leaving the surgical bone flap out.

Details of the number, type, size and reasons for these proce-
dures are summarized in Table 5. The decompressive procedure
accompanied evacuation of a mass lesion in nearly all instances.
Thus, decompression was performed in the absence of a mass
lesion in only one patient as an emergency procedure, and in
only eight patients undergoing delayed surgery. When a decom-
pressive craniectomy was performed during an emergency op-
eration, the indications usually reported were the size of lesion
and its mass effect. In contrast, when decompression was carried
out during delayed surgery, this was attributed to a measured
increase in ICP in almost half of the patients. Clinical or radio-
logical deterioration, without evidence of intracranial pressure,
accounted for half of the delayed decompressions.

Clinical Features and Performance of Decompression

When decompression was carried out as an emergency,
there was an association with more severe clinical status be-
fore operation, with more patients having unreactive pupils
and more a GCS of 8 or less. In contrast, decompression as a
delayed procedure was associated with the patient’s age, with
those undergoing decompression being younger (mean, 36.5
yr) than those who were not (mean, 46.3 yr).

Early Mortality

Overall, 192 (26%) of the patients studied were reported to
have died during acute hospital stay; 131 (68%) of these patients
died within 1 week after injury. Of those undergoing operations,
141 (28%) patients died. In those not undergoing surgery, 51

TABLE 3. Computed tomographic scan characteristicsa

Characteristic No.

Initial CT classification (n � 713)
Diffuse injury Type I–II 117 (16%)
Diffuse injury Type III–IV 79 (11%)
Evacuated mass lesion 246 (35%)
Non-evacuated mass lesion 271 (38%)

Traumatic subarachnoid hemorrhage (n � 685)
Present 368 (54%)

Intraventricular hemorrhage (n � 677)
Present 96 (14%)

Midline shift (n � 471)
Present 453 (62%)
Mean (SD) 8.9 (5.4)

CT progression (n � 703) 273 (39%)

a CT, computed tomography; SD, standard deviation.

TABLE 4. Details of surgical treatmenta

Variable Emergency surgery Delayed surgery

No. of procedures 404b 154b

Extradural hematoma 60 (17%) 18 (16%)
Acute subdural hematoma 169 (47%) 12 (11%)
Contusion/intracerebral hematoma 51 (14%) 48 (44%)
ASDH and contusion 79 (22%) 32 (29%)
Other c 45 44

Associated decompressive craniectomy 134 (33%) 47 (30%)
Reason for surgery Mass effect 234 (62%) Increased ICP 47 (31%)

Lesion Size 65 (17%) Radiological deterioration 49 (33%)
Clinical deterioration 59 (15%) Clinical deterioration 43 (29%)
Other 22 (6%) Other 11 (7%)

a ASDH, acute subdural hematoma; ICP, intracranial pressure.
b Fifty-six patients underwent both emergency and delayed surgery and are reported in both columns.
c Patients operated with a craniotomy, but with a lesion not better specified or with a combination of different lesions; not included in % calculations.
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(22%) patients died. Mortality was higher in those who under-
went only an early emergency operation (n � 124, 31%) and
among these there was a trend for it to be higher in those
undergoing decompression (n � 30, 37%). Mortality was lower
in those having delayed surgery (n � 32, 21%), either alone or
after emergency surgery. In this category, there were only five
decompressed patients who died and the numbers are too small
to draw any conclusion (Table 6).

DISCUSSION

Surgical treatment for head injury is the oldest reported
neurosurgical procedure. In the Edwin Smith papyrus (�pub-
lished� in 1700 BC but referring to 3000-2500 BC), 27 of the 48
reported cases concern a head injury and 11 of these contain
suggestions about surgical treatment (1). Even in the Middle
Ages, the indications for operation in brain-injured patients
were perceived as among the most challenging surgical deci-
sions (9, 10).

In the last quarter of the 20th century, the management of
head-injured patients was placed on a much more rational
basis. This reflected two main advances. First, a greater un-
derstanding of the nature of traumatic brain damage was
established (12) leading to an emphasis on interventions to
avoid secondary damage. Second, the introduction of cross-
sectional CT scan imaging enabled early and accurate diagno-
sis of intracranial pathology (11, 15). These advances led to
very clear improvements in the outcome of patients with head

injury, particularly of those with an extradural hematoma (2).
Improvements in outcome of patients with an intradural le-
sion were more modest, and have also reflected in part the
advances in intensive care in this period (3). As a consequence,
the role and timing of surgery in the management of intra-
dural lesions, and its merits in comparison to intensive med-
ical treatment, continues to be a matter of debate (5).

This study shows that operative intervention remains the
major approach used by neurosurgeons in patients with a
space-occupying intradural lesion. More than 69% of patients
in this study underwent operative intervention. Our data in-
dicate that surgeons are more convinced of the merits of
emergency operation in the management of an extracerebral
hematoma, thus, 93% of patients with an acute subdural he-
motoma were treated with emergency surgery. The appar-
ently high degree confidence of surgeons in the role of early
surgery in patients with an extra parenchymal hematoma is
soundly based upon pathophysiological principles and im-
mense clinical experience. In particular, there is clear evidence
that delay in evacuation of significant epidural hemotoma and
subdural hematoma with midline shift until after the onset of
clinical deterioration is clearly associated with worsening of
outcome (19, 28). Debates about the role of surgery in these
circumstances are as relevant as debates about the role of
wearing a parachute in the absence of randomized controlled
trials of the effects of jumping out of an airplane!

Nevertheless, it should be recognized that there are a con-
siderable number of papers suggesting that in selected in-

TABLE 5. Decompressive craniectomya

Variable Emergency surgery Delayed surgery

No. of procedures 134b 47b

Isolated procedure 1 (0.7%) 8 (17%)
Inadequate decompression 38 (28%) 5 (11%)
Unknown 15 (11%) 10 (21%)
Adequate decompression 81 (61%) 32 (68%)

Adequate decompression (�30 cm2)c Mean (SD) area � 92 (51) Mean (SD) area � 90 (65)
Median � 80 Median � 80

Size of decompression Range � 32–300 Range � 32–361
IQR � 56–120 IQR � 48–100

Associated surgical treatment
Extradural hematoma 8 (10%) 3 (9%)
Acute subdural hematoma 36 (44%) 1 (3%)
Contusion/intracerebral hematoma 10 (12%) 8 (25%)
ASDH and contusion 23 (28%) 8 (25%)
Other 4 (5%) 12 (37%)

Reason for surgery Mass effect 56 (71%) Increased ICP 14 (45%)
Lesion Size 8 (10%) Clinical deterioration 10 (32%)
Clinical deterioration 11 (14%) Radiological deterioration 5 (16%)
Other 4 (5%) Other 2 (6%)

a SD, standard deviation; IQR, interquartile range, ASDH, acute subdural hematoma.
b Seven patients were decompressed twice and are included in both columns.
c The size of decompression was unknown in 15 patients (11%) who underwent emergency surgery and in 10 (21%) who underwent delayed surgery.
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stances (small volume, absence of compression or midline
shift), epidural (14) and subdural (7, 29) hematomas can be
managed conservatively, monitoring progress with repeated
CT scanning. Our findings show that surgeons have a more
conservative approach towards the management of intrapa-
renchymal brain lesions. One hundred and thirty-three early
operations were for evacuation of a contusion or an intrace-
rebral hematoma, but 79 (61%) of these were performed in
association with evacuation of a subdural hematoma. Evacu-
ation of contusions was the main reason for delayed surgery
(n � 80, 73%).

Advocates of evacuation as an early step base their view on
factors such as evidence of the adverse consequences of mass
effect, on the prospect that this will worsen over time (24) due
to increase in the volume of hemorrhage and surrounding
edema, and on the observations that outcome is poorer fol-
lowing a rise in ICP (3), or radiological (30) or clinical wors-
ening (21). Our results show that in contemporary practice
such events are often awaited before a decision to operate is
made.

Reasons for promoting a more conservative approach in-
clude the view that the merits of intervention within brain
parenchyma itself are less clear (5), and that operative trauma
may exacerbate damage. It is not possible from the design of
this study to determine if all early operations were appropri-
ate; nor, conversely, if those performed as a delayed proce-
dure might have been more appropriate as an emergency, or
perhaps even not at all. The lack of high quality evidence on
which to base decisions upon has been noted.

A recent large, randomized prospective study in patients
with a spontaneous intracerebral hematoma did not show a
benefit from early surgery (20). However, the findings of the
present study show that conservative approaches, as em-
ployed in the participating centers, was considered to have
been unsuccessful in a substantial proportion of patients, lead-
ing to a delayed operation. Further research is needed to
predict which patients may or may not be treated satisfactorily
conservatively and which patients do or do not need early

evacuation. Against the fore-
going background, it is, per-
haps, not surprising that
there is even more uncer-
tainty about the role of de-
compressive craniectomy.
This operation does not aim
to eliminate the source of
brain damage, but, instead,
to enhance the brain’s capac-
ity to cope with the effects of
an expanding lesion or raised
ICP. After reports in the
1970s indicated that the pro-
cedure was not often fol-
lowed by recovery (6), it was
little used for the next 2 de-
cades. One of the reasons for

this was a concern that a decompressive craniectomy by re-
moving the counter pressure of the cranium could lead to
worsening brain edema. This view has, however, not been
substantiated by evidence in patients (25) and, more recently,
there has been a resurgence of interest in the procedure. This
is reflected in a substantial number of reports, many claiming
some benefit from the procedure as recently reviewed by
Hutchinson (16) and Pieck (25). Different approaches were
used and the craniectomy was frequently combined with evac-
uation of the mass lesion (22). This was also the experience in

FIGURE 1. Area of bone decompression as estimated by the intradural
lesion study investigators in 119 cases of early surgery.

FIGURE 2. Area of bone decompression as estimated by the intradural
lesion study investigators in 37 cases of delayed surgery.

TABLE 6. Factors associated with the use of bone decompression in surgical proceduresa

Early surgery Decompressive
craniectomy

No decompressive
craniectomy

P value

Age mean (SD) 44.4 (20.0) 47.6 (20.7) 0.20
At least one nonreactive pupil 55 (68%) 139 (43%) 0.0001
GCS � 8 65 (81%) 172 (56%) �0.001
In-hospital death 30 (37%) 94 (29%) 0.17

Delayed surgery
Age mean (SD) 36.5 (15.4) 46.3 (20.3) 0.01
At least one nonreactive pupil 8 (25%) 33 (27%) 0.95
GCS �8 29 (59%) 57 (49%) 0.30
In-hospital death 5 (16%) 27 (22%) 0.47

a SD, standard deviation; GCS, Glasgow Coma Scale. We considered only patients submitted to a decompression of more
than 30 cm2.
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our study and a decompressive craniectomy was used solely
for control of raised ICP, without evacuation of a mass lesion,
on nine occasions.

Comparisons based on cohorts treated at different times or
different places have not provided clear directions. There is
currently only one report of a randomized prospective com-
parison (31), but this study had many limitations. The proce-
dure was limited to removal of only bone, without opening of
the dura, and there is evidence (8, 32) that it is the latter step
that is essential. In addition, the study was limited to children
and, despite being performed over 7 years, only a small num-
ber were recruited.

Uncertainty may be compounded by lack of a standard
technique for performing the procedure, in particular concern-
ing its site and size. This is reflected in our finding of a wide
variation in the dimensions of the craniectomies performed in
this study. There is some evidence that a large decompression
is needed for benefit (22, 25), and that a small one may even
have adverse consequences (25). In many instances, particu-
larly when associated with primary evacuation of a mass
lesion, the dimensions were, in our opinion, too small (see
Figs. 1 and 2). The picture obtained from the present survey is
that decompressive craniectomy is currently performed usu-
ally as an adjunct to the evacuation of a mass lesion, when it
is often limited to �leaving out the bone flap.� Few patients
were treated by deliberate decompressive craniectomy for the
management of diffuse brain damage complicated by refrac-
tory, or raised intracranial pressure.

Despite the large number of patients that were studied,
there are limitations in the potential to draw conclusions about
relationships between the differing approaches to manage-
ment and benefit in terms of outcome This reflects the varia-
tions in technique and timing of the procedure and it is evi-
dent that there was considerable bias in selection of patients
for decompression. When carried out as part of an emergency
operation, its use was strongly associated with evidence of
more severe brain damage, as shown by the association be-
tween utilization of craniectomy and a lower GCS score and
with loss of pupil reactivity (Table 6). In contrast, when em-
ployed as a delayed procedure, there was preferential use in
younger patients. This probably reflects prevailing practice,
and various articles have advocated that decompressive crani-
ectomy should be done only to patients below 50 years of age
(13, 22, 25). Clarification of the risks and benefits of decom-
pressive craniectomy requires a prospective randomized trial.

CONCLUSIONS

Operative evacuation remains the primary method of man-
agement used by neurosurgeons in patients with a traumatic
intradural lesion. Most operations are performed as an emer-
gency when there is greater emphasis on the evacuation of
extracerebral epidural and subdural hematoma. In more de-
layed surgery, the most frequent lesion evacuated was a brain
contusion or laceration, and intracerebral hematoma. In al-
most half of such lesions that were treated by operation, this

was performed only after a period of conservative manage-
ment. Decompressive craniectomy was performed in a sub-
stantial proportion of patients, but the size of decompression
was, in our opinion, too small in a substantial number of cases.
The findings of the study point to the need for further research
into the clinical management of patients with a traumatic
intradural lesion. Evidence should be sought that will clarify
which patients have a traumatic intradural lesion that can be
managed satisfactorily conservatively and, conversely, those
in whom “medical” management is inferior to surgical evac-
uation. Although the role of decompressive craniectomy is
controversial, it is carried out in a substantial number of
patients, either as a primary or delayed procedure. Evidence
on which to base the use of this procedure is unlikely to be
obtained unless prospective randomized comparative studies
are performed.

APPENDIX

Collaborating Centers by country, hospital name, principal
investigator (number of patients included):

Argentina (9): Hospital de Emergencias �Clemente Alvarez,�
Rosario (6): Carlos Rondina; Hospital Interzonal �Prof. Dr.
Luis Guemes,� Haedo (3): Pablo Schoon.

Australia (10): Royal Prince Alfred Hospital, Newtown (10):
Michael Besser, Shirley Vallanc.

Belgium (8): University Hospital Gasthuisberg, Leuven (8):
Jan Goffin.

Brazil (1): Hospital Santa Casa de Misericordia, Rio Grande
do Sul (1): Carlos Alberto-Viera.

China (6): Prince of Wales Hospital, Hong Kong (6): Wai S.
Poon.

Croatia (33): Rijeka University Hospital, Rijeka (6): Darko
Ledic; Osijek University Hospital, Osijek (13): Bruno Splavski;
University Hospital �Sestre Milosrdnice,� Zagreb (14): Miro-
slav Vukic.

Denmark (6): Aarhus Kommunehospital, Aarhus (6):
Carsten Kock-Jensen.

France (3): Hotel Dieu, Nantes (3): Roger Robert.
Germany (15): Virchow Klinikum, Berlin (8): Andy Unter-

berg; Der Universitat Leipzig, Leipzig (7): Jürgen Meixens-
berger, Matthias Jaeger.

Greece (19): Evangelismos Hospital, Athens (18): George
Stranjalis; University Hospital of Heraklion, Heraklion (1):
Constantine Katsanoulas.

Hungary (6): Medical Faculty of Pécs University, Pécs (6):
Tom Doczi.

India (56): All India Institute of Medical Sciences, New Delhi
(27): Veer Singh Mehta, Aditya Gupta; LTM Medical College
& LTMG Hospital, Mumbai (29): Alok Sharma.

Italy (202): Ospedale Civile, Bolzano (31): Mario Vitale, Alex
Alfieri; Ospedale Torrette Ancona, Ancona (4), Giovanni Bini;
Ospedale San Raffaele, Milano (14): Luigi Beretta; Policlinico
San Matteo, Pavia (11): Gianluigi Brambilla; Policlinico Uni-
versitario �G. Martino,� Messina (18): Domenico D’Avella; Os-
pedale Niguarda, Milano (36): Anna Levati; Ospedale San
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Gerardo, Monza (6): Giuseppe Citerio; Università di Brescia,
Brescia (8): Patrizia Ghisi, Claudio Ferlinghetti; Università
Cattolica del Sacro Cuore, Roma (6): Anselmo Caricato; Os-
pedale Maurizio Bufalini, Cesena (27): Giuliano Giuliani, Ar-
turo Chieregato; Ospedale S. Maria dei Battuti, Treviso (4):
Giuseppe Canova; Ospedale Borgo Trento, Verona (37): Lu-
ciano Cristofori.

Japan (19): Kurume University School of Medicine, Kurume
(6): Minoru Shigemori; Showa University Hospital, Shinagawa
(2): Toru Aruga; Sendai City Hospital, Sendai (3): Takehide
Onuma; Nihon University, Itabashi (4): Yoichi Katayama;
Saint Marianna University, Kawasaki (1): Hiroaki Sekino;
Chiba Emergency Iryo Center, Chiba (2): Hiroshi Nakamura;
Kumamoto Red Cross Hospital, Kumamoto (1): Toru Maruba-
yashi.

Latvia (10): Paul Stradins Clinical University Hospital, Riga
(10): Egils Valeinis.

Poland (14): University Medical School, Krakow (10): Igor
Goscinski; Pomorskiej Akademii Medycznej, Szczecin (4): Ire-
neusz Kodjer.

Romania (37): Bucharest Emergency Hospital, Bucharest
(25): Adrian Cristescu; Spitalul Cl. de Urg. �Sf. Treime,� Iasi
(12): Ion Streltov.

South Africa (18): Groote Schuur Hospital, Cape Town (18):
Patrick Semple.

Spain (84): Vall d’Hebron University Hospital, Barcelona,
(32): Juan Sahuquillo; Hospital Universitario Virgen del Rocio,
Sevilla (2): Francisco Murillo-Cabezas; Hospital Doce de Oc-
tubre, Madrid (10): Ramiro Diez-Lobato; Hospital de Cruces,
Bilbao (22): Juan Garibi; Hospital de Gran Canaria �Dr Ne-
grin,� Las Palmas (17): Morera-Molina; Hospital Central de
Asturias, Oviedo (1): Ramon Fernandez de Leon, Jose Maria
Torres Campa-Santamarina.

Switzerland (9): University of Bern Inselspital, Bern (4):
Michael Reinert, Alain Barth; University Hospital Zurich, Zu-
rich (5): Reto Stocker, Silke Ludwig.

The Netherlands (22): Academic Medical Centre, Amster-
dam (2): Gerrit J. Bouma; Dijkzigt Hospital, Rotterdam (12):
Andrew Maas; VU Medical Centre, Amsterdam (8): Saskia
Peerdeman.

Turkey (1): Medical School, Erzrum (1): Ismail Hakki Aydin.
United Kingdom (121): Royal Victoria Hospital, Belfast (18):

Dermot Byrnes, John Caird; Addenbrooke’s Hospital, Cam-
bridge (15): Peter Hutchinson, Peter Kirkpatrick; Southern
General Hospital, Glasgow (20): Graham Teasdale; Leeds Gen-
eral Infirmary, Leeds (8): Philip van Hille, Geraldine Jackson;
Atkinson Morley’s Hospital, London (12): Mary Murphy;
Charing Cross Hospital, London (6): Nigel Mendoza, Richard
O’Neill; Newcastle General Hospital, Newcastle upon Tyne
(22): David Mendelow, Gina Wilson; Royal Preston Hospital,
Preston (7): Charles Davis; Greater Manchester Neurosciences
Centre, Salford (10): Charles West; Morriston Hospital,
Swansea (3): Robert Redfern.

USA (20): Baylor College of Medicine, Houston, TX (8): Alex
Valadka; University of MS Medical Center, Jackson, MS (12):
Domenico Esposito.
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analysis or in the writing of the manuscript.
This paper provides a snapshot of the current state of the specialty

in terms of management practices at many different institutions in
many different countries. Such surveys are always interesting. How-
ever, such studies cannot help us sort out which centers are “right”
and which ones are “wrong.” As the authors point out, randomized
studies are needed to answer some of the questions identified by this
survey, but such studies are much easier to recommend than to
perform.

Alex B. Valadka
Houston, Texas

The authors present a comprehensive summary of the neurosurgi-
cal care of patients with traumatic intracranial mass lesions in

Europe. This report is possible because of the hard work and dedica-
tion of a group of neurosurgeons who, for more than a decade, have
organized the European Brain Injury Consortium (EBIC), developed a
user-friendly, web-based survey instrument, and convinced a large
number of European trauma centers to use it. As a result, they were
able to obtain high-quality data on 729 patients with traumatic brain
injury admitted to 67 hospitals in 24 different countries during a
3-month period. As a result, they could determine what is currently

being done for this group of patients and correlate current practice
with outcomes. The real value of their system will be in following
trends and measuring the impact of new procedures or recommenda-
tions. For example, the value of decompressive craniectomy still is not
clear. While their findings and those of others are provocative, only
the study of a very large number of patients will be capable of
answering this question, but the first step is organizing a large number
of trauma centers and establishing a database that those trauma
centers will consistently use. This report clearly demonstrates that
EBIC has successfully accomplished this goal. Unfortunately, such
collaboration or survey instruments currently do not exist in the
United States.

Donald W. Marion
Boston, Massachusetts

We are provided with another excellent epidemiologic and de-
scriptive survey of current issues in traumatic brain injury, in

this case, surgical management, by the EBIC. Almost two-thirds of
patients managed in these primarily European centers underwent
surgery for evacuation of a mass lesion and/or decompressive crani-
ectomy, which is described by the authors as representative of current
neurosurgical practice.

Indeed, data from the United States would suggest otherwise.
Information from the American College of Surgeons trauma center
verification/consultation program would indicate that surgical inter-
vention (excepting intracranial pressure monitors) is considerably
lower than what has been observed in Europe. Less than 5% of centers
in the United States (from a database of more than 200 centers)
perform more than 25 emergency craniotomies for trauma each year
and more than 50% perform less than 10 procedures per year. Perhaps
we are just not as surgically aggressive as our EBIC colleagues; how-
ever, the only inclusion criterion in the present survey was based on
radiologic signs “as determined by the principal investigators,” irre-
spective of Glasgow Coma Scale.

It is very important for the reader to recognize that this study was
a practice survey. While there was uniform data collection, there was
no centralized reading of the computed tomography scans, there was
no uniform surgical approach, especially as relates it to decompressive
craniectomy, and there was no reliable information on outcome.

So long as we understand that the information from this survey
simply reflects the surgical practice patterns, primarily in Europe,
then perhaps this information can be used to our advantage in de-
signing the necessary surgical trials to attempt to answer the many
questions the authors have raised.

Jack E. Wilberger
Pittsburgh, Pennsylvania

The main objective of the current study is to survey the contempo-
rary management of head injury patients with a space occupying

intradural lesion by taking advantage of the facilities provided by the
EBIC. The authors may also expect to draw guidelines on the indica-
tions for emergency surgical evacuation. Unfortunately, this has not
been the case. Data obtained from 67 centers in 24 countries is the
source of this study. The indications and outcome of decompressive
surgery were cross-examined in a cohort of 729 head injuries, in a
prospective fashion, over a period of three months. Patients were
included in the study based only on radiological evidence of an
intradural mass lesion, disregarding their initial Glasgow Coma score
(half of them were classified as severe, one-fifth as moderate, and
another fifth as mild head injuries). More than 500 of the patients
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underwent surgery (two-thirds of them as an emergency procedure
and another third either as a delayed procedure or both). A 22%
mortality was reported for the group undergoing surgery as com-
pared to 20% in the non-surgically treated group. Mortality in the
surgical group was higher in those undergoing emergency surgery
(31%) as compared with those undergoing delayed surgery (21%), and
within the first group, it was higher in the subgroup undergoing a
decompressive craniotomy or craniectomy.

While the study was prospectively conducted in a contemporary set of
patients using state-of-the-art facilities, both in terms of imaging and care, so
far, the treatment provided does not differ much from what was at use in the
third-quarter of the last century. At the time, a shift in the midline echo was
a mandatory indication for at least burr holes in severe or deteriorating head
injuries. In the same way, 93% of subdural hematomas in the current study,
were surgically treated. But, yesterday, as today, we still lack precise
evidence-based indications.

The study highlights this lack of homogeneity and guidelines for
proper decision-making in the management of moderate to severe
head injuries with an intradural mass lesion. Even more, when the
decision to proceed with surgical treatment was based on the presence
of a deteriorating patient, the so-called decompressive procedure
differed in size and site from one center to another, making it difficult
to ascertain its value. Outcome was restricted to mortality but nothing
is said about morbidity within the survival group. I miss this infor-
mation to complete the picture on the possible indications and benefits
of decompressive craniotomy/craniectomy.

The authors stress the need to conduct prospective randomized
trials as an urgent priority to define proper guidelines in the manage-
ment of head-injury patients. I could not agree more.

Jose G. Martin-Rodriguez
Madrid, Spain

Detail from Norwegians Landing on Iceland, in the Year 872 (oil on canvas, 1877) by Norwegian artist
Oscar Wergeland. (Courtesy of National Gallery, Oslo).
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OBJECTIVE: To report the clinical outcomes following treatment of trigeminal neural-
gia with linear accelerator-based radiosurgery.
METHODS: Twenty-eight patients with medication refractory idiopathic trigeminal
neuralgia were treated with a single fraction of 80 Gy to the trigeminal nerve root. For
treatment delivery, a 4-mm collimator and a 7-arc technique were delivered using a
stereotactic floor stand system with an isocenter stability of 0.2 � 0.1 mm to minimize
dose to the brainstem. Treatment delivery time was approximately 55 minutes.
RESULTS: With a median follow-up of 12 months (range, 1–40 mo), 57% of patients achieved
complete pain relief and 75% (exact 95% confidence interval, 55 to 89%) had their pain
reduced to 3 or less on a 10-point pain scale. Median time to pain relief was 1 month. Four
patients did not respond to treatment. The actuarial mean time to pain recurrence in responders
was 14 months, and the actuarial mean response duration in major to complete responders
was 16 months. Women had significantly longer mean time to pain recurrence than men (16
versus 7 months; P � 0.05). Three patients reported new mild facial numbness after radiosur-
gery and one patient developed neurotrophic keratopathy.
CONCLUSION: Linear accelerator-based radiosurgery for medication refractory tri-
geminal neuralgia provides effective pain relief with a low complication rate.

KEY WORDS: Facial pain, Linear accelerator, Radiosurgery, Trigeminal neuralgia

Neurosurgery 57:1193-1200, 2005 DOI: 10.1227/01.NEU.0000186015.01179.70 www.neurosurgery-online.com

The initial treatment for trigeminal neural-
gia (TN) usually is pharmacological; med-
ication refractory TN can be treated in a

variety of ways, including microvascular de-
compression (2, 5), radiofrequency rhizotomy
(8, 25), glycerol rhizotomy (8, 27), balloon com-
pression (1, 8), and nerve sectioning (21). These
modalities have initial success rates ranging
from 51 to 98% and pain recurrence rates rang-
ing between 10 and 78% (2, 8, 21). Alterations in
facial sensation after these procedures, includ-
ing analgesia and dysesthesia, range from 23 to
81% (8, 25). Furthermore, like any invasive neu-
rosurgical procedure, all of these modalities
have inherent surgical risks including bleeding,
cerebrospinal fluid leakage, and infection. Ra-
diosurgery is a noninvasive option to treat med-
ication refractory TN and is a valuable alterna-
tive in patients who have failed previous
neurosurgical therapy, and also for patients
who may not tolerate surgical intervention.

The treatment of TN with stereotactic radio-
surgery has progressed substantially since Lars

Leksell (18) reported positive results in two af-
fected patients treated in 1953, both remaining
virtually pain free for 18 years after treatment.
Since then, Gamma knife radiosurgery has in-
creasingly been used for TN, particularly in pa-
tients with pharmacologically resistant pain and
those who are poor candidates for or fail tradi-
tional neurosurgical interventions (15, 16, 19, 22,
23). In 2002, the first two abstracts describing the
successful application of linear accelerator-
based stereotactic radiosurgery for TN were re-
ported, including one by our group (3, 11). More
recently, full reports describing the use of linear
accelerator-based radiosurgery have been pub-
lished (4, 6, 10, 12, 17, 24). In this article, we
update our experience using linear accelerator-
based radiosurgery.

PATIENTS AND METHODS

Patient Population

Between August 2000 and November 2004,
28 patients with medication refractory idio-

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1193



pathic TN were treated using linear accelerator-based radio-
surgery at the University of Wisconsin. The patient character-
istics are listed in Table 1. Of the 28 patients, 19 were women
and 9 were men. The median age at radiosurgery was 74 years
(range, 44–88). All patients self-graded their baseline pretreat-
ment pain on a 10-point scale; 22 patients had a baseline pain
of 10, five patients had a baseline pain of 9, and one had a
baseline pain of 8. As a matter of clinical policy, we do not
offer radiosurgery to a patient with a pain level of 7 or lower,
and therefore, this series is inherently biased toward selecting
patients with the worst pain scores. A significant proportion of
patients (eight, 29%) experienced atypical features such as dull
ache, constant background pain, and burning in addition to
their classic, episodic, lancinating, electric shock-like TN pain;
this was possibly a consequence of multiple previous inter-
ventions. Fifteen patients (54%) had undergone at least one
earlier neurosurgical intervention and nine of the patients
(32%) had undergone two or more neurosurgical interven-
tions. Previous neurosurgical interventions included micro-
vascular decompression, glycerol or radiofrequency rhizot-
omy, balloon compression and ethanol injection.

Radiosurgical Technique

All patients were treated
uniformly using a Varian
Clinac 600CD linear accel-
erator (Varian Medical Sys-
tems, Inc., Palo Alto, CA)
equipped with a stereotac-
tic floor stand (Zmed
IsoStand, Ashland, MA).
Our linear accelerator ra-
diosurgery system has an
isocenter stability of 0.2 �
0.1 mm for any couch and
gantry angle (9), which is
comparable to that of a
Gamma knife. Before the radiosurgical procedure, all patients
undergo a thin-slice, volumetric three-dimensional spoiled
gradient (3D-SPGR) gadolinium-enhanced magnetic reso-
nance imaging (MRI) for target delineation, and more recently,
a 3D-Fast Imaging Employing Steady-state Acquisition
(FIESTA)-MRI series has been added to aid in the localization
of the trigeminal nerve (Fig. 1). On the day before the proce-
dure, the 3D-FIESTA-MRI is correlated to the volumetric T1-
3D-SPGR MRI and a pretreatment plan is generated. There are
two reasons why this is useful. First, the FIESTA-MRI is an
incomplete image set that shows only part of the full cranial
anatomy. It is difficult to accurately correlate partial image
sets to image sets that have been acquired with the patient in
a different position; however, the T1-SPGR shows the entire
cranial anatomy and has been acquired during the same im-
aging session as the FIESTA. Therefore, one can easily opti-
mize the correlation of the FIESTA-MRI to 3D-SPGR and fuse
the complete 3D-SPGR dataset to an image set that has been
acquired with the patient in a different position. Secondly,
during the initial FIESTA acquisition, the imaging plane is
optimized such that the trigeminal nerve roots can be easily
seen in the resulting image series. However, when such an
image set is fused to another image set that has been acquired
with the patient in a different position, the trigeminal nerve
root may no longer be visible in all image planes due to
interpolation of the MRI data set to fit the primary stereotactic
computed tomographic (CT) data set. Therefore, one can seg-
ment the trigeminal nerve root and the pons in the FIESTA-
MRI and then assign these regions of interest to the 3D-SPGR
MRI that is used in the actual treatment planning process.

Once the FIESTA-MRI has been correlated to the 3D-SPGR
MRI, the treating neurosurgeon and radiation oncologist
jointly segment the trigeminal nerve root and the brain stem
on the FIESTA-MRI. A 4-mm point of interest mimicking the
4-mm collimator used for treatment is then placed on the
segmented trigeminal nerve root such that its center is 4-mm
away from the junction of the trigeminal nerve root with the
pons. Using this point of interest as a guide, the intended
treatment target is then outlined on all slices that contain the
segmented trigeminal root. An example of a resulting pretreat-

FIGURE 1. Visualization of the left
trigeminal nerve root using FIESTA
imaging sequence.

TABLE 1. Patient characteristics

Characteristic No. of patients (%)

No. of patients
Age (yr) 28

Median 74
Range 44–88

Gender
Male 9 (32)
Female 19 (68)

Side
Right 12 (43)
Left 16 (57)

Division
V1 0 (0)
V2 5 (18)
V3 7 (25)
2 divisions 11 (40)
All divisions 5 (18)

Pain type
Typical 20 (71)
Atypical 8 (29)

Previous invasive
0 13 (46)

Procedures
1 6 (21)
2 3 (11)
3 2 (7)
4 3 (11)
�5 1 (4)

RICHARDS ET AL.

1194 | VOLUME 57 | NUMBER 6 | DECEMBER 2005 www.neurosurgery-online.com



ment plan is shown in Figure 2. The resulting regions of
interest (ROI) are then exported and saved so that they can be
used in the actual treatment planning procedure.

On the day of radiosurgery, a Brown-Roberts-Wells head ring
is placed on the patient’s head and a thin-slice, contrast-enhanced
stereotactic treatment planning CT is performed and transferred
to the treatment planning system. Using the Pinnacle Treatment
Planning System (Philips Medical Systems, Andover, MA), the
3D T1-SPGR MRI containing the ROIs that have been segmented
during the preplanning procedure is then auto-fused with the CT
dataset using in-house fusion software, and is independently
validated by three investigators (MM, DR, WT) using multipla-
nar image displays and �checker board� displays. After the fusion
is validated, a single isocenter is placed in the center of the target
ROI that was determined during the preplanning process (Fig. 3).
Seven arcs, each having a 4-mm collimator and an average arc
length of 90 degrees, are placed on this isocenter. The arc pattern
is chosen such that the coverage of the targeted trigeminal nerve
root is maximized while the dose to the brainstem is minimized
(Fig. 4A). If necessary, the isocenter position is adjusted from the
preplan to ensure adequate avoidance of the pons. The effect of
tilting the arc set as shown in Figure 4A is that the resulting
isodose distribution is tilted away from the superior part of the
brainstem.

For all patients, each of the seven arcs was treated three,
four, or five times for a total of 21 to 36 arcs and 1890 to 3060
degrees of beam delivery per patient. All patients received 80

Gy central dose (dose rate, 3.6 Gy/min), resulting in 40 Gy to
the 50% isodose surface. The brainstem, the conformal avoid-
ance structure in this treatment scenario, was constrained to a
dose of less than 20 Gy. A typical isodose distribution result-
ing from this arc arrangement is shown in Figure 4B. As can be
seen from Figures 4A and B, the resulting dose distribution is
elongated in the superior-inferior axis and is tilted away from
the superior part of the conformal avoidance structure, the
brainstem. This elongated distribution is preferable over a
circular dose distribution because it accounts for the z-axis
uncertainty of the trigeminal nerve created by the fused finite
axial CT slices. The actual treatment was delivered in less than
55 minutes for all patients using the floor stand based linear
accelerator radiosurgery system.

Treatment Response and Durability Assessment

Response to treatment was assessed prospectively at fol-
low–up examinations at 1, 3, 6 and 12 months, then every 6 to 12
months, using a preformatted questionnaire that included the
following: a self-reported 0 to 10 pain scale; descriptive reporting
of pain severity, intensity and frequency; a list of medications
with any changes; and documentation of any possible side ef-
fects. Each patient’s response to treatment was then categorized
as: 1) complete response: pain free, minimal if any use of medi-
cations; 2) major response: almost completely pain free, pain
score � 3/10; 3) minor response: pain score � 3/10 and � 7/10;
or 4) no response: any pain � 7/10.

Any patient who did not have
a response to treatment (i.e., did
not achieve at least a minor re-
sponse) was labeled as having
persistent pain and was consid-
ered to have failed on the date of
radiosurgery. Time to pain recur-
rence, defined as the time from
radiosurgery until a patient’s cat-
egorical pain response increased,
was calculated for all patients. All
non-responders were considered
to have a time to pain recurrence
of zero. Response duration was
defined as the time from radio-
surgery until a patient’s categori-
cal pain response increased. Ben-
efit duration was defined as the
time from radiosurgery until the
recurrence of a pain score of 8 or
more. All non-responders were
considered to have a benefit du-
ration of zero.

Statistical Analysis

The mean and median of time
to pain recurrence, response du-
ration, and benefit duration and

FIGURE 2. Pretreatment plan showing the segmented trigeminal root and the target ROI in color wash. Three different
slices are shown which are from left to right: Top slice, center slice, and bottom slice showing the left Vth Nerve.

FIGURE 3. Treatment isocenter placed in the center of the target ROI that was determined during the preplan-
ning process.
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the 95% confidence intervals (CI) were calculated by the
Kaplan-Meier product limit method (14) using SPSS 13.0 sta-
tistical software (SPSS Inc., Chicago, IL). The analysis of best
response and the calculation of the exact 95% CI were also
carried out with this software.

RESULTS

Treatment Response

With a median follow-up of 12 months (range, 1–40 mo), the
proportion of patients achieving complete or major pain relief
was 75% (95% CI 55%-89%) (Fig. 5). Sixteen patients (57%)
achieved a complete response; twelve within the first month,
two within 3 months, one within 6 months, and one within 18
months. Five additional patients (18%) achieved a major re-
sponse; three within 1 month, one within 3 months, and one
within 12 months. Therefore a total of 21 of 28 patients had
their pain reduced to a level of 3 or less on a 10-point pain
scale. Three achieved a minor response, with baseline pain of
10 in all three reduced to a post-radiosurgery pain score of 4,
5, and 7 after treatment. Median time to pain relief was 1
month. Four patients had disease that was unresponsive to
radiosurgery, all four having baseline pain of 10 with two
patients remaining at 10 after treatment and the other two
reporting post-radiosurgery pain scores of 8 and 9 after treat-
ment.

Duration of Response

Eleven of the 24 patients (46%) who had a minor to com-
plete response have had some pain recurrence. The actuarial
mean and median time to pain recurrence was 14 months (95%
CI 9–18 mo) and 12 months (95% CI 9–15 mo), respectively
(Fig. 6). Radiosurgery was the first nonpharmacological treat-
ment in six of these patients, the other five had between 1 and
5 neurosurgical interventions before the radiosurgical inter-
vention. The actuarial mean time to pain recurrence was sig-
nificantly earlier in males than females (P � 0.05); males
relapsed at a mean of 7 months (95% CI 3–10 mo) and females
at 16 months (95% CI 11–22 mo) (Fig. 7). In patients who
achieved a major or complete response, the actuarial mean
response duration was 16 months (95% CI 11–22 mo). The
mean actuarial benefit duration for all patients, defined as the
time from radiosurgery until the recurrence of a pain score of
8 or more, was 16 months (95% CI 11–20 mo).

Complications

Four of 28 patients (14%) experienced a complication (of
any grade) after radiosurgery. Three patients experienced

FIGURE 4. A, typical 7 arc-arrangement for the treatment of left sided tri-
geminal neuralgia. B, the resulting isodose distribution, which is elliptical in

the superior-inferior axis. The 70-Gy isodose line is shown in dark gray and
the 40-Gy isodose line (50% of maximum dose) is shown in light gray.

FIGURE 5. Distribution of the 28 patients according to their best pain
response achieved at any time after radiosurgery.

FIGURE 6. Actuarial estimate of the proportion of patients without pain
recurrence as a function of time after radiosurgery. Crosses indicate cen-
sored observations, i.e., patients who had no recurrence of pain at the time
they were last seen.
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mild increased facial paresthesia after radiosurgery (11%) and
one patient, who had undergone five neurosurgical interven-
tions prior to receiving radiosurgery, developed neurotrophic
keratopathy 7 months post-radiosurgery. No other complica-
tions were seen after radiosurgery.

DISCUSSION

The majority of TN radiosurgery experiences reported in
the literature have been with Gamma knife radiosurgery. In
1996, Kondziolka et al. (16), reported a prospective, multi-
institutional trial that treated 50 patients to a maximum dose
ranging between 60 and 90 Gy. With a median follow-up
period of 18 months, 56% of the patients had an excellent
response (pain free) after radiosurgery, 32% had a good re-
sponse (50–90% relief), and 12% had a poor response (0–50%
relief). The median time to response was 1 month. A signifi-
cantly greater proportion of patients receiving 70 Gy or higher
achieved complete pain relief (P � 0.0003) and maintained
complete pain relief (P � 0.0009) compared with those who
were treated with 60 or 65 Gy.

The success of this multi-institutional trial led to the ex-
panded use of radiosurgery for TN. In 2001, the University of
Pittsburgh reported on 220 patients with idiopathic TN treated

with Gamma knife radiosurgery, with �94% of the patients
receiving between 70 and 80 Gy (19). With a median follow-up
period of 2 years, an excellent outcome (complete pain relief
without medication) was achieved by 48%, and more than 50%
pain relief (excellent, good, and fair combined) was achieved
by 82% of patients. Greater than 50% pain relief was achieved
and maintained in 76% of patients at 1 year and 57% of
patients at 5 years. Although many of the patients (61.4%) had
undergone previous neurosurgical procedures, few complica-
tions were seen after treatment with radiosurgery; only 7.7%
developed facial paresthesias that lasted longer than 6 months.
These results provided further evidence that radiosurgery is a
safe and effective treatment strategy for TN.

Although the majority of published studies concerning ra-
diosurgery for TN have used the Gamma knife, beginning in
2002, linear accelerator-based radiosurgical reports started ap-
pearing in the literature. In 2002, two abstracts were presented
demonstrating the safety and efficacy of linear accelerator-
based radiosurgery for this entity (3, 11). Since then, there
have been several reports describing the clinical application of
this treatment (4, 6, 10, 12, 17, 24, 26). Table 2 outlines the major
linear accelerator reports as well as the data presented in this
study.

The largest linear accelerator experience to date treated 60
TN patients to 70 to 90 Gy at the isocenter using either a 7.5-
or 5-mm collimator (24). Thirty-six of the 41 patients (88%)
with essential TN attained excellent or good pain relief with a
mean time to initial relief of 2.7 months. Ten of these 36 (28%)
had recurrence of pain after initial relief with a mean time to
pain recurrence of 7.6 months. Of note is their use of larger
collimator sizes than most previous reports, as almost all
Gamma knife series have used a 4-mm collimator. However,
two Gamma knife series have tested the hypothesis that tar-
geting a larger nerve length would increase efficacy: one using
two adjacent 4-mm isocenters (7) and the other using concen-
tric 4- and 8-mm collimators (13); neither validated the hy-
pothesis.

More recently, Kubicek et al. (17) reported treating 20 pa-
tients with either essential or secondary TN to a total dose of
82.3 to 100 Gy using linear accelerator-based radiosurgery.
Although 78% achieved good or better outcomes, only 35%
achieved excellent outcomes. The low rate of excellent re-

TABLE 2. Comparison of linear accelerator seriesa

Series (ref. no.)
No. of

patients
Dose
(Gy)

Follow-up
(mo)

Outcome
good or

better (%)

Time to pain
relief

Time to
relapse (mo)

Relapse
(%)

Facial sensory
complication (%)

Eye
complication

(%)

Smith, 2003 (24) 60 70–90 23, mean 72 2.7 mo, mean 7.5, mean 26 25 2
Chen, 2004 (6) 32 60–90 8, median 78 6 wk, median NR NR 6 0
Kubicek, 2005 (17) 20 82.3–100 56.5, median 78 97 d, mean 21.5, mean 63 25 5
Present study 28 80 12, median 75 1 mo, median 14, mean 46 11 4

aNR, Not reported.

FIGURE 7. Actuarial estimate of the proportion of males and females
without pain recurrence as a function of time after radiosurgery (2-tailed
P-value: 0.05, log-rank test).
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sponders was attributed to the fact that 70% of the patients
failed previous surgical intervention and were possibly more
refractory to radiosurgery. Other series, both Gamma knife
(22) and linear accelerator radiosurgery (24), also report that a
history of previous surgery is associated with a poorer out-
come. Kubicek et al. also reported a higher than expected
recurrence rate of 63%. However, this may be a result of their
long median follow up time of 57 months, perhaps capturing
a subset of patients who fail late as demonstrated by their
lengthy 21.5 months mean time to recurrence.

In our updated experience, with a median follow-up period
of 12 months, we report a complete to major response rate of
75%. These 21 patients, 95% of whom reported baseline pain of
9 or greater, achieved post-treatment pain scores of 3 or less;
16 patients reported a pain score of zero. Similar to other
experiences, the majority of patients in this study achieved
pain relief within the first month after radiosurgery. Five
patients in our series experienced no to minor relief by 1
month, but then achieved a complete or major response by 3 to
18 months after radiosurgery.

Our actuarial mean time to pain recurrence of 14 months is
in the range of relapse rates described by institutions perform-
ing both Gamma knife and linear accelerator radiosurgery for
trigeminal neuralgia (15, 17, 19, 22–24). Interestingly, we
found a significant difference in freedom from pain recurrence
between males (7 mo) versus females (16 mo). Other investi-
gators have not found a significant relationship between du-
ration of relief and gender (23); this effect was observed in a
relatively small dataset and needs to be validated further.

Five of the 11 patients who experienced pain recurrence
were treated with a subsequent procedure: two were treated
with microvascular decompression at 13 and 30 months fol-
lowing recurrence, the other three were treated following
recurrence with either radiofrequency ablation, repeat radio-
surgery, or cryoablation at 1, 2, and 3 months respectively. The
patient treated with repeat radiosurgery received 80 Gy for
salvage. All five patients responded to these procedures and
had adequate pain control at their last follow-up. Medication
adjustments in the six remaining patients with pain recurrence
and in the four non-responders have resulted in adequate pain
control for all but three, who were contemplating surgical
intervention at last follow-up.

We have seen a low complication rate after radiosurgery for
TN. Three patients had increasing facial paresthesia and one
patient, who had undergone five surgical procedures before
undergoing radiosurgery, developed neurotrophic keratopa-
thy. Corneal dryness, analgesia and keratitis after radiosur-
gery for trigeminal neuralgia have been reported previously
by other investigators (20, 22). Matsuda and colleagues noted
a relationship between the volume of brainstem irradiated and
the development of ophthalmic complications (20). They re-
ported a significant relationship if the volume of brainstem
irradiated to more than 12 Gy was in excess of 28 mm (3). The
relationship between the dose to the brainstem, and more
specifically the trigeminal nuclei, and outcomes and toxicities
remains to be elucidated.

3D-FIESTA-MRI provides elegant visualization of the tri-
geminal nerve and has aided our localization and targeting.
However, there remains z-axis uncertainty owing to the finite
axial CT slices of the fusion. To account for this, we use an
elliptically elongated dose distribution in the superior-inferior
axis. Using a dose rate of 3.6 Gy/min, we completed all
treatments in less than 1 hour; published linear accelerator
treatment times are generally less than 75 minutes (6, 12). The
impact of total treatment time and the dose-rate effect on
treatment efficacy remains to be established and may be an
important consideration.

One limitation of our experience is the relatively short me-
dian follow-up time of 12 months. This should not impact the
best response data significantly, since most patients achieve
maximal response within 3 months of radiosurgery. However,
as demonstrated by groups using linear accelerator-based ra-
diosurgery with longer follow-up (17), there may be a group
of patients who are susceptible to late failure and will only be
captured by a longer follow-up period.

CONCLUSION

This report updates our experience using linear accelerator-
based radiosurgery for medication refractory idiopathic tri-
geminal neuralgia. Similar to other TN radiosurgery reports,
we have found that approximately 75% of patients will expe-
rience major to complete pain relief. While most achieved this
within 1 month of treatment, some will not achieve maximal
relief until a few months after radiosurgery. Our data, as well
as other linear accelerator data, need additional time to mature
before we can ensure durable pain relief equivalent to the
Gamma knife experience. The use of 3D-FIESTA imaging, an
elliptical dose distribution in the superior-inferior axis, and a
treatment delivery time of approximately 55 minutes for all
patients have resulted in very good outcomes with low toxic-
ity.
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COMMENTS

Richards et al. present a review of 28 patients treated with linear
accelerator radiosurgery for trigeminal neuralgia. They used a

volumetric magnetic resonance image for targeting and elongating the
dose distribution to account for the uncertainty in axial coordinates
inherent in all current imaging modalities. Seventy-five percent of
patients achieved an “excellent or good” result. This is one of the few
papers on the treatment of trigeminal neuralgia that includes actuarial
plots of time to recurrence of pain, and it is noteworthy that the
actuarial median duration of pain relief was only 16 months. Our
group continues to believe that radiosurgery is inferior to other meth-
ods of surgical treatment for trigeminal neuralgia. “Excellent” results
after microvascular decompression or radiofrequency lesion are those
patient who have complete pain relief off all medication. The duration
of pain relief is generally permanent in upwards of 75% of patients.
Radiosurgery, whether Gamma knife or linear accelerator based,
seems to us to be an alternative for those patients who are not
candidates for this more durable, effective procedure.

William A. Friedman
Gainesville, Florida

Richards et al. have presented their data regarding linear accelerator
radiosurgery for treatment of trigeminal neuralgia. Their experience

adds to previously published data regarding use of LINAC (linear acceler-
ator) technology for functional radiosurgery treatments. Their results are
similar to those presented by other groups, including our own.

Shortcomings of this study include the relatively small number of
patients treated and relatively short follow-up period. Nevertheless,
the results from this study, when added to the experience of other
LINAC centers, suggest that results similar to that of gamma unit
radiosurgery can be obtained.

The results presented should not come as a surprise. Regardless of
the underlying technology of the device delivering the radiation en-
ergy, clinical results should be the same because of the similar pre-
scription doses and error tolerances.

As in many other areas of neurosurgery, what ultimately matters is
not the device employed; it is the surgeon who uses that device. More
specifically, it is human factors that make the difference regarding
likelihood of success and failure. It is human factors that determine
the dose plan, target selection, maintenance of quality control, and,
most importantly, selection of the patients.

In recent years, trigeminal neuralgia has become one of the most
common indications for treatment at many radiosurgery centers. The
reported data from centers performing this treatment using single iso-
center spherical “shots,” delivering between 70 and 90 Gy, has been
remarkably consistent. In recent years, there has been much debate
regarding the relative merits of more classic procedures such as micro-
vascular decompression and percutaneous methods versus radiosurgery.
In our experience, the vast majority of properly selected patients treated
with radiosurgery have had substantial and meaningful relief of pain
within the context of a treatment with an unmatched safety profile. Such
results are gratifying for patients as well as the surgeon.

Michael R. Girvigian
Radiation Oncologist
Joseph C. T. Chen
Los Angeles, California
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Although this is a small clinical series, the authors have described
well their technique and results using linear accelerator radiosur-

gery for trigeminal neuralgia. Their rates for pain relief and morbidity
are in line with what has been reported previously, supporting the use
of radiosurgery for recurrent pain after prior microvascular decom-
pression or rhizotomy, or as a primary approach for patients who
refuse more invasive procedures or who are not good candidates for
those procedures. There have been a number of reports that evaluate
the shape of the radiosurgery volume as well as the maximum dose.
Currently, 75 to 90 Gy is reasonable as a maximum dose and the
understanding is that higher doses will likely have a higher incidence
of reduced sensation or paresthesia. Although the gamma knife tech-
nique in trigeminal neuralgia has been fairly standardized, the linear
accelerator technique has not. I would recommend that all centers
planning to perform LINAC radiosurgery consider the techniques
outlined in this report.

Douglas Kondziolka
Pittsburgh, Pennsylvania

Radiosurgery for trigeminal neuralgia continues to grow in popu-
larity. Although the majority of procedures (more than 18,000)

have been performed using the Leksell Gamma Knife, this and other
papers have demonstrated that the procedure can be performed using
either modified linear accelerators or the CyberKnife. Using a maxi-
mum dose of 80 Gy, the number of patients having complete pain
relief (16 of 28 patients, 57%) is identical to the published experience
after Gamma Knife radiosurgery. Despite the similarities, the various
radiosurgical techniques are significantly different from a patient’s

perspective. To undergo LINAC-based radiosurgery as described, the
patient undergoes an magnetic resonance imaging (MRI) the day
before the procedure. On the day of the procedure, the patient has a
stereotactic headframe applied and undergoes a second imaging
study (computed tomography) that is then fused to the MRI for
dose-planning. The time needed for radiation delivery is approxi-
mately 55 minutes. In contrast, trigeminal neuralgia patients having
Gamma Knife radiosurgery undergo in a single day frame placement,
MRI imaging, dose planning, and radiation delivery (delivery of 80
Gy requires approximately 20–45 mins, depending on the age of the
cobalt-60 sources). At our center, they are generally discharged from
the hospital before noon. As an alternative, advocates of CyberKnife
radiosurgery for trigeminal neuralgia state that patients are “spared
the discomfort of frame fixation onto their skulls” (1). However,
patients having CyberKnife radiosurgery for trigeminal neuralgia are
not spared the lumbar puncture required to perform computed to-
mography cisternography that is needed to visualize the trigeminal
nerve for dose planning. Regardless of the method utilized to deliver
the radiation, it must be remembered that trigeminal neuralgia radio-
surgery is a destructive procedure whose success is directly correlated
to the degree of trigeminal injury produced.

Bruce E. Pollock
Rochester, Minnesota

1. Lim M, Villavicencio AT, Burneikiene S, Chang SD, Romanelli P, McNeely
L, McIntyre M, Thramann JJ, Adler JR: CyberKnife radiosurgery for idio-
pathic trigeminal neuralgia. Neurosurg Focus 18:E9, 2005.

The Funeral for a Viking (oil on canvas, 1911) by Sir Frank Bernard Dicksee. (Courtesy of Manchester Art Gallery).
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OBJECTIVE: There are few large-volume studies of the repair of complete missile-caused
peroneal nerve and peroneal division lesions. In this prospective study, the outcomes of
such repairs are studied and the factors influencing the outcomes are analyzed.
METHODS: During a 3-year period, 157 patients with complete missile-caused lesions
of the peroneal nerve or peroneal division were treated surgically in the Belgrade
Military Medical Academy: 37 patients with high-level (above the middle of the thigh),
90 patients with intermediate-level (above the popliteal crease), and 30 patients with
low-level repairs. After at least 4 years of follow-up, outcome was defined on the basis
of motor recovery, neurophysiological recovery, and patient judgment of the quality of
outcome (poor, insufficient, good, or excellent). Good and excellent outcomes were
considered successful. The factors of repair level, defect length, manner of repair,
preoperative interval, severity of tissue damage in the repair region, and patient age
were studied for their effect on outcome.
RESULTS: A successful outcome was obtained in 10.8% of high-level repairs, 31.1%
of intermediate-level repairs, and 56.7% of low-level repairs (P � 0.001). Nerve defect
and preoperative interval were significantly shorter for patients with a successful
outcome compared with those with an unsuccessful outcome (P � 0.001). Worsening
of the outcome began with the nerve defect larger than 4 cm and preoperative interval
greater than 3 months (P � 0.001). Severity of local tissue damage significantly
influenced the outcome (P � 0.008). Repair level (P � 0.001), preoperative interval
(P � 0.001), severity of local tissue damage (P � 0.011), and length of nerve defect
(P � 0.011) were independent predictors for a successful outcome.
CONCLUSION: After peroneal nerve or peroneal division repairs, a successful out-
come is most probable with low-level lesions repaired in the first 3 months after injury
using grafts smaller than 4 cm. Conversely, high-level repairs delayed for more than 7
months after injury and using grafts larger than 8 cm are probably not worthwhile.

KEY WORDS: Gunshot wounds, Nerve graft repair, Outcome, Peroneal nerve injury, Suture repair
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Nerve injuries are less common in the lower extremities
than in the upper extremities. Because of its exposed
position and susceptibility to trauma, the peroneal

nerve and peroneal division of the sciatic nerve are the most
frequently injured nerves in the lower extremity. Neverthe-
less, literature reports on the outcomes of surgical repair of
those nerves are not common (6, 16, 24, 25, 31, 34, 40, 55).

The sciatic nerve, the largest in diameter in the body, passes
out of the pelvis through the greater sciatic foramen, descends
along the back of the thigh, and divides into common peroneal
and tibial nerves, usually approximately 6 cm above the pop-

liteal crease (50, 52). The tibial and common peroneal divisions
are relatively independent and without significant interfascic-
ular communications during their course inside the sciatic
nerve.

After its origin at the sciatic nerve bifurcation, the common
peroneal nerve descends obliquely to the lateral popliteal
fossa and curves around the posterior rim of the fibular neck
to travel toward the anterior compartment of the lower leg,
where it divides into deep and superficial branches. The deep
branch divides quickly in the bouquet of muscular branches
assigned to the anterior tibial, extensor digitorum longus,
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extensor hallucis longus, and peroneus tertius muscles. In the
foot, the deep branch divides again into a cutaneous medial
branch and a lateral branch, innervating the extensor digito-
rum brevis and extensor hallucis brevis muscles. The superfi-
cial peroneal branch takes a relatively straight course between
the peroneus longus and brevis muscles, supplying both mus-
cles and becoming gradually more superficial in the distal
third of the lower leg (15, 25, 52).

Injuries of the common peroneal nerve and peroneal divi-
sion injuries are caused mostly by blunt closed trauma, which
stretches and compresses the nerve but often leaves it in
continuity (26). Such injuries are the consequence of traumatic
hip or knee dislocation with or without fracture (7, 18, 25, 47),
total hip arthroplasty, and knee joint surgery (5, 9, 13, 25).
Other mechanisms of peroneal division or common peroneal
nerve injuries include sharp or blunt lacerations, blunt contu-
sions, bone fractures, drug injections, gunshot wounds, tu-
mors and cysts, entrapment syndromes, and positional com-
pressions associated with drug use or the administration of an
anesthetic (8, 14, 17, 19, 21, 22, 25, 31, 45, 49).

Although most authors have reported a poor prognosis
after peroneal nerve repair, some current civilian studies are
more optimistic (24, 25, 31). Conclusions about poor results
after wartime repairs should be certainly reappraised, because
they were mainly based on experience acquired during World
War II, when microsurgical technique, intraoperative electro-
physiological monitoring, use of long nerve grafts, and mod-
ern surgical equipment were not available (26).

This report presents the Belgrade Military Medical Acad-
emy experience with the repair of 157 missile-caused lesions of
the peroneal nerve and peroneal sciatic division. All patients
suffered the most severe form of nerve injury: neurotmesis
according to Seddon (40) or Grades IV and V injuries accord-
ing to Sunderland (42).

PATIENTS AND METHODS

Patient Population

Between September 1991 and November 1994, 702 patients
with missile-caused injury of the peroneal nerve or peroneal
division of the sciatic nerve were treated in the Neurosurgical
Department of the Belgrade Military Medical Academy (230
patients treated conservatively and 472 treated surgically).
Sixty-eight surgically treated patients were excluded from the
prospective follow-up because they were lost during the post-
operative period or were operated on at the beginning of the
war in former Yugoslavia. Of 404 prospectively assessed pa-
tients treated surgically, 247 patients had operative findings
related to epineural scarring, neuroma in continuity, and/or
partial nerve rupture, and they underwent external neuroly-
sis, interfascicular neurolysis, and/or split repair. This report
deals with 95 patients with complete discontinuity of the
common peroneal nerve or peroneal division of the sciatic
nerve and with 62 patients with nontransmitting lesion in
continuity requiring resection and repair. The group included

66 repairs of the peroneal sciatic division (24 in the gluteal and
42 in the upper thigh region) and 91 repairs of the common
peroneal nerve or its branches. Nerve injuries were caused by
bullets in 67 cases and by shell fragments in 90 cases.

Initial Surgical Treatment

Soon after injury and before nerve repair, all patients un-
derwent initial surgical treatment of the missile wound. De-
fects of the soft tissues, damaged blood vessels, and bone
fractures near the nerve were treated by an orthopedic, vas-
cular, or plastic surgeon (37).

Devitalized soft tissue was resected, and any residual defect
was treated by a plastic surgeon 3 to 5 days after injury using
skin flaps or epidermal skin graft. Bone fractures near the
nerve were also treated immediately after injury by the appa-
ratus for external skeletal fixation staying in situ for 3 to 4
months, sometimes even longer. After that, internal bone fix-
ation was performed in some patients.

Most patients underwent the initial surgery in a regional
military hospital near the battlefield without a neurosurgeon
present to evaluate the nerve injury. Nevertheless, surgeons
who operated on those patients had clear instructions for
treating nerve transection inside the missile wound. They had
to approximate loosely the nerve stumps with one to two
transneural or paraneural 5–0 nylon anchor sutures or to tack
the stump or stumps down to the surrounding tissue. This
procedure was performed in 28 of our patients, mainly in the
lower thigh or knee level.

Surgical Technique and Intraoperative Evaluation

Operations were performed using an operative microscope
with patients under general or epidural anesthesia. To explore
the nerve in the buttock, thigh, or popliteal region, the patient
was in the prone position, whereas nerve lesion in the leg was
approached with the patient in a supine position with the leg
slightly rotated internally. We used a curved incision in the
gluteal level, a vertical midline incision in the upper thigh
level, and an S-shaped incision in the popliteal and low-leg
levels. Sometimes local conditions in the repair region (e.g.,
extensive scarring, skin flap, external skeletal fixator, exten-
sive contracture) demanded some modifications in skin inci-
sions.

External neurolysis was the initial procedure and was per-
formed from the areas of healthy tissue to less healthy areas.
In patients with proximal level lesions, the sciatic nerve was
split both proximal and distal to the lesion into its peroneal
and tibial divisions to allow independent assessment. The
piriformis muscle sometimes had to be sectioned to present
the proximal nerve stump in the sciatic notch, and the poste-
rior portion of the proximal fibula was often removed to
obtain a less angulated and relaxed course of the nerve from
the posterior thigh to the anterior compartment.

Preoperatively, we were aware of 28 of 95 complete rup-
tures of the peroneal nerve or peroneal division. Of the re-
maining 67 patients, we found 13 patients with nerve stumps
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connected to each other by the bridge of connective tissue
containing no fascicles; 32 patients with stumps that were
completely separated but still in the same plane; and 22 pa-
tients with stumps that were not only separated but directed
to different planes as well, sometimes grabbed by adjacent
callus or abundant scar tissue.

For nerve lesions in continuity, the presence or absence of a
nerve action potential across the lesion determined the need
for resection of a damaged nerve segment. Lesions in conti-
nuity without a nerve conduction response were resected and
repaired. Of 62 lesions in continuity needing resection and
repair, only 34 looked like a typical firm, fusiforme enlarge-
ment. The remaining non-transmitting segments were charac-
terized by anomalous color, unusual consistency, and/or
sparse or absent vascularization. Sometimes they were soft or,
conversely, diffusely fibrotic, especially if long-term local in-
fection existed near the nerve.

Nerve stumps or nontransmitting nerve segments were re-
sected to the appearance of normal fascicular and vascular
architecture, and nerve defect was overcome by an end-to-end
suture or by a nerve graft using monofilament interrupted
nylon suture (Ethilon 8-0; Ethicon, Inc., Somerville, NJ). Direct
end-to-end suture (three to five epineural stitches) was possi-
ble in only seven patients. Reasonable mobilization of the
nerve stumps and removal of the posterior portion of the

proximal part of the fibula reduced tension at the suture sites
and minimized the risk of dehiscence. In all seven patients,
flexion of the knee joint of up to 10 degrees already existed as
the consequence of external skeletal fixation.

In the remaining 150 patients, graft repair was necessary.
We used grouped interfascicular technique (three to four
grafts), and the sural nerve was the most common donor nerve
for grafting (139 patients). When the sural nerve was not long
enough (contralateral amputation of the lower limb, unilateral
or bilateral soft tissue damage in the leg), then the superficial
branch of the radial nerve, the medial brachial cutaneous
nerve, and the medial antebrachial cutaneous nerves were
used.

Postoperatively, limb was not routinely placed in a cast or
immobilized. Patients were made to walk relatively soon and
underwent intensive and prolonged physical therapy unless
they had orthopedic limitations.

Assessment of Repair Outcome

The mean postoperative follow-up period was 5.5 years
(minimum, 4.2 yr). The outcome was defined on the basis of
motor recovery, electromyoneurographic (EMNG) recovery,
and patient judgment of the quality of the outcome (Table 1).

TABLE 1. Recovery after peroneal nerve and peroneal division repaira

Repairs
Total Characteristics of the recovery grade

High Intermediate Low

Motor recovery
M0 17 15 2 34 No contraction
M1 11 20 3 34 Visible or palpable contractions in the anterolateral leg muscles
M2 5 27 8 40 Initial foot extension
M3 4 17 6 27 Foot extension against gravity
M4 — 11 8 19 Foot extension against resistance; possible initial toe extension
M5 — — 3 3 Full foot extension; extension of all toes
EMNG recovery
E0 — 8 2 15 SDA � 3; no MCV, SCV, and AMP
E1 — 14 4 36 SDA � 2-3; no MCV and SCV; AMP sparse, prolonged, nonpolyphasic
E2 — 34 5 47 SDA � 2; no or minimal SCV; MCV �25 m/s; re-innervating AMP; IP � 3
E3 — 21 8 35 SDA � 1-2; SCV �25m/s; MCV � 25-37 m/s; AMP initially polyphasic; IP � 2
E4 — 13 11 24 SDA � 1; SCV � 25-37m/s; MCV �37m/s; AMP obviously polyphasic; IP � 1
E5 — — — — SDA � 0; normal SCV, MCV, AMP, and IP
Patient judgment
P0 — 18 2 40 No improvement or worsening
P1 — 20 4 31 Minimal improvement
P2 — 30 8 45 Obviously improved but unsatisfied with recovery
P3 — 19 9 31 Obviously improved but unsatisfied with recovery
P4 — 3 7 10 Very satisfied with recovery
P5 — — — — No difference in relation to intact limb

a EMNG, electromyoneurographic; SDA, spontaneous denervation activity; MCV, motor conduction velocity; AMP, action muscle potentials; IP, interference
pattern.
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Sensory deficit was considered to be of no functional impor-
tance and was not assessed in this series.

Motor recovery was appraised as recommended by the
British Medical Research Council, and EMNG recovery was
graded on the basis of spontaneous denervation activity, mo-
tor and sensory conduction velocity, shape of muscle action
potentials, and interference pattern (36–38). Recovery of each
of the three parameters was scored on a scale ranging from 0
to 5 points, and the following scores were obtained in the
manner described previously (37, 38): motor (M score), EMNG
(E score), and patient judgment score (P score).

Based on the total point score obtained by adding the M, E,
and P scores, the outcome was defined as poor (0–3 points),
insufficient (4–7 points), good (8–11 points), or excellent
(12–15 points). Good and excellent outcomes were considered
successful.

Useful motor recovery usually included reestablishment of
extension of the foot to the neutral position and some degree
of foot eversion (�M3), whereas good EMNG recovery and
affirmative patient judgment required recovery of at least E3
and P3 grades, respectively.

Distal to the injury site, preoperative motor deficit was
always complete (M0 grade) and usually included weakness
of the deep branch-innervated ankle dorsiflexors and toe ex-
tensors and weakness of the superficial branch-innervated
ankle evertors. In patients with terminal peroneal branch le-
sions, motor deficit was limited to the injured branch.

Testing the Factors Influencing Outcome

We tested the influence of the following six factors on
outcome: level of repair, length of the nerve graft, duration of
the preoperative interval, manner of repair (nerve graft versus
direct suture), coexisting damages in the nerve repair region,
and patient age. The level of the lesion (repair) was defined
according to the position of the proximal stump as high (above
the middle of the thigh), intermediate (between the middle of
the thigh and the popliteal crease), or low (distal to the pop-
liteal crease). The nerve graft was approximately 10% longer
than the corresponding nerve gap measured after resection
and maximal mobilization of the nerve stumps.

Preoperative Interval

If we were aware of nerve transection since the initial
surgical treatment, nerve repair was performed as soon as the
clinical condition of the patient and repair region made it
possible, but never before the end of the fourth week after
injury. Other patients were monitored by clinical and electro-
myographic means for signs of early regeneration at least until
the end of the third month after injury. If spontaneous regen-
eration did not occur, surgical exploration and intraoperative
nerve recordings were used to determine the need for nerve
repair.

Comorbidities in the Repair Region

Missile-related damage to the bones, soft tissues, and blood
vessels was frequent in the repair region, but for this study, we
considered only fractures with dislocation, soft-tissue defects
of considerable size (�6 � 5 cm), and vascular lesions located
on the femoral artery or popliteal artery or on the first few
centimeters of its terminal branches.

Statistical Analysis

Data processing was performed by using SPSS 11.5 for
Windows (SPSS, Inc., Chicago, IL). Average values were pre-
sented as mean � standard deviation, and a P value of �0.05
(two-sided) was considered statistically significant. Character-
istics between two experimental groups were compared by
using the unpaired Student’s t test for parametric data and by
using the Mann-Whitney U test, Wilcoxon’s test, McNemar’s
test, and Pearson’s (�2) test for categorical data. Data from
three or more groups were compared by using one-way anal-
ysis of variance, the Kruskal-Wallis test, and Friedman’s test,
depending on the data category. Univariate regression analy-
sis was performed to test the correlation between two vari-
ables and Forwald: Wald multivariate logistic regression anal-
ysis was used to predict successful outcome. Critical values of
the nerve defect and preoperative interval for a successful
outcome were calculated on the basis of the area under a
receiver-operating characteristic curve.

RESULTS

Characteristics of the Series

The patients ranged in age from 10 to 54 years (average, 30
� 8.4 yr). The series included 37 (23.6%) patients with high-
level repairs, 90 (57.3%) patients with intermediate-level re-
pairs, and 30 (19.1%) patients with low-level repairs. All high-
level repairs and 29 of the 90 intermediate-level repairs were
performed on the peroneal division of the sciatic nerve. The
most proximal repairs (n � 4) were performed at the glu-
teopelvic level, whereas the most distal repairs (n � 2) were
performed on the deep peroneal branch in the middle of the
leg. The graft frequently started above the terminal peroneal
branches and extended to the superficial or deep branch.

Seventy-two patients (45.9%) had missile bone fracture in
the repair region, 32 patients (20.4%) had main artery damage,
and 39 patients (24.8%) had considerable soft tissue defect
treated by skin graft, usually in the lateral leg or popliteal or
posterior thigh regions (Table 2). Coexisting complete injury of
the tibial nerve or tibial division that required nerve repair
was noted in 26 patients (16.6%).

Nerve defect was overcome by nerve graft in 150 patients
(94.5%) and by end-to-end suture in seven patients. Grafts
were 2.2 to 15 cm in length (average, 5.2 � 2.0 cm). Of the
patients treated with a graft, 47 (31.3%) required a graft
smaller than 4 cm, 18 (12%) required a graft larger than 8 cm,
and 85 (56.7%) required a graft 4 to 8 cm long (Table 1).
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Patients underwent surgery 1 to 11.6 months after injury
(average, 3.9 � 2.6 mo). The preoperative interval was less
than 4 months for 96 patients (61.1%) (Table 2). Average values
of the nerve defect, preoperative interval, and patient age
were similar for groups of patients with various level of repair
(analysis of variance, P � 0.05).

Recovery and Final Outcome

Maximal motor recovery grades were M3 for high-level
repairs, M4 for intermediate-level repairs, and M5 for low-
level repairs (Table 1). Useful motor recovery (�M3) was
achieved for 4 of 37 high-level repairs (10.8%), 28 of 90
intermediate-level repairs (31.1%), and 17 of 30 low-level re-
pairs (56.7%) (Table 3).

All point scores depended significantly on the repair level
(Kruskal-Wallis test, P � 0.001) (Table 4). Mutual differences
among average point scores (M, E, and P scores) were signif-
icant for each level of repair (Friedman’s test) (Table 4). For
high-level repairs, significance was mostly a result of the E
score, which was higher than the two other scores (Wilcoxon’s
test, P � 0.001). For low-level repairs, significance was the
result of the P score, which was significantly lower in relation
to the M and E scores (Wilcoxon’s test, P � 0.003 and P �
0.008, respectively).

For the whole series, the average total point score was 5.6 �
3.7 points (domain of insufficient outcome) whereas for high-,
intermediate-, and low-level repairs, the total score was in the
domain of poor, insufficient, and good outcomes, respectively
(Kruskal-Wallis test, P � 0.001) (Table 4). A successful outcome
was achieved in 4 patients (10.8%) with high-level repairs, 28
patients (31.1%) with intermediate-level repairs, and 17 pa-
tients (56.7%) with low-level repairs (Table 5). None of the
patients with high-level repair achieved an excellent outcome.
Differences in outcome among high-, intermediate-, and low-
level repairs were highly significant both for the four outcome
categories and when only successful or unsuccessful outcomes
were considered (Table 5).

Factors Influencing the Outcome

Length of the graft significantly affected outcome: a suc-
cessful outcome was achieved in 27 of 47 patients (57.4%) with
the nerve graft smaller than 4 cm, in 0 of 18 patients with the
graft larger than 8 cm, and in 19 of 85 patients (22.4%) with the
graft length between these values. Obtained differences in
outcome were highly significant and with great contingency
coefficient (�2 test; P � 0.001; �2 � 26.58; C � 0.388).

A similar situation existed regarding the preoperative inter-
val: a successful outcome was achieved in 46 of 96 nerves
(47.9%) repaired in the first 4 months after injury, in 0 of 24
nerves repaired more than 8 months after injury, and in 3 of 37
nerves (8.1%) repaired 4 to 7 months after missile trauma (�2

test; P � 0.001; �2 � 32.57; C � 0.414).

TABLE 2. Length of the nerve graft, duration of preoperative
interval, and comorbidities in the nerve repair region

Repair level
Total

High Intermediate Low

Graft (cm) 37 83 30 150
�4 17 22 8 47
4.1–6 11 39 13 63
6.1–8 4 13 5 22
8.1–10 3 8 3 14
�10 2 1 1 4

Interval (mo) 37 90 30 157
�4 26 55 15 96
4.1–5 4 10 4 18
5.1–6 2 5 3 10
6.1–7 2 5 2 9
�8 3 15 6 24

Tibial lesion 14 11 1 26
Bone fracture 11 47 14 72
Artery lesion 3 22 7 32
Tissue defect 6 23 10 39

TABLE 3. Useful motor recovery, good neurophysiological recovery, and affirmative patient judgment after peroneal nerve and peroneal
division repaira

Recovery High Repairs Intermediate Low �2 P value

�M3 4 28 17 16.227 �0.001
�E3 6 34 19 15.683 �0.001
�P3 3 22 16 17.867 �0.001
Pairs with significant differences None E3/P3 None
P value � 0.05 � 0.001 � 0.05

a �M3, useful motor recovery; �E3, good neurophysiological recovery; �P3, affirmative patient judgment. The rate of useful motor recovery (�M3), good EMNG
recovery (�E3), and affirmative patient judgment (�P3) depended significantly on the repair level (�2 test, P � 0.001). These rates were similar for low-level and
high-level repairs (McNemar’s test, P � 0.05), whereas affirmative judgment was less common than expected based on good EMNG recovery after intermediate-level
repairs (McNemar’s test, P � 0.001).
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Average nerve defect and preoperative interval were signif-
icantly shorter for patients with a successful outcome than for
those with an unsuccessful outcome (Student’s t test; P �
0.001) (Table 6). Worsening of outcome began with a nerve
defect larger than 4 cm and with preoperative interval of more
than 3 months (�2 test; P � 0.001) (Table 6). Critical values for
a successful outcome relating to length of the nerve defect
(5 cm) and preoperative interval (4 mo) were also calculated
with high specificity and acceptable sensitivity (receiver-
operating characteristic curve) (Table 6). Average age was
similar for patients with successful and unsuccessful out-
comes (P � 0.05) (Table 6). Similarly, the outcome did not
depend on the manner of repair: a successful outcome was
achieved in 3 of 7 patients (42.9%) with end-to-end suture and
in 46 of 150 patients (30.7%) with nerve graft (P � 0.05).

Comorbidities in the Repair Region

Patients with isolated soft tissue defect, main artery lesion,
or bone fracture in the repair region achieved worse results
than patients without local damage, but the differences in
outcome were not significant statistically (�2 test; P � 0.05)
(Table 7). However, of the 37 patients with at least two types of
comorbidities, only five (13.5%) achieved a successful out-
come, whereas a successful outcome was noted in 44 of the
remaining 120 patients (36.7%) (P � 0.008; �2 � 7.06; C � 0.21)

(Table 7). None of the nine patients with all three types of
associated injury achieved a successful outcome.

Predictors of Successful Outcome

Height of the repair, preoperative interval, length of the
nerve graft, and coexisting excessive tissue damage in the
repair region correlated significantly with the repair outcome
(univariate regression analysis; P � 0.001) (Table 6). These
factors were also independent predictors of successful out-
come (multivariate logistic regression analysis) (Table 6).

Complications

The only intraoperative complication was iatrogenic injury
of the popliteal vein that occurred in two patients with exten-
sive scarring in the popliteal region. In both patients, tibial
nerve repair was required with the peroneal nerve grafting.
The popliteal vein was not transected, but it was notched up to
3 mm in length during the external neurolysis of the tibial
nerve, and lateral suture was the sufficient treatment.

Postoperatively, we observed no actual purulent, bacterial
infections, but we noted some other complications. Wound
disruption without purulent secretion occurred in three pa-
tients with nerve repair at the thigh and popliteal level.
Wound revision and resuture of the soft tissues were neces-
sary, but the nerve suture was undamaged. Postoperative

TABLE 4. Average point scores after peroneal nerve and peroneal division repaira

Point score
Repairs

Whole series H value P value
High Intermediate Low

M 0.9 � 1.0 1.9 � 1.3 2.8 � 1.4 1.8 � 1.4 31.02 �0.001
E 1.4 � 0.9 2.2 � 1.1 2.7 � 1.3 2.1 � 1.2 21.87 �0.001
P 0.8 � 1.0 1.7 � 1.1 2.5 � 1.2 1.6 � 1.2 29.83 �0.001
Total 3.1 � 2.9 5.7 � 3.4 8.0 � 3.8 5.6 � 3.7 27.37 �0.001
Friedman’s test 37.13 72.67 12.18 109.49
P value �0.001 �0.001 0.002 �0.001

a M, motor score; E, electromyoneurographic score; P, patient judgment score.

TABLE 5. Final outcomes of the peroneal nerve and peroneal division repair

Repair level
Outcome

Successful outcome
Poor Insufficient Good Excellent

High 23 10 4 0 4
Intermediate 22 40 25 3 28
Low 5 8 10 7 17
Significance P � 0.001; H � 25.68 P � 0.001; �2 � 16.227
High versus intermediate P � 0.001 P � 0.001
High versus low P � 0.001 P � 0.001
Intermediate versus low P � 0.01 P � 0.013
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hematoma in the repair region was noted in two patients (in
the gluteal region and in the proximal third of the thigh).
Re-exploration was performed 1 and 2 days after nerve repair,
and the hematoma was evacuated. In both patients, the nerve
grafts were disrupted from the proximal nerve stump and
resuture was necessary. Postoperative partial necrosis of the
existing skin flap occurred in two patients with nerve repairs
in the distal thigh and in the popliteal region. Necrosis was
successfully treated by a plastic surgeon, and the nerve grafts
were undamaged. In addition, one patient experienced a fem-

oral refracture on the 10th day after peroneal nerve repair. An
external skeletal fixator was placed again; thereafter, nerve
exploration was indicated. We found disruption of the grafts,
and repeated sutures were necessary.

DISCUSSION

Missile-Caused Nerve Injuries

Peripheral nerve injuries are not frequent after missile
wounds of the lower extremities. Grossman et al. (20) found
them less frequently than fractures, vascular injuries, and
�compartment syndromes� among 100 penetrating injuries of
the lower leg. In their large series of knee-level common
peroneal nerve lesions, Kim et al. (25) found missile injuries in
only 4% of patients.

Missile injuries often leave the nerve in continuity but pro-
duce intraneural damage secondary to cavitation effects (19).
Such damage can be of considerable severity and result in
focal or relatively widespread lesions of axons, connective
network, and intraneural blood vessels (28). Concomitant vas-
cular trauma can cause further nerve damage through isch-
emia. Of the 404 patients with surgically treated peroneal
nerve and peroneal division missile-caused injury, 95 (23.5%)
suffered complete nerve discontinuity, which is in accordance
with previous reports (25).

TABLE 6. Factors influencing final outcomes of the peroneal nerve and peroneal division repaira

Tested factors and the outcome
(successful versus unsuccessful)

Statistical Tests

MWUT or Student’sb �2 test
Univariate

analysis
Multivariate

analysis
Critical
values

Repair level
High (4 versus 33) P � 0.001 P � 0.001 P � 0.001
Intermediate (28 versus 62) RR � 0.07 RR � 0.08
Low (17 versus 13)

Interval (mo) 4 mo
2.3 � 1.0 vs 4.7 � 2.8 P � 0.001 P � 0.001 P � 0.001 P � 0.001 SENS � 54.8%

(for 12 3 mo) RR � 2.30 RR � 2.18 SPEC � 93.5%
Defectc (cm) 5 cm

3.9 � 1.1 vs 5.8 � 2.1 P � 0.001 P � 0.001 P � 0.019 P � 0.011 SENS � 56.7%
(for 12 4 cm) RR � 1.82 RR � 1.86 SPEC � 91.3%

Age (yr)
30.0 � 8.5 v. 30.1 � 8.4 P � 0.05 P � 0.05 P � 0.05

Comorbidities (2 or 3)
Present (5 versus 32) P � 0.008 P � 0.008 P � 0.007 P � 0.011
Absent (44 versus 76) RR � 0.13 RR � 0.184

Repair manner
Direct suture (3 versus 4) P � 0.05 P � 0.05 P � 0.05
Nerve graft (46 versus 104)

a MWUT, Mann-Whitney U test; RR, relative risk; SENS, sensitivity; SPEC, specificity.
b Mann-Whitney U test for the last two tested factors and Student’s t test for the others (df � 148 for nerve defect; df � 155 for age and interval)
c Calculated for 150 nerves repaired by graft.

TABLE 7. Successful outcome in patients with and without
comorbidity in the nerve repair region

Comorbidity
P value

Present Absent

Bone fracture 18/72a 31/85b �0.05
Artery lesion 7/32 42/125 �0.05
Tissue defect 7/39 42/118 �0.05
Two or three damages 5/37 44/120 �0.008
All three damages 0/9 49/148 �0.01

a Successful outcome for 18 of 72 patients with bone fracture.
b Successful outcome for 31 of 85 patients without bone fracture.
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Some missile wounds of the extremities can be treated con-
servatively, especially if they are caused by low-velocity mis-
siles (3). Nevertheless, we performed some kind of initial
surgical treatment immediately after injury for all our pa-
tients. We excised devitalized soft tissue in the wound region
and treated the bone fracture, soft tissue defect, or vascular
injury. Approximation and fixation of the nerve stumps dur-
ing the initial surgical treatment shortened the length of nerve
defect and alleviated subsequent nerve repair. That was one of
the reasons why we were able to perform direct nerve suture
for seven of our patients. We did not use the traditional
treatment of immobilization, often in a cast, for several weeks.
We used early mobilization after nerve repair to prevent the
formation of tethering adhesions and frozen joints.

Assessment of Outcomes

In our series, we appraised the outcomes on the basis of the
following three parameters: motor recovery, neurophysiolog-
ical recovery, and patient judgment of the quality of outcome.
Certainly, motor recovery is the most important. The order of
recovery was usually peroneal muscles, followed by the ante-
rior tibialis, and then the extensor hallucis longus (31). In our
series, contraction of proximal peronei muscles could be seen
or palpated on attempted eversion 9 to 24 months postopera-
tively, and dorsiflexion by the anterior tibialis muscle ap-
peared 15 to 24 months after surgery, depending mostly on the
repair level. Recovery of the extensor hallucis muscle and
especially of the remaining toe extensors was considerably
delayed and poor after repairs above the popliteal level. Such
results are in accord with those of other series (24, 25).

In terms of a useful leg, regaining dorsiflexion of the foot is
sufficient because inability to regain toe extension is of a much
lower functional importance (24). Our criteria for motor re-
covery were stricter than those used in some other series (24,
25, 31): a score of M3 required not only that a foot brace not be
required for walking, but also that some degree of both dor-
siflexion and eversion of the foot was regained.

The neurophysiological evidence of muscle reinnervation
may occur several weeks before clinically apparent voluntary
muscle contraction is revealed by physical examination (26,
46). Nevertheless, appraisal of the final outcome exclusively
on the basis of neurophysiological parameters is sometimes
too optimistic, although these parameters usually correlate
with the clinical condition. That was partially confirmed by
our results.

Psychological factors may play an important role in the
outcome of nerve repair (2). In our series, patient judgment of
the outcome was almost always worse than expected based on
motor recovery. Patients often had unrealistic expectations,
although they were counseled regarding the time course for
expected clinical improvement and usually walked well with
foot braces or splints while awaiting neural recovery. Expec-
tation of some additional financial support or other kind of
compensation could be another reason for frequent pessimis-
tic patient judgment (36, 37, 39). Nevertheless, patient judg-

ment of the recovery, although subjective, should be consid-
ered in the appraisal of the outcome after nerve repair. After
all, we cannot be quite satisfied with the recovery if the patient
is not, despite good clinical recovery signs (37).

Recovery and Final Outcome

Many authors, whether in military or civilian practice, have
reported a poor prognosis for either spontaneous recovery or
recovery after repair for complete peroneal palsy (6, 11, 51).
However, recent civilian studies have reported more encour-
aging results (1, 24, 41, 48). Overall, the results reported to
date, as well as the results of our series, seem to justify
peroneal nerve repair (10, 24, 33, 54).

The peroneal nerve and peroneal division of the sciatic
nerve are very susceptible to trauma; at the same time, they
are probably the worst major nerves in the body for graft
repair. Their propensity to injury might be explained by sev-
eral anatomic and biological factors: superficial and fixed
nerve position behind the surgical neck of the fibula, location
close to the hip joint, relatively poor blood supply, and less
protective connective tissue between fascicles (30, 31, 42, 43,
45).

A lower possibility of recovery after repair might be ex-
plained by the long distance from the target muscles and by
topography of the corresponding neuronal cells, which are
numerous and relatively scattered in the spinal cord. Because
of that, multiple sites on the relatively long muscles in the
anterior compartment are not re-innervated in a harmonized
or coordinated fashion, and re-innervation is insufficient to
permit useful dorsiflexion of the foot and toes (28, 31).

Taha and Taha (44) noted useful motor recovery after per-
oneal nerve suture in 39% of their patients. In Kim et al.’s
series (25), 57 of 138 peroneal nerve grafts (41.3%) achieved
recovery better or equal to Grade 3.

In our series, useful motor recovery and total successful
outcome was achieved in 49 of 157 patients (31.2%). There are
several reasons for worse results, to some extent, in our report
than in the cited series. First of all, we were stricter in the
appraisal of motor recovery: recovery of M3 grade required
some regaining of both the dorsiflexion and the eversion of the
foot.

Furthermore, very often our patients had severe missile-
caused damage in the region of nerve repair: almost one half
of the patients had a bone fracture, one fifth of the patients had
main artery damage, and one quarter of the patients had
considerable soft tissue defects spreading over the anterolat-
eral leg muscles. Finally, our series consisted almost exclu-
sively of adults achieving worse results of repair than children
should.

Factors Influencing Outcome

Repair Level

Several authors have reported better results after more dis-
tal peroneal nerve sutures (31, 45). Kline et al. (31) noted useful
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recovery in 26.1% of peroneal division grafts in the gluteal
region and in 36.4% of grafts in the thigh level. In our series,
motor recovery did not exceed M3 grade after high-level
repairs, but the recovery obtained in 10.8% of patients was of
functional importance because it established foot extension.
After intermediate- and low-level repairs, motor recovery was
useful in approximately one third and one half of patients,
respectively.

Reinnervation time depends on the level of the lesion and
whether the peroneal division is far from the target organs.
The value of attempted repair of the peroneal division of the
sciatic nerve in adults has been questioned by some authors
(28, 31, 44) for two reasons: 1) Useful foot extension almost
never happens because irreversible fibrosis of denervated
muscles usually occurs before reinnervation has been com-
pleted; and 2) a relatively simple foot-drop brace serves pa-
tients with only peroneal division dysfunction well while they
are walking. Our results speak in favor of such assertions
because none of our 24 patients with gluteal-level repair
achieved recovery better than M3 grade.

Length of the Graft

Functional recovery after graft repair depends on the sever-
ity of injury and therefore on the length of the grafts (25, 27).
In their series of knee-level peroneal nerve tractional lesions
repaired with grafts, Durandeau et al. (12) noted good results
only in patients with grafts �5 to 8 cm in length. Kim and
Kline (24) reported motor recovery to Grade 3 or better in 75%
of patients whose injuries were repaired with grafts �6 cm, in
35% of patients with graft lengths 6 to 12 cm, and in only 14%
of patients with graft lengths 13 to 20 cm.

However, Kim and Kline’s series included only patients
with peroneal nerve, not peroneal division, repair. In our
series, a successful outcome was achieved in 57.4% of patients
with the nerve graft �4 cm, in 22.4% of patients with graft
lengths 4 to 8 cm, and in 0% of patients with the graft �8 cm.
Several authors consider a nerve graft length of 5 to 12 cm to
be critical for good results (12, 24). In our series, the probabil-
ity of a successful outcome was significantly lower if nerve
defect was �5 cm.

Manner of Repair

According to most authors, end-to-end peroneal suture pro-
vides better results than nerve graft (24, 25, 31, 44). Kline et al.
(31) reported useful recovery in 50% of direct sutured and in
26.1% of grafted peroneal divisions in the gluteal region, as
well as in 65% of direct sutured and in 36.4% of grafted
peroneal divisions at the thigh level. A similar situation ex-
isted regarding common peroneal nerve repair: 82 to 84% of
patients who underwent end-to-end anastomosis recovered
function to Grade 3 or better, whereas those who underwent
nerve graft repair had a success rate of only 42% (24, 25).

In our series, the outcome was better, but not significantly,
after end-to-end suture than after nerve graft. However, the
two groups differed significantly in number of patients (150

versus 7). They also differed in the repair level (all patients
with end-to-end suture had intermediate-level repair) and
length of preoperative interval. Therefore, the results should
be accepted with caution.

Preoperative Interval

The timing of the surgical repair of peroneal nerve lesions
varies in the literature. Some authors advocate early operative
intervention as soon as medically feasible (4, 23), but such an
approach risks operating on patients who would have recov-
ered on their own without surgery. Another recommendation
is operative intervention during the fourth month of nonim-
provement of peroneal deficit because of injury (35, 53).

In general, a blunt laceration should be repaired 2 to 4 weeks
after injury to allow delineation of proximal and distal stump
damage (25, 30, 32, 42). In most war injuries, the peroneal nerve
suffers a �lesion in continuity� representing the damaged nerve
segment, which results in a neurapraxic, axonotmetic, or neurot-
mesis grade of injury (26). Patients are therefore followed closely
for several months to observe clinical and electrodiagnostic evi-
dence of nerve regeneration and muscle reinnervation. The nerve
must be explored within 3 months after injury if there is no
significant functional recovery (25, 51).

The reasons for delay in repair in our series were bone
fracture complications, persistent infection in the repair re-
gion, prolonged treatment of associated craniocerebral or tho-
racoabdominal injuries, and delay in referral. A preoperative
period of 3 to 6 months is likely compatible with good results,
whereas further delay causes progressive closure of the distal
endoneural tubes and disproportion in the size of the proxi-
mal and distal nerve stumps (28, 42).

In our series, a successful outcome was significantly more
frequent for repairs performed in the first 4 months after injury
(47.9%) than for those performed up to 7 months after injury
(8.1%). Worsening of outcome began with a preoperative interval
longer than 3 months, but an interval of less than 4 months was
considered critical for a successful outcome. It is necessary, es-
pecially for high-level repairs, to time surgical exploration so that
a successful nerve repair results in muscle reinnervation within 2
years of the injury (29). Beyond that time, denervated muscles
undergo irreversible atrophy and degeneration. That is the main
reason why none of our 24 patients with preoperative intervals
greater than 8 months achieved successful outcome.

Comorbidities

There are no precise literature data regarding the dependence
of nerve repair outcomes on comorbidities in the nerve repair
region (fractures, main artery lesion, defect of the soft tissues).
The presence of such damages is certainly an index of the sever-
ity of the missile-related trauma (along with the length of the
nerve defect). Each of comorbidities may influence the nerve
repair outcome in its own manner: main artery lesion aggravates
the results through ischemia; bone fragments cause additional
nerve damage during the initial missile trauma or subsequent
callus spreads around the repaired nerve; missile-related soft
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tissue defects frequently include the muscle mass of the peroneal
nerve effectors.

In our series, a successful outcome was more frequent if
comorbidities did not exist, but the differences in the out-
comes were not statistically significant. We noted an inverse
influence on repair outcomes only if at least two of the three
comorbidities existed in the nerve repair region. In the pres-
ence of all three analyzed comorbidities, a patient’s chances
for a successful recovery were minimal if any.

Nevertheless, such results should be accepted with caution
because the groups of patients with and without analyzed co-
morbidities were not homogenous regarding the height of repair,
length of nerve defect, and duration of the preoperative interval.
Furthermore, patients with extensive muscle defect in the antero-
lateral leg were not selected for surgery at all because they had
no chances for functionally useful reinnervation.

CONCLUSIONS

Based on the results obtained, we draw the following conclu-
sions. 1) Height of repair, length of the nerve defect, preoperative
interval, and extensive tissue damage in the repair region signif-
icantly influence the outcome after peroneal nerve and peroneal
division repair. All of these factors are independent predictors of
a successful outcome. 2) Patients are more dissatisfied with the
outcome than expected on the basis of the clinical recovery, and
neurophysiological recovery is usually better than clinical recov-
ery. 3) The best outcome can be achieved after repair below the
popliteal crease in the first 3 months after the injury and using
end-to-end suture or grafts smaller than 4 cm. High-level repairs
delayed more than 7 months after injury and using grafts larger
than 8 cm are probably not worthwhile.
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COMMENTS

Dr. Roganovic presents another excellent and critical analysis of
his extensive experience regarding missile-caused nerve injuries

based on the population of patients treated at the Belgrade Military
Medical Academy. In this particular manuscript, the outcome and the
factors influencing outcome of 157 missile-caused severe lesions of the
peroneal nerve and the peroneal sciatic division are presented. Pro-
spectively collected data pertaining to this patient population has
been rigorously analyzed to determine the factors that influence out-
come. Not surprisingly, lesions that are close to the muscle end organ,
are repaired in the first three months after injury, and are able to be
managed either with direct repair or with short grafts have consider-
ably improved outcomes. The detailed statistical analysis, which in-
cludes multivariate logistic regression analysis, nicely supports the
conclusions. This type of detailed statistical analysis is particularly
welcome in assessing outcomes. Overall, the manuscript is an excel-
lent addition to the neurosurgical literature on management of pe-
ripheral nerve injuries. Specifically, this paper will likely become one
of the most important references for the outcomes that can be
achieved with appropriate management of missile-caused peroneal
nerve injuries.

Rajiv Midha
Calgary, Alberta, Canada

Dr. Roganovic presents his four-year experience gained during the
war in the former Yugoslavia. During this period, the author

treated an astonishing 702 patients with peroneal nerve injury. Of
these, results of 157 patients are presented, and of those presented, 95
had a complete discontinuity and 66 lesions in continuity. The author
makes a distinction between repair of the peroneal nerve and division
(66 and 91 patients, respectively). The patients were operated on
between 1 to 11.6 months and 150 underwent graft repair and 7
end-to-end coaptation. In the group, 23.6% had a high-level injury
(above the middle of the thigh), 57.3% intermediate-level injury (mid-
dle of the thigh to popliteal crease), and 19.1% low-level injury (distal
to the popliteal crease). The outcome was assessed using motor,
electromyography, and patient outcome scales.

As expected, the best results were obtained in the low-level group
where 56.7% of the patients recovered greater antigravity function in
the foot extensors. Of the intermediate- and high-level patients, 31.1%
and 10.8% had antigravity function or better. Other factors that influ-
enced outcome were the length of the graft (best outcome with grafts
shorter than 4 cm), shorter pre-operative interval (� 4 months was
better than � 4 months) and the extent of other local injuries.

Although direct repair is always preferable, it is often necessary to
use grafts to establish continuity. Typically, the peroneal nerve yields
less favorable outcomes when compared to the tibial nerve. In our
patient population of 318 patients, 75% of the patients with grafts
shorter than 6 cm attained antigravity or more whereas only 35%
gained this outcome when the grafts were between 6 and 12 cm (1). It
should be noted that our patients were a heterogeneous group con-
sisting not only of missile, but also of stretch injuries and tumors
amongst others. The distinction between nerve and division is some-
what semantic in nature as the peroneal nerve can be distinctly
separated from the tibial nerve within the sciatic nerve all the way up
to the sciatic notch. They run in a loose sleeve of mesoneurium.

The author is congratulated for confirming surgical repair again as
means for peroneal nerve recovery.

Rashid M. Janjua
David G. Kline
New Orleans, Louisiana

1. Kim DH, Murovic JA, Tiel RL, Kline DG: Management and outcomes in 318
operative common peroneal nerve lesions at the Louisiana State University
Health Sciences Center. Neurosurgery 54:1421–1429, 2004.

In this report, the author documented his extensive surgical experi-
ence in treating 157 patients with complete missile-injured peroneal

nerve or peroneal division nerve. Because gunshot wound is a rela-
tively uncommon cause of peroneal nerve injury in civilian practice, it
is commendable that the author documented his operative experience
and follow-up in a relatively large group of patients during the war in
the former Yugoslavia. Of the 157 patients, 95 had complete discon-
tinuity of the peroneal nerve and 62 had non-transmitting injury of the
nerve. The majority of the patients (95%) required graft repair and
only seven patients had direct end-to-end repair. Consistent with our
own experience, the peroneal nerve is perhaps the worst major nerve
in the body to graft repair. As the author stated in the report, the
length of nerve graft had a significant impact on the outcome of
surgical repairs: using grafts less than 4 cm resulted in 57.4% good
outcome. Unfortunately, these comprised only 31% of the grafted
cases. In cases of graft length between 4 and 8 cm (56.7% of grafted
cases), good outcomes occurred only in 22.4% of cases. For the 18
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(12%) patients with graft length longer than 8 cm, none of them had an
acceptable outcome. These results emphasize the importance of mo-
bilizing the nerve ends as much as possible, and even to consider
transposition of the nerve, if feasible, in an attempt to reduce graft
length.

In addition to the length of the graft, the study also confirmed others’
experiences that the timing of the repair and the level of the lesion each
played a critical role in predicting the clinical outcome. Patients who under-
went repair between one and 3 months after initial injury had the best
outcomes and those who had repair delayed to 8 months after injury had the
worst outcomes. It is also notable that only 4 of the 24 (16%) patients who
had high-level (gluteal region) injury achieved M3 motor recovery. On the
other hand, 28 (31%) of the 90 patients with intermediate-level lesions
achieved M3 or better recovery and 57% of the 30 patients with low-level
lesions achieved M3 or better function. One of the author’s major conclusions
is that “high-level repairs, delayed for �7 months after injury and using
grafts �8 cm are probably not worthwhile.” This conclusion needs to be
interpreted with caution when extrapolating to civilian practice. Many of the
patients in this military series had co-morbidities, including extensive tissue
defects, bone fractures, and major vessel injuries that are not commonly seen
in the civilian world. In fact, the large series from Dr. Kline’s group showed
that 35% of patients with graft lengths between 6 and 12 cm could achieve
M3 or better outcome, which is consistent with our own experience. Never-
theless, in patients with gluteal or thigh-level injuries, long damaged nerve
segments, or post-injury delays longer than 6 months, alternative interven-
tions should be considered, either nerve transfers from a tibial nerve branch
or tendon transfer.

Jason H. Huang
Eric L. Zager
Philadelphia, Pennsylvania

Using statistical analyses, this paper summarizes the results of 157
repairs on complete lesions of the peroneal division or nerve

resulting from missile injuries. These injuries were gleaned from 702
missile-caused injuries of the peroneal division or nerve of which 230
were conservatively-treated and 472 underwent surgery with 68 of
472 being lost to follow-up and were excluded.

This paper summarized that outcome is significantly influenced by the
following independent predictors of successful functional results: the 1)
level of repair, 2) nerve defect length, 3) preoperative interval, and 4)
extensive tissue damage in the repair region. The best outcomes were
achieved after repair 1) below the popliteal crease, 2) in the first 3 months
after injury, and 3) using end-to-end suture or grafts less than 4 cm in
length. Finally, high-level repairs delayed for greater than 7 months and
grafts greater than 8 cms in length are probably not worthwhile. It should
be noted that the overall complication rate for the 157 repairs was only
6% in this compilation of severe war-injuries with a high incidence of
co-morbidities, i.e., 46% had missile bone fractures in the repair region,
20% had main artery damage, and 25% had a considerable soft tissue
defect treated by skin graft. There were also no neurosurgeons initially
evaluating the wound associated with the nerve injury.

The use of the statistical analyses is excellent. It is a large series with
analyses of important known parameters relevant to peroneal division
or nerve injury. It substantiates what is already known about missile
injury to this division and nerve, but does so using the mentioned
analytical techniques. It is a welcome addition to the peripheral nerve
literature.

Judith A. Murovic
Daniel H. Kim
Stanford, California
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OBJECTIVE: Pulsatile tinnitus is characterized by hearing the heart beat or respiration in
one or both ears. In 15% of patients with pulsatile tinnitus, no cause can be found. Other
investigators have suggested that a vascular loop entering the internal auditory meatus can
be another cause of arterial, pulse synchronous tinnitus. If so, we should constantly hear
the arterial pulsations of the carotid arteries passing through the petrous bone.
METHODS: Using magnetic resonance imaging, 17 patients with unilateral pulsatile
tinnitus and 46 with non-pulsatile tinnitus were analyzed for the presence of a vascular
loop entering into the internal acoustic meatus. Four temporal bones were sectioned
to find structural differences between the internal acoustic meatus and the pericarotid
area. Four patients with intrameatal vascular loops and ipsilateral pulsatile tinnitus
underwent surgery by Teflon interpositioning between the loop and the cochlea.
RESULTS: In unilateral pulsatile tinnitus, a statistically highly significant amount of
intrameatal vascular loops was noted in comparison to non-pulsatile tinnitus. A
well-developed pericarotid venous plexus was found histologically. Three of the four
patients who underwent surgery were initially tinnitus free, but pulsations recurred
after 3 months in one patient.
CONCLUSION: Vascular loops in the internal auditory canal may generate pulsatile
tinnitus. It may be treated by placing Teflon between the cochlea and the intrameatal
vascular loop. One then does not hear the pulsation of the carotids due to a dampening
effect of a pericarotid venous plexus.

KEY WORDS: Carotid, Cochleovestibular compression syndrome, Intrameatal vascular loop, Microvascular
compression, Microvascular decompression, Pulsatile tinnitus, Tinnitus
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Tinnitus can be subdivided into an arte-
rial pulse synchronous type and a ve-
nous respiratory synchronous type (19).

A venous hum can be caused by either venous
anomalies or raised intracranial pressure (14).
Arterial pulsatile tinnitus can be the result of
carotid stenosis, glomus tumor, or vascular
lesions of the petrous bone or skull base (14).
However, even after extensive investigation,
no cause can be found for up to 15% of pa-
tients with pulsatile tinnitus (14).

Based on radiological and surgical data, in-
vestigators have suggested that a vascular
loop entering the internal auditory meatus (1,
9) can be another cause of arterial, pulse syn-
chronous tinnitus. If this is correct, the ques-
tion arises as to why we do not constantly
hear the arterial pulsations of the carotid ar-
teries passing through the petrous bone at no

more than a few millimeters from the cochlea.
To elucidate this, we made histological sec-
tions of four human temporal bones.

PATIENTS AND METHODS

MRI Data: Intrameatal Vascular Loop as
Cause for Pulsatile Tinnitus

We used 1.5-tesla magnetic resonance imag-
ing scans for 52 patients (24 men and 28 women)
with tinnitus and analyzed them by using high-
resolution 0.6-mm heavily T2-weighted images
(CISS) for the presence of a vascular loop enter-
ing into the internal acoustic meatus. We ana-
lyzed 63 ears: 17 had unilateral arterial pulse
synchronous tinnitus and 46 had non-pulsatile
tinnitus. Mean patient age was 49.7 years (stan-
dard deviation � 14, range 14–80 yr).
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Histological Sections of Temporal Bones

After drilling out the petrous portion of four temporal
bones, the material was transferred into neutral buffered for-
mol fixative for 1 week. Before cutting, the bone was decalci-
fied.

To decalcify the bone, the specimens were placed in a 12.5%
disodium ethylene diamine tetra-acetate solution for 5
months. Calcium ions are bound by disodium ethylene dia-
mine tetra-acetate (chelated) so they cannot participate in
other chemical reactions. This decalcification took place in a
physiological aqueous solution of 7.4 pH and conserves the
DNA. The content of calcium salts was estimated based on the
mechanical properties of the specimens, such as flexibility and
hardness. After decalcification, the specimens were imbedded
in paraffin, and 6-� sections were prepared. Sections were cut
transversally on the petrous portion of the temporal bone (Fig.
1). Staining by hematoxylin and eosin and trichrome Masson
followed. The sections were cut from the center toward the
periphery over 0.5 cm.

Surgical Data: Internal Acoustic Meatus Insulation

In four patients with unilateral pulsatile tinnitus thought to
be caused by an intrameatal loop, the internal meatus was
insulated by using Teflon placed between the vascular loop
and the wall of the internal acoustic meatus (Fig. 2). A classical
retrosigmoid approach was used. The vascular loop is located
at the level of the internal acoustic meatus, and Teflon was
moved up into the meatus to create an insulation layer or
sound barrier between the walls of the internal auditory canal
and the loop and between the loop and the cochlea, without
too much compression on the cochlear nerve. In one of the
four patients, the vascular loop entered the meatus very pro-
foundly, and the auditory canal was drilled open (Fig. 3) to
allow proper positioning of Teflon along the walls of the
internal auditory canal. The vascular loop was not mobilized
out of the internal auditory canal to prevent inadvertent tear-
ing of the arteriae labyrinthi (Fig. 3). Teflon was kept in place
by applying fibrin glue.

RESULTS

MRI Data: Intrameatal Vascular Loop as Cause for
Pulsatile Tinnitus

In the unilateral pulsatile tinnitus group, 15 of 17 patients
had a vascular loop in the internal auditory canal, whereas in
the non-pulsatile group, only 4 of 46 patients had a loop
entering the internal auditory canal. This has a high statistical
significance (P � 0.00001, Fisher’s exact test).

Histological Sections of the Temporal Bones

Sequential sections transversing the internal carotid artery
revealed the presence of a well-developed pericarotid venous
plexus. These venous vessels form an extended network inside
the tunica externa. This was well developed at the side contacting

FIGURE 1. A, Sagittal section through the temporal bone as indicated in D.
Relationship of the internal carotid artery (ICA) versus the cochlear ducts (C),
internal auditory canal (IAC), Eustachian tube (ET), the tensor tympani muscle (T),
and petrous apex (PA). The cochlear (N1) and vestibular (N2) divisions of the cranial
nerve VIII are observed within the internal auditory canal. B, Oblique section
inclined 45° from laterosuperior to medial inferior. This section clearly shows that the
pericarotid venous plexus (VP) around the internal carotid artery (ICA) is more
developed at the side facing the cochlea (C) and less developed at the opposite region.
C, Higher magnification shows the well-developed venous plexus (VP) and sympa-
thetic plexus (SP) lying in the outer layer (OL) of the internal carotid artery (ICA).
The middle layer (ML), consisting of smooth muscle, is not thicker than the outer
layer. D, Anteroposterior view of a right temporal bone (TB) with section plane of A
through the petrous portion (PP).

DE RIDDER ET AL.

1214 | VOLUME 57 | NUMBER 6 | DECEMBER 2005 www.neurosurgery-online.com



the petrous portion embedding the osseous labyrinth. A re-
stricted number of venous structures were observed at the op-
posite wall. The carotid artery even adhered with its tunica
externa to the periost of the bone. The deeper the carotid artery
entered into the petrous portion and the closer it was to the
labyrinth, the more the venous sinuses were extended (Fig. 1).

Surgical Data: Internal Acoustic Meatus Insulation

In three of four patients, the arterial pulsations have disap-
peared. In one patient, the pulsations returned after 2 months,
albeit to a lesser degree. This happened in the first patient and
might be the result of an insufficient amount of Teflon being
used between the vascular loop and the cochlea. The presence
or absence of pulsatile tinnitus has not changed since then in
all four patients (minimal follow-up 9 mo). Hearing thresholds
were not noticeably affected by the surgery (difference be-
tween pre-and postoperative hearing thresholds were �5 dB
at frequencies of 250–8000 Hz).

DISCUSSION

Arterial pulse synchronous tinnitus can be caused by an
ipsilateral carotid stenosis, glomus tumor, dural arteriovenous
malformation, or vascular lesions of the petrous bone and
skull base (14). This form of tinnitus is caused by sound that is
generated by turbulent blood flow and conducted to the co-
chlea (objective tinnitus). However, the cause of pulsatile tin-
nitus cannot be determined in 15% of patients (14). The strong
correlation we found between the presence of vascular loops
seen on MRI and pulsatile tinnitus suggests that a vascular
loop entering the internal auditory meatus can cause pulsatile
tinnitus. We believe that this form of tinnitus is caused by
direct transmission of pulsations to the cochlea via the internal
auditory canal.

Vascular Compressions of the Cochlear Nerve and
Non-Pulsatile Tinnitus

Vascular loops compressing the vestibulocochlear nerve are
known to cause tinnitus, the pitch (frequency) of which de-
pends on the location of the contact with the auditory nerve
(5). Displacing this vascular compression of the cochlear nerve
can abolish the tinnitus in selected cases (3, 5, 7, 11, 13).
Tinnitus that can be cured by microvascular decompression is
non-pulsatile tinnitus. It is hypothesized that such compres-
sion results in altered nerve conduction in the cochlear nerve
and probably subsequent expression of neural plasticity (5, 10,
11). Similarly, vascular compressions of the trigeminal nerve
and facial nerve do not generate pulse synchronous trigeminal
neuralgia or pulse synchronous hemifacial spasm. Recently, it
has been proposed that contact between a blood vessel and the
central portion of cranial nerves is more likely to give rise to
symptoms than contact between a blood vessel and the pe-
ripheral portion (4) because the peripheral nervous system
segment has a different and more resistant anatomic structure
than the central nervous system segment (17). In the case of
the vestibulocochlear nerve, this means that vascular compres-
sion of the intrameatal portion (i.e., the peripheral nervous
system segment) will only rarely induce vascular
compression-type tinnitus, i.e., non-pulsatile tinnitus.

It has been reported that vascular compressions of the au-
ditory nerve can also generate low-pitch pulsatile tinnitus (13).
If those compressions were close to or partially inside the

FIGURE 2. High-resolution (0.6 mm) heavily T2-weighted image (CISS)
of an intrameatal vascular loop entering deep into the internal auditory
canal in a patient with ipsilateral arterial pulse synchronous tinnitus. A,
Vascular loop entering internal auditory canal. B, Anatomic relationship
of this vascular loop to cochlea and the vestibulocochlear nerve.

FIGURE 3. Intraoperative image of the opening of the posterolateral wall
of the internal auditory canal with Teflon positioned between the cochlea
and the vascular loop.
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internal auditory meatus, it seems more logical from a patho-
physiological point of view that the pulsations are heard via a
so-called bone conduction mechanism, rather than via co-
chlear nerve compression.

Intrameatal Vascular Loops and Pulsatile Tinnitus

Arterial pulse synchronous tinnitus can only be heard if
sound waves are transmitted to the cochlea via bone conduc-
tion. Recently, it has been demonstrated that the major mech-
anism of bone conduction involves a fluid pathway, in both
animals and humans: bone vibrations induce audio-frequency
vibrations of the cerebrospinal fluid that are then communi-
cated to the inner ear by fluid channels (6, 15). Four different
fluid channels are proposed: the cochlear and vestibular ducts,
perineural spaces (e.g., in the internal auditory canal), and
perivascular spaces (e.g., inferior cochlear vein) (6, 15). Thus,
we suggest that the blood vessel’s sharp turn inside the trian-
gular internal auditory canal creates turbulence, which gener-
ates sound waves that are conducted through the internal
auditory canal and that the sound waves reach the apex of the
funnel-shaped internal auditory canal where the cochlea is
located (Fig. 1). The sound at the cerebrospinal fluid-bone
interface is then transferred via perineural spaces (bone con-
duction) to the cochlea.

It is well known that intrameatal vascular loops can be
present without generating pulsatile tinnitus (8, 12, 16). The
anatomic structure of the internal auditory canal and the
sharpness of the blood vessel’s turn in the canal might be
important factors in its ability to cause pulsatile tinnitus. If the
turn is not sharp enough, no turbulence develops. The size of
the internal auditory canal probably influences not only the
sharpness of the loop’s turn but also the propagation of the
sound in the cerebrospinal fluid.

Why Do We Not Hear Our Carotids?

Bone conduction is mediated not only by the described
cerebrospinal fluid pathway but also, in part, by a purely
osseous pathway (18).

The reason that the blood flow in the carotids does not
generate a similar vibration in the bone may be found in the
anatomic difference between the structure of the dura, cortical
bone, and spongious bone between the internal acoustic me-
atus and the pericarotid area. However, for our histological
specimens, the only difference we discerned was the presence
of a pericarotid venous plexus, most prominent at the side
closest to the cochlea (Fig. 1). This venous plexus might sup-
press the acoustic effect of the carotid simply by acting as a
sound barrier.

In the absence of this sound dampening venous plexus, as
with glomus tumors, dural fistulas, or arteriovenous malfor-
mations, pulsatile tinnitus will arise (2, 14, 20). Sometimes
people mention hearing their heart beat when performing
intense sports or when stressed. This might just be a hyper-
dynamic flow through their carotids not sufficiently damp-
ened by their venous plexus. Theoretically, the same effect

should occur in patients
with a basilar artery steno-
sis, by means of a compen-
satory hyperdynamic flow
in the carotids. In Figure 4,
we show a hypoplastic
basilar artery in one such
patient with bilateral arte-
rial synchronous pulsatile
tinnitus that disappeared
on manual carotid com-
pression.

We can only speculate
why this venous plexus is
especially predominant on
the cochlear side (Fig. 1),
but it seems reasonable to
propose that the venous
plexus surrounding the ca-
rotids has developed in a darwinian way to prevent hearing
one’s own pulse, impairing hearing acuity.

It would be interesting to study established temporal bone
archives for the presence of a pericarotid venous plexus in
patients with arterial pulsatile tinnitus, especially for those
patients for whom all other causes for pulsatile tinnitus have
been excluded.

CONCLUSION

Vascular loops in the internal auditory canal may generate
arterial pulse synchronous tinnitus as a result of transmission
of audio-frequency vibrations transferred via perineural
spaces to the cochlea (bone conduction). The tinnitus can be
treated by placing shredded Teflon in the internal auditory
canal between the cochlea and the intrameatal vascular loop.

The reason we do not hear the pulsation of the carotids
passing through the petrous bone via the same mechanism is
probably due to a dampening effect of a pericarotid venous
plexus, which is especially prominent at the cochlear side of
the carotid.

Summary

Pulsatile tinnitus is characterized by hearing the heartbeat
or respiration in one or both ears. For 15% of patients with
pulsatile tinnitus, no cause can be found. Based on our MRI
data and surgical results, we suggest that a vascular loop
entering the internal auditory meatus can be another cause of
arterial, pulse synchronous tinnitus. If this is correct, we
should constantly hear the arterial pulsations of the carotid
arteries passing through the petrous bone at a distance of no
more than a few millimeters from the cochlea. Examination of
histological sections of petrous bone revealed that only the
presence of a sound-dampening pericarotid venous plexus
could explain why this is not the case.

FIGURE 4. Magnetic resonance imag-
ing angiogram of hypoplastic vertebral
and basilar arteries, resulting in a com-
pensatory hyperdynamic flow in the ca-
rotid arteries, clinically presenting as bi-
lateral arterial pulse synchronous
tinnitus. Pulsatile tinnitus in this pa-
tient could be suppressed by manual ca-
rotid compression.
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the presented MRI-data of 9% in the non-pulsatile tinnitus group.
Previous articles reported AICA loops in the internal acoustic meatus
in 39 to 40% of the cases (1, 2).
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Wolf Lüdemann
Madjid Samii
Hannover, Germany

1. Mazzoni A: Internal auditory canal arterial relations at the porus acusticus.
Ann Otol Rhinol Laryngol 78:797–814, 1969.

2. Sunderland S: The arterial relations of the internal acoustic meatus. Brain
68:23–27, 1945.

The authors make a case for pulsatile tinnitus caused by a vascular
loop into the internal auditory canal. They support their view by

documenting vascular loops into the internal auditory canal (IAC) on
MRI scans in patients complaining of unilateral pulsatile tinnitus. The
authors also hypothesize the role of the venous plexus around the
carotid artery (vasovasorum) in dampening the noise of the pulsations
of the carotid. In the hands of the authors, protecting the cochlea of
these patients from these deep vascular loops into the IAC by placing
a pad of Teflon through the retrosigmoid approached solved the
problem in 2 out of 4 cases in this small series of patients.

It is certainly interesting to add deep vascular loops into the IAC as
a cause of unilateral pulsatile tinnitus. However, there are patients
with deep vascular loops into the internal auditory canal that do not
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tile tinnitus have loops into the IAC. More research and understand-
ing of the underlying mechanisms of pulsatile tinnitus is needed
before proposing a craniotomy as a treatment for this symptom. There
can certainly be serious complications to exploring the IAC, placing
Teflon deep into it, and drilling the posterior lip of the canal for
exposure. Therefore, we do not recommend this procedure for pulsa-
tile tinnitus.
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INTRODUCTION: Circumferential aneurysms, which incorporate �180 degrees of
the circumference of the parent vessel, present a unique therapeutic challenge, par-
ticularly in circumstances in which a deconstructive treatment strategy is not feasible.
We detail a novel technique for endovascular parent vessel reconstruction with
aneurysm embolization.
METHODS: We performed a retrospective review of the prospectively maintained
databases of our two institutions to identify cases in which a balloon-in-stent technique
had been used to treat circumferential aneurysms. During the first stage of this
technique, a stent (Neuroform [Boston Scientific, Natick, MA], Multilink Vision
[Guidant, Indianapolis, IN], or Bx Velocity [Cordis, New Brunswick, NJ]) is placed
across the neck of the aneurysm to achieve parent vessel reconstruction. During the
second stage, aneurysm coil embolization is performed with a compliant temporary
occlusion balloon (Sentry [Boston Scientific, Natick, MA] or Hyperglide [Microthera-
peutics, Irvine, CA]) placed within the stent to unambiguously demarcate and protect
the parent vessel. In some cases, during the course of the embolization, coils project
over and obscure the parent vessel in both working views. Before each coil detach-
ment, the protection balloon is deflated under blank fluoroscopic roadmap visualiza-
tion. The absence of shifting of any portion of the coil mass during balloon deflation
indicates that the introduced coil is external to the stent-reconstructed parent vessel
(i.e., within the aneurysm) and can be detached. This process is repeated until
satisfactory aneurysm embolization is achieved. After embolization, the balloon cath-
eter may be exchanged for a stent delivery system to facilitate the placement of a
second stent.
RESULTS: Seven patients underwent balloon-in-stent-assisted embolization over a
15-month period. Three were performed for internal carotid aneurysms, three for
basilar trunk or basilar apex aneurysms, and one for a dissecting/fusiform V4 segment
vertebral artery aneurysm. In three cases, the presence of the inflated balloon facili-
tated the manipulation of the image intensifier into a position which produced a
�down-the-barrel� view of the parent vessel. In the four additional cases, for anatomic
reasons, this view could not be achieved and coil mass projected over the recon-
structed parent vessel in both views. Partial aneurysm occlusion (75–90%), was
achieved in five cases, and near complete (�95%) occlusion was achieved in two
cases. Complications included two significant retroperitoneal hematomas and two
brainstem infarcts, both of which resulted in hemisensory symptoms.
CONCLUSION: The balloon-in-stent technique provides a practical and safe treat-
ment strategy for the management of circumferential aneurysms that are not amenable
to deconstructive embolization.

KEY WORDS: Aneurysm, Circumferential, Embolization, Stent
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Despite advances in endovascular and microsurgical
techniques, circumferential (�ultra-wide necked�) an-
eurysms frequently present a tremendous therapeutic

challenge, particularly if the parent vessel must be preserved.
The existing adjunctive endovascular techniques currently ap-
plied to the treatment of wide-necked aneurysms are inade-
quate for the treatment of circumferential aneurysms in which
there is no defined aneurysm neck or aneurysm-parent vessel
interface. Although a stent-assisted technique theoretically
provides durable parent vessel protection, the stent does not
facilitate visualization of the parent vessel (3, 7). Correspond-
ingly, as coils are placed into the aneurysm (around the out-
side of the stent), the parent vessel becomes increasingly ob-
scured. In this scenario, displacement of the microcatheter into
the parent vessel, passage of coils through the interstices of the
stent into the parent vessel, or displacement of the stent into
the parent vessel by the coil mass is impossible to detect and
can easily result in the inadvertent compromise or even oc-
clusion of the parent vessel. An intravascular temporary oc-
clusion balloon provides unambiguous parent vessel visual-
ization; however, the protective effect of the balloon is
temporary. In the absence of a defined aneurysm neck to
provide some support to the continuity of the coil pack, there
is no durable barrier to prevent the coil mass from prolapsing
into the parent vessel after the occlusion balloon is deflated
(12, 13).

In the current report, we detail a series of cases in which the
combined use of a balloon and stent simultaneously provided
unambiguous parent vessel delineation and durable protec-
tion, facilitating constructive aneurysm embolization and en-
dovascular parent vessel reconstruction. This combination of
techniques provides a means by which to achieve adequate
embolization of circumferential aneurysms that otherwise
would not be amenable to endovascular (and in many cases
microneurosurgical) treatment.

PATIENTS AND METHODS

We performed a retrospective review of the prospectively
maintained databases of our two institutions to identify cases
in which a balloon-in-stent technique had been used to treat
circumferential aneurysms. The database information, opera-
tive reports, inpatient and outpatient charts, and films from
the cases were reviewed.

Endovascular Technique: General Approach

With the exception of a single patient (Patient 7), all cases
were performed electively. Before each stage of each proce-
dure, patients were pretreated with dual anti-platelet agents
(clopidogrel 75 mg/d and aspirin 162–650 mg/d) for a mini-
mum of 4 days. Patients were fully heparinized during the
procedures (activated clotting time �300 s), and hepariniza-
tion was not reversed at the conclusion of the procedure. If
stent placement was to be performed without embolization,
the procedure was typically performed through a 6F guiding

catheter system (Envoy; Cordis Neurovascular, Miami, FL). If
balloon-in-stent embolization was to be performed, the proce-
dure was performed through either a 7F guiding catheter
system (Envoy) or a 6F Shuttle-Select KSAW (Cook, Bloom-
ington, IN) introducer sheath system.

During the first stage of this technique, a stent (Neuroform
[Boston Scientific, Natick, MA], Multilink Vision [Guidant,
Indianapolis, IN], or Bx Velocity [Cordis, New Brunswick,
NJ]) was placed across the neck of the aneurysm to achieve
parent vessel reconstruction (procedure described elsewhere)
(3). The second stage of the procedure was typically per-
formed 6 to 8 weeks after the initial stent placement to allow
the stent to endothelialize and become more stable within the
parent vessel. During the second stage, aneurysm coil embo-
lization was performed with a compliant temporary occlusion
balloon (Sentry [Boston Scientific (BSCI), Natick, MA] or Hy-
perglide [Microtherapeutics (MTI), Irvine, CA]) in place
within the stent to unambiguously demarcate and protect the
reconstructed parent vessel lumen. This second stage was
performed in either one of two ways as determined by the
anatomy of the aneurysm-parent vessel complex.

First, the balloon was inflated within the stented segment to
demarcate the parent vessel lumen. The image intensifier was
then manipulated with the balloon inflated in an attempt to
achieve a �down-the-barrel� view of the parent vessel (Fig. 1D).
If such a view was not anatomically possible, the image inten-
sifiers were positioned in an attempt to project most of the
aneurysm sac off of the parent vessel lumen. In the latter case,
during the course of the embolization, coils projected over and
obscured the parent vessel in both working views. Before each
coil detachment, the protection balloon was deflated under
blank fluoroscopic roadmap visualization. The absence of
shifting of any portion of the coil mass during balloon defla-
tion indicated that the introduced coil was external to the
stent-reconstructed parent vessel (within the aneurysm) and
could be safely detached. This process was repeated until
satisfactory aneurysm embolization was achieved.

After embolization, the balloon catheter may be exchanged
over a 300-cm 0.010� Xcelerator (Microtherapeutics, Irvine,
CA) microwire for a microcatheter. The microcatheter may
then be exchanged over a 0.014� microwire system for a stent
delivery system to facilitate the placement of a second stent.

At the conclusion of the procedure, hemostasis was
achieved with an Angioseal closure device (St. Jude Medical,
St. Paul, MN). Patients received aspirin (81–650 mg/d) and
Plavix (75 mg/d) for at least 6 weeks after each stage of the
procedure.

Endovascular Technique: Individual Case Examples

Patient 1

An 83-year-old woman with a large left internal carotid
artery (ICA) cavernous segment aneurysm (Fig. 1, A and B)
with progressive left 6th nerve palsy and intractable headache
presented to our clinic for endovascular management. A
staged treatment was planned with the intention of ultimately
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performing a balloon-in-stent-assisted coil embolization of the
aneurysm. During the initial stage of treatment, the patient
underwent a balloon test occlusion (BTO) test of the left ICA.
The BTO was performed using a standard protocol (11) con-
sisting of a 30-minute occlusion with a 10-minute hypotensive
challenge. The patient passed the occlusion test both clinically
and angiographically, indicating that a deconstructive treat-
ment with carotid sacrifice represented a viable treatment
option. After balloon test occlusion, a 4.5 � 20 mm
Neuroform-2 (NF-2) stent (BSCI) was placed across the neck of
the aneurysm (Fig. 1C) using a standard technique (3). A
Rapid Transit (Cordis Neurovascular, Miami, FL) microcath-
eter was introduced into the aneurysm through the interstices
of the stent. An attempt was made to position a Matrix Firm 16
� 30 mm 3D coil (BSCI) into the aneurysm. Although the coil
could be successfully introduced into the aneurysm, no work-
ing angle could be obtained to definitively demonstrate that
the coil was contained completely within the aneurysm with-
out extension into the parent vessel. For this reason, the coil
was removed and the procedure was terminated with the
intention of performing further treatment during a second
stage using the balloon-in-stent technique. Initially, the second
stage was planned for 8 weeks; however, the patient was lost
to follow-up and did not return for treatment until her symp-
toms had progressively worsened 8 months later. During the
second stage of treatment, a balloon-in-stent-assisted tech-
nique was used. The patient was pretreated with aspirin (650
mg/d po) and clopidogrel (75 mg/d po) for 4 days. Working
through a 7F right common femoral sheath, a 7F Envoy (Cor-
dis Neurovascular) guiding catheter was positioned within
the distal cervical segment of the left ICA. Next, an SL-10
microcatheter (BSCI) was manipulated over a 0.014�
Synchro-14 microwire (BSCI) under high-magnification fluo-
roscopic roadmap control through the stent and into the an-
eurysm. A 4 � 20 mm Hyperglide balloon catheter (MTI) was
then manipulated over a 0.010� Xcelerator wire (MTI) into the
left ICA and positioned within the stent across the neck of the
aneurysm. The balloon was then purged with contrast on a
blank fluoroscopic roadmap and subsequently inflated. With

FIGURE 1. An 83-year-old woman with a left internal carotid artery (ICA),
cavernous segment aneurysm presenting with diplopia. A three-dimensional
rotational angiogram (A) and a PA projection (B) performed from a catheter
positioned within the left ICA demonstrate an 18-mm circumferential aneu-
rysm involving the horizontal cavernous segment of the left ICA. During the
initial stage of the procedure, a Neuroform stent was successfully deployed across the aneurysm neck (white
arrows, stent end markers). The stent was crossed with a Rapid Transit microcatheter. However, when coils were
introduced into the aneurysm, they projected over the parent vessel in two angiographic views; as such, parent
vessel encroachment could not be confidently excluded. For this reason, the procedure was aborted in favor of
returning for a second stage of embolization using the balloon-in-stent technique. During the second stage of the
procedure, a 4.0 � 20 mm Hyperglide balloon was positioned within the stent. The A-plane image intensifier was
then manipulated to produce an optimized �down-the-barrel� view of the parent vessel (D). An Sl-10 microcatheter
was then positioned within the aneurysm. With the inflated balloon unambiguously demarcating and protecting
the stented segment of the internal carotid artery, coils were introduced into the aneurysm. After the introduction
of each coil, a blank roadmap was created with the balloon inflated. The balloon was then immediately deflated
under blank roadmap fluoroscopic control (E, F). This technique creates a lucent defect demarcating the parent ves-
sel (previously occupied by the inflated/opaque balloon). Any shifting of the coil mass into the region of this defect
would indicate the possibility of parent vessel encroachment and the need for repositioning and retesting before
detachment. As coil embolization progresses, the parent vessel become increasingly well demarcated as the coil
mass wraps around the periphery of the reconstructed segment (G). After embolization, control angiography dem-
onstrates a coil mass extending circumferentially around the parent vessel, with approximately 75% aneurysm
occlusion (H).
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the balloon inflated, the A-plane image intensifier was manip-
ulated to provide an optimized �down-the-barrel� image of the
parent vessel (Fig. 1D). The balloon was then deflated. Coil
embolization of the aneurysm was then initiated. The balloon
was inflated during the placement of each coil into the aneu-
rysm (Fig. 1, E and F). After the successful delivery of each
coil, the balloon was deflated on a blank fluoroscopic road-
map. The delivered coil was then observed for any indication
of shifting or position change, which would indicate the pos-
sibility that the coil was encroaching on the parent vessel. In
the absence of such an observation, the coil was detached. If
shifting in coil position was observed during balloon defla-
tion, the coil was either repositioned within the aneurysm or
removed completely. Using this technique, 220 cm of Matrix
and 40 cm of Guglielmi Detachable Coils (BSCI) were de-
ployed within the aneurysm. The SL-10 catheter was then
removed from the aneurysm. The Hyperglide balloon catheter
was then exchanged for an SL-10 microcatheter over a 300-cm
0.010� Xcelerator wire (MTI). The SL-10 catheter was then
manipulated into an M3 segment of the left MCA over a 0.014�
Synchro microwire. The SL-10 catheter was then exchanged
for a 4.5 � 20 NF-2 stent delivery system over a 0.014� Tran-
scend Floppy 300 cm microwire. The stent was positioned
across the aneurysm neck and deployed. Control angiography
demonstrated partial (85%) occlusion of the aneurysm with no
compromise of the parent artery (Fig. 1F). There were no
immediate or delayed complications after the second stage of
the procedure. Despite the persistence of her diplopia, the
patient’s headaches were completely resolved at 3-month
follow-up.

Patient 7

A 36-year-old right-handed woman was transferred to our
institution with subarachnoid hemorrhage (SAH) and sponta-
neous dissection of both extracranial ICAs and bilateral intra-
dural (V4 segment) vertebral artery fusiform/dissecting aneu-
rysms (Fig. 2, A and B). She was initially Hunt-Hess Grade V,
and her neurological status did not improve with external
ventricular drainage. She was taken from the emergency room
directly to the angiography suite for endovascular treatment.
During the initial procedure, the right vertebral artery aneu-
rysm, located proximal to the posteroinferior cerebellar artery
(PICA) (Fig. 2B), was noted to be markedly irregular and the
suspected cause of the SAH. This was managed via a decon-
structive occlusion of the V4 segment of the vertebral artery
proximal to the PICA. A 4.5 � 20 mm Neuroform stent (BSCI)
was placed across the fusiform aneurysm of the distal left
vertebral artery (Fig. 2C), and both carotid dissections were
likewise successfully stented. The patient received heparin
and aspirin until a permanent ventriculoperitoneal shunt was
placed some weeks later; after which heparin was discontin-
ued and the patient was begun on clopidogrel. The patient
slowly improved and was discharged to an in-patient rehabil-
itation facility after 4 weeks. At that time, a follow-up angio-
gram demonstrated the remaining left vertebral artery to be

patent with no significant change in the size or configuration
of the circumferential dissecting aneurysm.

The patient ultimately returned to work, but a computed
tomographic angiogram and conventional angiogram at 6
months demonstrated bowing of the Neuroform stent (Fig.
2D) into the body of the circumferential left V4 segment an-
eurysm as well as significant enlargement of the aneurysm.
Clopidogrel and aspirin were restarted, and a balloon-
expandable Bx Velocity (Cordis) was then placed within the
left vertebral artery to provide a more durable bridge across
the aneurysm neck. Unfortunately, friction between the de-
ployment balloon and the newly deployed stent resulted in
proximal displacement of the stent during removal of the
delivery system. This left a distal gap of 4 mm between the
first Neuroform stent and second Velocity stent (Fig. 2E).

The patient was returned to the angiography suite 9 months
after initial presentation. Using the balloon- (Hyperglide, MTI)
in-stent technique (Fig. 2, F and G), the aneurysm was coiled
(Matrix coils, BSCI) to partial (80%) occlusion (Fig. 2H). After coil
embolization, the distal gap between the two stents was bridged
with a third 4.5 � 30 mm Neuroform stent (Fig. 2I). After the
procedure, the patient received 325 mg aspirin and 75 mg Plavix
and was maintained on heparin with a partial thromboplastin
time maintained between 50 and 70 seconds. The post-procedure
course was complicated by a large retroperitoneal hematoma
requiring surgical repair of the femoral artery puncture site.

She returned for follow-up at 6 months and remains neuro-
logically intact. Follow-up angiography at 6 months demon-
strated minimal compaction of the coil mass along the
superior-medial aspect of the aneurysm sac but was otherwise
not significantly changed.

RESULTS

A retrospective review of our prospectively maintained
database revealed seven patients who underwent balloon-in-
stent-assisted embolization (Table 1). Three were performed
for internal carotid aneurysms and two for basilar trunk an-
eurysms (Fig. 3, A–F), one for a basilar apex aneurysm, and
one for a V4 segment vertebral artery aneurysm. Greater than
75% occlusion was ultimately achieved in all cases. One pa-
tient (Patient 2) experienced a neurological complication with
a diffusion positive paramedian perforator infarction, which
resulted in a lower-extremity hemisensory deficit and unilat-
eral hearing loss. The hemisensory deficit resolved at 7
months’ follow-up; however, the hearing loss persists. A sec-
ond patient (Patient 6) experienced persistent post-procedural
left face and arm numbness although no correlative findings
were present on magnetic resonance imaging. Non-
neurological complications included two significant retroper-
itoneal hematomas, one of which required surgery to establish
hemostasis at the puncture site (Patient 7). Three additional
puncture site hematomas that did not require treatment were
documented after the procedures. No new or progressive
neurological complications resulting either from aneurysm
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treatment or related to the aneurysms themselves were evi-
dent at clinical follow-up (Table 2).

Technical difficulties were encountered in one case (Fig. 3).
After an initial stage that included both stent deployment and
balloon-in-stent-assisted coiling, an attempted second stage of
coil embolization was attempted. During this stage, it was
noted that the stent was not providing adequate parent vessel
protection—although coils could be placed about the periph-
ery of the protection balloon, the coil mass was seen to shift
into the parent vessel during balloon deflation despite multi-
ple attempts at achieving an adequate coil/microcatheter po-
sition. This led us to conclude that the flexible Neuroform
stent had expanded beyond the confines of the parent vessel
and was herniating or �bowing� into the aneurysm. No other

significant technical problems were encountered during the
execution of the balloon-in-stent technique.

Imaging follow-up was available for five patients, consist-
ing of conventional angiography in four cases and short TE
magnetic resonance imaging in one case (Table 2). Three pa-
tients demonstrated some degree of recanalization at follow-
up; one required retreatment.

DISCUSSION

Aneurysm embolization with electrolytically detachable
platinum coils was first reported in the early 1990s and was
later approved by the Food and Drug Administration in 1995
(4, 5). Technical advances increased the scope of lesions ame-

FIGURE 2. A 36-year-old woman
presenting with subarachnoid hemor-
rhage. Cerebral angiography demon-
strated spontaneous dissections of both cervical internal carotid arteries and dissecting aneurysms of the V4 seg-
ments of both intracranial vertebral arteries (A, left vertebral artery angiogram in lateral projection; B, right
vertebral artery angiogram in transfacial projection). The right V4 segment aneurysm was treated by decon-
structive coil occlusion. The cervical internal carotid artery dissections were stented. The left V4 segment aneu-
rysm was bridged with a 4.5 � 20 mm Neuroform stent with the goal of providing flow redirection (C, black
arrows demarcate the ends of Neuroform stent). Follow-up computed tomographic angiography demonstrated
that the aneurysm continued to increase in size despite the placement of the Neuroform stent. Source images
from the CTA depicted the 4.5 � 20 mm Neuroform stent, which had expanded to greater than 5.0 mm in diam-
eter, �bowed� into the fusiform segment of the aneurysm (D). For this reason, a balloon-mounted coronary stent
was placed within the Neuroform stent in an attempt to achieve a more durable parent vessel reconstruction with
greater metal surface area coverage of the circumferential aneurysm neck (E, single black arrows mark the ends
of the carotid stents, short white arrows mark the coil mass within the V4 segment of the right vertebral
artery, long white arrows mark the ends of the Velocity stent that had been positioned within the Neuroform
stent). Follow-up angiography demonstrated continued enlargement of the aneurysm (F and G). Using a balloon-
in-stent technique, the aneurysm was successfully coiled to partial occlusion (H and I).
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nable to embolization by facilitating the treatment of aneu-
rysms with more complex anatomy and wider necks. Three-
dimensional coils were designed to conform to a spherical
configuration with loops bridging across the aneurysm neck
(10). A balloon-assisted technique was used to temporarily
�remodel� the aneurysm neck, providing parent vessel protec-
tion during the placement of coils (12, 13). The advent of
stent-assisted embolization (14) provided a technique by
which to not only achieve durable parent vessel protection,
but also perform endovascular reconstruction of the compre-
hensive aneurysm-parent vessel complex.

Initially, the commercially available stents of an appropriate
size for use in the cerebrovasculature were engineered specif-
ically for application in the coronary circulation. Because of
the rigidity of their delivery systems, these balloon expandable
stents were difficult to deliver and deploy within the tortuous
cerebrovasculature. As such, these stents were suboptimal for
use to support cerebral aneurysm embolization. Recently, the
introduction of the Neuroform stent, a self-expanding Nitinol
stent delivered in a braided microcatheter and designed spe-
cifically for use in the cerebrovasculature, has greatly facili-
tated stent-assisted aneurysm embolization (1, 3). In addition,
the newer generation of cobalt chromium balloon-expandable
stents, e.g. Multilink Vision (Guidant, Indianapolis, IN), are of
a much lower profile (6) than their predecessors and also
represent a viable option for intracranial stenting to assist
aneurysm embolization.

Despite these advances in endovascular techniques and sim-
ilar progress in the field of microneurosurgery, circumferential
(�ultra-wide necked�) aneurysms frequently present a tremen-
dous therapeutic challenge. In cases in which a deconstructive
treatment plan is possible, the affected segment of the parent

vessel may be sacrificed along with the aneurysm. Decon-
structive treatment provides immediate protection from sub-
arachnoid hemorrhage, is often effective in relieving symp-
toms attributable to mass effect, typically results in a durable
cure of the lesion, and is technically relatively uncomplicated
to perform (8). However, when these aneurysms arise from a
vessel that is not amenable to deconstructive treatment, their
management becomes much more difficult.

Constructive treatment strategies are often limited by anat-
omy, particularly because these aneurysms frequently involve
the cavernous and paraclinoid ICA segments as well as the
basilar apex or trunk. In these locations, a microsurgical ap-
proach is precluded (intracavernous location), difficult be-
cause of surrounding anatomy (paraclinoid), or hazardous
(basilar trunk or apex) because of the presence of critical
perforating vessels in the vicinity of the aneurysm-parent
vessel complex. Similarly, traditional endovascular treatment
strategies are also limited. Balloon remodeling usually does
not represent a viable option as it provides no durable mech-
anism to hold coils within the aneurysm. Although a stent
would be expected to provide durable parent vessel protec-
tion, in the setting of a circumferential aneurysm, it is common
to have coils overlying the parent vessel on both working
views. As such, it becomes impossible to ascertain for certain
whether the stent is successfully protecting the parent vessel
or whether coils are passing through the stent interstices into
the parent vessel or bowing/displacing the stent into the
parent vessel. This is particularly true of the Neuroform stent,
which is essentially radiolucent with the exception of its end
markers.

The current case series details a staged technique in which
the advantages of balloon protection and stent-supported en-

TABLE 1. Data for seven patients who underwent balloon-in-stent-assisted embolizationa

Patient Age/sex
Aneurysm
location

Size
(mm)

Presentation Stents deployed (Stage) Occlusion Complications (Stage)

1 83 F Left cavernous ICA 20 Cranial neuropathy 4.5 � 20 mm Neuroform (1) 75% Minor PS hematoma (3)
4.5 � 20 mm Neuroform (2)

2 34 M Basilar trunk 20 Incidental 3.5 � 20 mm Neuroform (1) 80% Pontine perforator infarction (2)
3.5 � 20 mm Neuroform (2) Retroperitoneal hematoma (2)

3 50 F Basilar trunk 20 Incidental 4.5 � 20 mm Neuroform (1) 80% Minor PS hematoma (1,2)
4.5 � 20 mm Neuroform (2)

4 76 F Left ICA carotid
ophthalmic

17 Vision loss 4.5 � 15 mm Neuroform (1) �95% Minor PS hematoma (2)

4.5 � 15 mm Neuroform (2)
5 61 F Left cavernous ICA 11 Cranial neuropathy 3.5 � 18 mm vision (1) 75% None

3.0 � 8 mm vision (1)
6 54 F Basilar apex 35 Incidental 3.5 � 20 mm Neuroform (1) �95% Left hemisensory symptoms (2)

3.5 � 15 mm Neurofrom (2)
7 36 F Left vertebral artery 12 SAH 4.5 � 20 mm Neuroform (1) 85% Retroperitoneal hematoma (3)

4.0 � 18 mm Bx velocity (2)
4.0 � 30 mm Neuroform (3)

a F, female; M, male; ICA, internal carotid artery; PS, puncture site; SAH, subarachnoid hemorrhage.
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dovascular reconstruction are used simultaneously to achieve
a constructive embolization that would otherwise not be pos-
sible with either technique used alone.

During the first stage of the procedure, the primary goal is
the placement of a stent across the entire parent vessel-
aneurysm complex. In most cases, this should be the only
procedure performed during the first stage. Immediately after
deployment, the self-expanding intravascular Neuroform
stent is relatively unstable and prone to displacement. For this
reason, it is recommended that embolization be performed
during a second stage within 6 to 8 weeks. After this time, the
stent will have become partially endothelialized and thereby
be much more resistant to movement during the manipulation
of balloon catheters or microcatheters through the stented
segment of the parent vessel for embolization. Any distal or
proximal movement of a stent that bridges a circumferential
aneurysm could easily result in displacement of one end of the
stent into the aneurysm lumen. Should this occur, the stented
segment of the aneurysm then becomes difficult, if not impos-
sible, to traverse, and constructive endovascular treatment
may no longer be achievable. The balloon-expandable coro-
nary stents are much more secure after deployment. As such,
embolization may be attempted in the same setting as stent
deployment in many cases. However, the relative inflexibility
of even the newer generation of balloon-expandable stent
delivery systems may preclude access through the tortuous
cerebrovasculature to the targeted landing zone. In addition,
aneurysms (particularly those involving the carotid system)
frequently arise from curved segments of the parent vessel,
limiting the safe deployment of a balloon-expandable stent.
For these reasons, the application of a balloon-expandable
stent is often not practical.

During the second stage of the procedure, the goal is to
achieve adequate embolization of the aneurysm and further
reconstruction of the parent vessel. Initially, the balloon is
placed within the stented segment of the parent vessel. If
anatomically feasible, the operator should attempt to obtain a
down-the-barrel view by manipulating the image intensifiers
with the balloon inflated (Fig. 1C). If a down-the-barrel work-
ing angle cannot be achieved, a view that projects most of the
aneurysm off of the parent vessel should be achieved (Fig. 3A).

FIGURE 3. A 34-year-old man with an incidental 20-mm circumferential basilar trunk aneurysm (A). During the
initial stage of embolization, a 3.5 � 20 mm Neuroform stent was placed across the aneurysm neck (B; black
arrows demarcate the stent end markers). An SL-10 microcatheter (B, white arrow) was positioned within the
aneurysm and a 4.0 � 20 mm Hyperform balloon was manipulated into the stented segment of the vessel. Because
of the anatomic configuration of the basilar artery, no true �down-the-barrel� view could be obtained; as such, an
A-plane working angle for embolization was selected so that most of the aneurysm projected to the left of the parent
vessel. After the introduction of each coil into the aneurysm, a balloon deflation test was performed on a blank road-
map before detachment (C). During the introduction of the additional coils with the balloon inflated (D and E), the
stent/balloon effect became increasingly evident, as the coils wrapped around the protected parent vessel. After the
initial stage of embolization, partial occlusion (�50%) of the aneurysm had been achieved (F). In the 8-week inter-
val between stages, substantial progressive thrombosis of the aneurysm had occurred. Only the medial portion of the
aneurysm demonstrated persistent filling (G). During a second stage, the introduction of additional coils into the
more medial portion of the aneurysm was unsuccessfully attempted, likely secondary to stent herniation from the
parent vessel into this residual portion of the aneurysm. For this reason, attempts at introducing additional coils
were abandoned, and a second 3.5 � 20 mm Neuroform stent was placed.
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After the working angle is determined, the microcatheter can
be introduced into the aneurysm and embolization initiated
with balloon protection. Any shifting of the coils during bal-
loon deflation should be interpreted as an indication of coil
impingement on the parent vessel. The coil should be reposi-
tioned with the balloon inflated and retested with balloon
deflation before detachment. The balloon deflation is best
performed on a blank fluoroscopic roadmap as this demon-
strates even minute changes in coil position.

One potential pitfall of the technique may occur during this
second stage if an initially placed Neuroform stent has been
oversized. In these cases, the radiolucent mid-portion of the
stent may herniate into the aneurysm. In these cases, despite
the appearance of a properly placed coil during delivery with
the balloon inflated, shifting will occur during each balloon
deflation test. Although the balloon provides temporary par-
ent vessel protection in this scenario, the segment of the stent
that has herniated into the aneurysm is actually external to the
balloon-defined parent vessel and correspondingly provides
inadequate parent protection. This phenomenon can be veri-
fied with computed tomographic angiography, which will
demonstrate the entire structure of the stent (which is essen-
tially radiolucent on conventional fluoroscopy) and its rela-
tionship to the aneurysm (Fig. 2C). If this occurs, a smaller-
diameter Neuroform stent (Fig. 3C) or, if feasible, a more
durable coronary stent (Patient 7; Fig. 2E), may be placed
inside of the initial stent. Embolization can then be performed
during a third stage.

At the conclusion of the second stage, a second stent is placed.
The balloon catheter provides access beyond the stented segment of
the parent vessel and can be easily exchanged for a stent delivery
system. This placement of a second stent offers several important
advantages. First, the stent provides an additional safety measure by
�tacking up� any coils that may have partially prolapsed into the
parent vessel despite balloon protection. Second, it provides addi-
tional metal surface area coverage with more significant flow redi-
rection along the normal trajectory of the parent vessel, further
disrupting and slowing intraaneurysmal flow (9). Although initial
follow-up data indicate a significant beneficial effect of the Neuro-

form stent with respect to
achieving durable aneurysm
occlusion, (2) the metal surface
area coverage provided by the
stent is only 6.5 to 9.5% (per-
sonal communication; Luke
Rousch, Boston Scientific)—this
is compared with the 14% or
more coverage provided by
balloon-expandable coronary
stents. Third, the stent theoreti-
cally provides an additional
substrate for endothelialization
and the promotion of endovas-
cular parent vessel reconstruc-
tion (7).

Anti-coagulation and anti-
platelet therapy represents an important component of the
balloon-in-stent treatment strategy. Ultimately, most patients
will be treated with two intravascular stents. In addition,
because of the circumferential nature of the aneurysm and the
typical end result of a partial (�85%) occlusion, there is sig-
nificant exposure of the embolization coils to the column of
flow within the parent vessel. These materials represent a
significant intravascular nidus for the formation of thrombo-
emboli. For this reason, all patients undergoing treatment
must have therapeutic inhibition of platelet function with two
agents—typically clopidogrel and aspirin. Whenever possible,
therapeutic levels of platelet inhibition should be confirmed
before the procedure with platelet aggregometry or using a
point-of-care testing device (e.g., Ultegra Rapid Platelet Func-
tion Assay; Accumetrics, San Diego, CA). Heparinization is
not reversed at the termination of the procedure. This level of
anti-coagulation is associated with a significant bleeding risk
at the arteriotomy site, as evidenced by two significant retro-
peritoneal hemorrhages and three additional puncture site
hematomas reported in the current series. Meticulous single-
wall arterial access with a micropuncture system is essential.
In addition, the arteriotomy site should be inspected with a
formal angiographic run performed through the groin sheath
before proceeding with the embolization. In this way, the
operator can exclude a complication at the puncture site or the
presence of variant anatomy that would preclude the use of a
vascular closure device at the conclusion of the case. This is
best done before the introduction of thrombogenic material
(e.g., stents and coils) into the cerebrovasculature—a step that
commits the patient to a short-term course of aggressive anti-
platelet and anti-coagulant therapy. A significant hemorrhagic
complication that requires reversal of anti-coagulation or
platelet inhibition in the immediate post-embolization/post-
stenting period could be potentially catastrophic.

In conclusion, the simultaneous use of a temporary occlu-
sion balloon and intravascular stent facilitates the staged con-
structive embolization of circumferential cerebral aneurysms
that would otherwise not be amenable to traditional endovas-
cular or microneurosurgical treatment.

TABLE 2. Clinical follow-up of patientsa

Patient
Clinical FU

interval
Imaging FU

Interval
Imaging
Modality

Result

1 7 months None N/A N/A
2

7 months
8 weeks Angiography Progressive thrombosis
6 months Angiography No interval change

3 11 months 11 months Angiography Recanalization requiring retreatment
4

11 months
4 months Angiography Progressive thrombosis
10 months MRA No interval change

5 7 months 7 months MRA Minor recanalization
6 None None N/A N/A
7 6 months 6 months Angiography Minor recanalization

a FU, follow-up; MRA, magnetic resonance imaging; N/A, not applicable.
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CONCLUSION

Despite advances in endovascular and microsurgical tech-
niques, circumferential (�ultra-wide necked�) aneurysms fre-
quently present a tremendous therapeutic challenge, particu-
larly if the parent vessel must be preserved. In the current
report, we detail a series of cases in which the combined use of
a balloon and stent provided unambiguous parent vessel de-
lineation and protection while facilitating constructive aneu-
rysm embolization and parent vessel reconstruction. This
combination of techniques provides a means by which to
achieve adequate embolization of circumferential aneurysms
that otherwise would not be amenable to endovascular (and,
in many cases, microneurosurgical) treatment.
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COMMENTS

Fiorella et al. present a series of seven patients with circumferential
intracranial aneurysms treated with a combination of intravascular

stents and balloon remodeling. Five patients had partial aneurysm
occlusion acutely, and two patients had near-total occlusion. Two
patients developed brainstem infarctions, and two patients developed
symptomatic retroperitoneal hematomas. The short-term follow-up
results obtained in five of seven patients appear reasonable.

These types of aneurysms present a significant challenge to current
endovascular techniques. Although we commonly use Neuroform
stents (Boston Scientific, Natick, MA) routinely for wide-necked an-
eurysms, our particular bias would be to use coronary stents for these
types of vessel reconstruction applications, if possible, because of the
superior support, lower porosity, and improved radiopacity. As
stated by the authors, the newer cobalt chromium coronary stents
have significantly improved deliverability compared with previous
designs.

The purpose of the balloon in this application is to definitively
prevent coils from entering the parent vessel inside the stent, but the
balloon may not be necessary when using a more robust and less
porous stent. It does provide more reassurance though, when normal
fluoroscopic visualization is lost after the initial coils have been de-
posited. The results of this series may demonstrate one of the dangers
of the balloon-remodeling technique, which is the temporary occlu-
sion of perforating end arteries by the balloon.

Another potential solution for treatment of these aneurysms is to
place multiple coronary stents and to follow the lesion with repeat
angiography, potentially allowing the hemodynamic alterations to
prevent further growth or lead to progressive healing.

We cannot agree strongly enough that proper anticoagulation
heavily favoring antiplatelet medications is essential when perform-
ing extensive vessel reconstruction. The amount of exposed metal ripe
for platelet aggregation is much larger for these particular applica-
tions than in standard stent-assisted coiling cases. Our particular bias
would be to use aspirin and clopidogrel orally pre- and post-treatment
for cases of unruptured aneurysms. In selected cases, we may use
additional intravenous glycoprotein IIIb-IIIa inhibitors as merely a
one-time bolus dose or drip for 24 hours post-procedure. For ruptured
cases, placing a stent and the commensurate requirements for anti-
platelet medications place the patient at high risk for systemic or
intracranial hemorrhage, especially considering the potential need for
additional surgical procedures (i.e., ventriculostomy, ventriculoperi-
toneal shunt, tracheostomy, gastrostomy, and central venous line
placement).

J. Christopher Wehman
L. Nelson Hopkins
Buffalo, New York

Fiorella et al. described the experience in treating seven patients
with essentially fusiform aneurysms or aneurysms that incorporate

at least 180 degrees of the parent vessel. Even with the current stent
technology, it can often be very difficult to ascertain whether the coil
mass actually is within the aneurysmal sac or impinging upon the
reconstructed parent vessel. This technique was described with the
use of liquid embolic agents prior to its application for coil technology
and, in that regard, obviously has been very useful in reconstructing
the parent vessel and knowing precisely that the balloon is in the
lumen and not in either the liquid embolic or coil device. This is
essentially an application of the balloon assist technique with the
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addition of stent placement to reconstruct the vessel itself. The prob-
lem continues to be that incomplete vessel occlusion and long-term
follow-up obviously are essential to determine how this will ulti-
mately affect outcome. There is no question, however, that in the
interim this is an extremely useful adjunct to this particular problem
and the authors are to be congratulated in their application of this
technique. There is no question that covered stents will eventually
replace techniques such as this which require significant technical
expertise.

Robert H. Rosenwasser
Philadelphia, Pennsylvania

In this interesting paper, the authors present their experience with
balloon in stent coiling for circumferential aneurysms. The tech-

nique is promising and occasionally the only choice for certain aneu-
rysms. The problems with this technique include its relative complex-

ity, the risk posed by the amount of metal exposed to blood flow in
small vessels, and the risk of recurrence. The technical difficulties of
this technique can be overcome, however, by improvements in image
technology and devices. The pace of advance in both areas has been
escalating and promises to improve outcomes in endovascular neu-
rosurgery. The amount of metal exposed to the cerebral circulation
can be a risk for in-stent thrombosis, in-stent stenosis, and distal
emboli. These risks may be reduced by devices designed specifically
for this application and possibly by drug coated stents. The authors
have demonstrated exceptional skill and an innovative spirit. We
encourage the authors to report longer term follow-up, which will
hopefully shed more light on the unique challenges posed by this
difficult subset of aneurysms.

Richard J. Parkinson
Bernard R. Bendok
Chicago, Illinois

The 6th century Sutton Hoo helmet from 7th century ship burial in England. (Courtesy of the
British Museum).
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OBJECTIVE: To determine the effect of Neuroform stent (Boston Scientific/Target,
Fremont, CA) deployment on parent vessel lumen and detect in-stent changes in
patients harboring wide-necked intracranial aneurysms treated with the stent-coil
technique.
METHODS: Parent vessel dimensions were quantified before and after the procedure
and at intermediate follow-up examinations by use of high-resolution three-
dimensional rotational angiography. By use of shaded surface segmentation of the
acquired volume, measurements of the parent vessel proximal to the stent (Point A), at
three points within the stented vascular segment (Points B, C, and D), and distal to the
stent (Point E) at each study time were compared by use of paired t tests. Correlation
between degree of in-stent stenosis and reported ischemic events was estimated by use
of a linear regression model.
RESULTS: Stent and coil deployment had no immediate effect on parent vessel
dimensions. At angiographic follow-up, there was no significant change in vessel size
proximal to the stent. Within the stent and distal to it, however, there was a statistically
significant 0.31- to 0.41-mm reduction in average diameter (P � 0.001, P � 0.011, P
� 0.003, and P � 0.014 for Points B, C, D, and E, respectively). The highest degree of
stenosis occurred at Point B, with an average decrease in cross sectional surface area
of 2.4 mm2 (P � 0.001), corresponding to a 19% stenosis and 52% estimated increase
in focal hemodynamic resistance by Poiseuille’s law. No clinical correlation was noted
with the degree of in-stent stenosis.
CONCLUSION: Intracranial stenting using a soft self-expanding stent without angio-
plasty induced a statistically, but not clinically, significant decrease in cross sectional
area. Further research and longer-term follow-up are needed to elucidate the mech-
anism and clinical importance of this response.

KEY WORDS: Anatomic constriction, Intracranial aneurysm, Intracranial thrombosis, Pathological
conditions, Prostheses and implants/stent, Vascular intima
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The Neuroform intracranial stent (Boston Scientific/
Target, Fremont, CA) is a soft, self-expanding nitinol
stent designed for stent-coil treatment of wide-necked

intracranial aneurysms. In contrast to previously used coro-
nary balloon-mounted stents, the Neuroform stent is easier to
navigate through tortuous segments of the cerebral vascula-
ture and has enabled the treatment of aneurysms in previously
unreachable vascular segments (2, 7, 14, 36). The performance
of the Neuroform stent has been found to be competitive with

other adjunctive coil-assist methods with respect to perioper-
ative morbidity and mortality and rates of aneurysm obliter-
ation and recanalization (2, 7, 14, 36). Despite these advan-
tages, little is known about the long-term interaction of the
stent with the parent vessel wall. Although deployment of the
Neuroform stent does not involve balloon angioplasty, which
may be injurious to the vessel wall (28), the long-term devel-
opment of caliber changes has not yet been evaluated because
of the paucity of high-resolution angiographic follow-up (22).
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Recent advances in three-dimensional digital rotational an-
giography (3D-DRA) have made possible the accurate model-
ing and measurement of vasculature geometry and lumen
caliber. Coupled with surface reconstruction and segmenta-
tion algorithms, 3D-DRA has overcome the limitations of bi-
plane digital subtraction angiography (2D-DSA) with regard
to consistently obtaining optimal orthogonal projection for
quantitative analysis (1, 4, 5, 32).

Here, we use 3D-DRA coupled with submillimeter morpho-
metric analysis to define the angiographic response of the
parent vessel in a cohort of patients undergoing Neuroform
stent-coiling for treatment of wide-necked intracranial
aneurysms.

PATIENTS AND METHODS

Patient Selection

In a 12-month period beginning on June 1, 2003, 18 patients
harboring 19 intracranial aneurysms underwent Neuroform
stent-mediated coiling of wide-necked aneurysms by the se-
nior author. Prospective clinical data were maintained on the
occurrence of transient neurological ischemic events, cerebral
infarction, and assessment of neurological outcome. Fourteen
patients underwent high-resolution pretreatment and post-
treatment and delayed follow-up 3D-DRA and were accord-
ingly included for analysis in this study.

Neuroform Stent-Coil Procedure

All patients in this study underwent elective treatment
under general endotracheal anesthesia and were administered
an antiplatelet regimen consisting of Plavix 75 mg/d (clopi-
dogrel bisulfate, Bristol-Myers Squibb/Sanofi Pharmaceuti-
cals, New York, NY) and aspirin 325 mg/d (acetylsalicylic
acid) beginning at least 3 days before intervention. A baseline
activated clotting time was obtained at the start of the proce-
dure, and a weight-based bolus of intravenous heparin (70
U/kg) was administered after bifemoral arterial access had
been obtained and before guide-catheter placement to achieve
a target activated clotting time of greater than 240 seconds for
the duration of the procedure. A 300-cm exchange length
0.014-inch microwire (Transend; Boston Scientific Inc., Natick,
MA, or X-Celerator; Micro Therapeutics Inc., Irvine, CA) was
used to access the distal cerebral parent vessel and served as
the platform to advance the Neuroform stent delivery micro-
catheter (Boston Scientific Inc.) across the target lesion. The
target aneurysm was accessed by use of a steam-shaped
150-cm 0.010-inch or 0.014-inch microcatheter (Excel 14 or
SL-10; Boston Scientific Inc.). With the microcatheter in
position, platinum Guglielmi detachable coils were de-
ployed into the aneurysm (Boston Scientific Inc.) and, after
a satisfactory position had been confirmed, detached by use
of the electrolytic mechanism according to the manufactur-
er’s recommendations.

3-D Modeling and Quantitative Vascular Measurement

All patients underwent high-resolution 3D-DRA before and
immediately after stent and coil deployment and again at
delayed follow-up on a calibrated Philips Integris Allura bi-
plane system (Philips Medical Systems, Andover, MA). Bi-
plane 2D-DSA and 3D-DRA imaging were performed in each
case to assess for any branch occlusion, thrombus formation,
degree of aneurysmal occlusion, and stent position.

The 3D-DRA data set was visualized by use of the Philips
Integris 3D-RA software package (Version 2.0) on a Silicon
Graphics workstation running the Irix 6.5 operating system
(Silicon Graphics Inc., Mountain View, CA). All data sets were
analyzed by use of the same technique. The data set was
rendered first using the shaded volume setting to enable
proper adjustment of threshold, and the volume was then
segmented to a 3D surface for analysis (Fig. 2). The resulting
3D surface representing the angiographic lumen of the parent
vessel and aneurysm was then oriented to obtain the optimal
projection. A virtual cut plane was then used in the 3D space
to section the vessel perpendicular to its major flow axis,

FIGURE 1. Angiograms showing development of parent vessel remodeling
after Neuroform-mediated stent-coil embolization of a wide-necked paracli-
noid aneurysm. A, lateral view of the left internal carotid artery demon-
strating a 3.5 � 3.5-mm aneurysm with a 3-mm neck. B, a Neuroform
stent is advanced over a microguidewire and deployed with the proximal
stent struts in the cavernous internal carotid artery segment and the distal
stent struts positioned in the supraclinoid segment. C, coil embolization is
performed immediately after stent deployment, with complete obliteration
of the aneurysm. No change in the caliber of the parent vessel is seen after
stent deployment or coil embolization. D, follow-up angiogram at 4
months demonstrating persistent occlusion of the aneurysm, but also de
novo in-stent stenosis and restriction of the parent vessel lumen.
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treating it as an ellipse with major and minor axis diameters a
and b, respectively (Fig. 2D). The luminal diameters were
measured with a caliper function in two dimensions for each
section, thus yielding the cross sectional area (CSA) of the
parent vessel (4, 32), according to the formula (��a�b/4). An
average luminal diameter was computed as (a�b)/2 from the
two measurements.

Points of measurement were selected at the following sites
along the path of the parent vessel (Fig. 3): 1) 2 mm proximal
to the stent (Point A), 2) 2 mm distal to the proximal struts
(Point B), 3) midstent segment at the aneurysm neck (Point C),
4) 2 mm proximal to the distal struts (Point D), and 5) 2 mm
distal to the distal struts (Point E). The same corresponding
vessel points (A, B, D, and E) were chosen for measurement
before treatment and after stent and coil deployment at the
time of the original procedure and at the latest available
angiographic follow-up study. Point C was measured after
stent and coil deployment and at the latest follow-up time
points because the absence of coils before treatment made the
measurement point at the level of the aneurysm neck arbitrary
and prone to variability.

Statistics

Differences between pretreatment, posttreatment, and latest
follow-up diameter and CSA values were compared by use of
paired t tests using the JMP software package, Version 5.0
(SAS Institute, Cary, NC). Correlation between clinical events
and degree of luminal change and between patient character-
istics, stent dimensions, duration at angiographic follow-up,
and presence of luminal change were determined by use of a
logistic regression model. Statistical significance was assumed
at a value of P � 0.05.

RESULTS

Stent Location and Aneurysm Characteristics

A total of 16 Neuroform microstents were placed across 14
intracranial aneurysms in 14 patients (Table 1). Stent location
was in the cavernous, paraclinoid, or ophthalmic segment of
the internal carotid artery in 11 of 16 instances, the basilar
artery to posterior cerebral artery P1 segment in 3 of 16 in-
stances, the middle cerebral artery M1 to M2 segment in 1 of
16 instances, and at the origin of the posterior communicating
artery segment of the internal carotid artery in 1 of 16 in-
stances. In Patient 3, two stents were used in the “kissing”
configuration to treat a basilar apex aneurysm with the two
proximal stent segments in the basilar trunk and distal stent
segments in each of the P1 segments of the posterior cerebral
artery. Accordingly, Point C was chosen at the top of the
basilar trunk facing the aneurysm. The measurements of
Points A, B, and C were recorded as single observations,
whereas the measurement of Points D and E were recorded as
separate observations. In Patient 6, suboptimal stent position-
ing resulted in partial deployment of the proximal struts into
the aneurysm neck; Points A and B were thus excluded from

FIGURE 2. Quantitative analysis of the 3D model of the parent vessel. A,
volume rendering of the rotational volume data set is first generated by
use of default modeling thresholds. B, the volume rendering is segmented
to a shaded surface representing the angiographic lumen of the parent ves-
sel. C, by use of a virtual cut plane, it is possible to measure the major
and minor dimensions of the parent vessel orthogonal to the flow axis at
multiple points. D, from these measurements, an average lumen diameter
in millimeters is derived by the formula (a�b)/2, where a is the larger
diameter and b is the smaller diameter. Similarly, a CSA in millimeters
squared can be derived by the formula (��a�b/4).

FIGURE 3. Neuroform stent-coil schematic: points of measurement of
parent vessel diameter. Point A, within the native parent vessel, 2 mm
from the proximal edge of the stent. Point B, within the proximal stent
segment, 2 mm from the proximal stent struts. Point C, the midstent seg-
ment at the aneurysm neck. Point D, the distal stent segment, 2 mm from
the distal stent struts. Point E, the distal native parent vessel, 2 mm distal
from the stent struts.
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the analysis. In Patient 9, two stents were placed in a telescop-
ing manner to bridge a very wide aneurysm neck. The total
numbers of observations available for analysis were 13 at
Point A, 13 at Point B, 14 at Point C, 15 at Point D, and 15 at

Point E. Average time to
follow-up was 124 � 61 days
(range, 14–219 d).

Stent diameter size ranged
from 3 to 4.5 mm and length,
either 15 or 20 mm. Stent size
was selected on the basis of
the initial diameter of the
parent vessel in which the
stent was to be deployed. A
majority of the stents used
(13/16, 81%) were either 4 or
4.5 mm in diameter.

Development of In-Stent
Stenosis and Parent Vessel
Remodeling at Follow-up

Qualitative evaluation of
preliminary 2D-DSA angio-
graphic follow-up images re-
vealed the presence of dis-
cernible caliber changes at
the level of the stent in cer-
tain patients (Fig. 1). To de-
termine whether the stent-
coil procedure itself had any
impact on the parent vessel
shape, measurements were
made at Points A, B, D, and E
on both the preprocedure
and postprocedure 3D-DRA
models. Point C was ex-
cluded from this phase of the
analysis because the coil
mass may produce a degree
of stenosis on the parent ves-
sel if the stent is deformed.
Among the points analyzed,
no statistically significant
change in average vessel di-
ameter was observed as a re-
sult of the stent-coil proce-
dure at any of these points.
The average diameter change
at Point A was only 0.17 mm
(P � 0.20), and for Points
B, D, and E, it was 0.16,
0.06, and 0.16 mm (P � 0.34,
P � 0.58, and P � 0.21),
respectively.

In contrast, analysis of the
3D-DRA models obtained at the latest angiographic follow-up
revealed statistically significant reductions in the average diam-
eter of the parent vessel harboring the stent at several points
(Table 2). The greatest degree of reduction of the average lumen

TABLE 1. Neuroform microstents placed across intracranial aneurysmsa

Patient
no.

Aneurysm
location

No. of
stents

Stent size
(mm)

Time to
follow-up (d)

Segments analyzed

1 CavICA 1 4.5 � 20 197 A, B, C, D, E

2 SupHypA 1 4.5 � 20 137 A, B, C, D, E

3 BasA 2 4 � 20 67 A, B, C, D (2), E (2)b

4 � 15

4 OpthA 1 4.5 � 20 74 A, B, C, D, E

5 OpthA 1 4 � 20 185 A, B, C, D, E

6 PComA 1 4 � 15 219 C, D, Ec

7 PaCICA 1 4 � 15 154 A, B, C, D, E

8 CavICA 1 4.5 � 20 165 A, B, C, D, E

9 CavICA 2 4 � 20 157 A, B, C, D, E

10 BasA 1 3.5 � 20 14 A, B, C, D, E

11 OpthA 1 4 � 20 79 A, B, C, D, E

12 MCA 1 3 � 20 131 A, B, C, D, E

13 SupHypA 1 4 � 15 115 A, B, C, D, E

14 PaCICA 1 3.5 � 15 42 A, B, C, D, E

a CavICA, cavernous internal carotid artery; SupHypA, superior hypophyseal artery; BasA, basilar artery; OpthA,
opthalmic artery; PComA, posterior communicating artery; PaCICA, paraclinoid internal carotid artery; MCA, middle
cerebral artery.
b Each posterior cerebral artery was recorded as a separate observation for D and E.
c A and B not measured because the proximal stent was partially deployed within the aneurysm neck.

TABLE 2. Reductions in average cross-sectional area of parent vessela

Parent vessel
segment

Stenosis
observed in

Average percent decrease
in CSA (mean � SEM)

Range
(%)

Mean CSA
change (mm2)

A 10/13 5.6 � 3.7 0.8–22.8 �0.62

B 12/13 19.2 � 4.4 14.6–37.8 �2.40b

C 11/14 16.6 � 5.2 1.8–55.8 �1.65b

D 13/15 18.0 � 4.5 7.7–58.7 �1.47b

E 12/15 13.9 � 7.4 11.6–52.8 �1.42c

a CSA, cross sectional area; SEM, standard error of the mean.
b P � 0.01.
c P � 0.05.
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diameter occurred within the proximal stent. At Point B, the
mean decrease in diameter was 0.41 mm (P � 0.001). Smaller
changes were seen at Points C, D, and E, with mean reductions
of diameter of 0.32, 0.31, and 0.29 mm (P � 0.011, P � 0.003, and
P � 0.014), respectively. No significant change was noted in the
proximal native vessel, however. At Point A, proximal to the
leading edge of the stent, the mean change in average diameter
was a statistically insignificant 0.11 mm (P � 0.13) (Fig. 4).

We also measured changes in parent vessel luminal CSA
(mm2), which are more representative of clinical vessel lumi-
nal caliber. Average changes in CSA were evaluated at all
points to determine an in vivo rate of stenosis. A decrease in
luminal CSA was observed in 10 of 13 patients (77%) at Point
A, 12 of 13 (92%) at Point B, 11 of 14 (79%) at Point C, 13 of 15
(87%) at Point D, and 12 of 15 (80%) at Point E. Some degree
of stenosis was observed in at least one vessel segment in
every patient (Fig. 5).

Proximal to the stent at Point A, we observed a nonsignifi-
cant reduction in CSA of 0.62 mm2 (P � 0.15), corresponding
to an average relative stenosis of 5.6 � 3.7%. Corresponding to
the reduction in average diameter, there was a 2.4-mm2 nar- rowing at Point B, a 1.65-mm2 narrowing at Point C, a 1.47-

mm2 narrowing at Point D, and a 1.42-mm2 narrowing at
Point E, corresponding to a 19.2 � 4.4%, 16.6 � 5.3%, 18.0 �
4.5%, and 13.9 � 7.4% relative stenosis (P � 0.002, P � 0.006,
P � 0.004, and P � 0.011), respectively. The maximum percent
change was also greater at Points B through E than that
observed in the native proximal vessel at Point A. A theoret-
ical estimate of the increased local hemodynamic resistance as
a result of the decreased surface area was computed by as-
suming Poiseuille’s equation. Because hemodynamic resis-
tance is proportional to the inverse of the fourth power of the
radius, it is proportional to the inverse square of the CSA.
Accordingly, the theoretical increase in focal hemodynamic
resistance at latest follow-up would be approximately 12%,
53%, 44%, 49%, and 35% at Points A, B, C, D, and E, respec-
tively. The worst caliber reduction was seen with one patient
experiencing a 59% reduction in CSA at Point D and another
experiencing a 56% reduction in CSA at Point C. These corre-
spond to an estimated 5.9- and 5.2-fold focal increased hemo-
dynamic resistance, respectively. Conversely, the maximum
stenosis experienced at Point A was only 23% (Fig. 5).

Clinical Correlation

Covariates including age, presence of hypertension, size
mismatch between the proximal and distal native vessel, an-
eurysm neck width, stent diameter, and stent/vessel diameter
mismatch were analyzed for correlation with extent of luminal
stenosis. No significant correlation was found at any of the
measured points along the measured vessel and these covari-
ates. In addition, no correlation was found between extent of
luminal stenosis and time to latest angiographic follow-up.
The statistical power of the present study to detect such cor-
relations is limited.

There were no instances of embolic or ischemic stroke in this
patient cohort. Delayed transient ischemic symptoms (tran-
sient ischemic attacks) were reported by five patients in the

FIGURE 4. Graphs showing time-dependent change in average vessel
diameter. No significant change was observed in average diameter of the
proximal native parent vessel at Point A. No significant change was
observed in the proximal stent (B), distal stent (D), or distal parent vessel
(E) between time Points 1 (pretreatment) and 2 (posttreatment). A signifi-
cant decrease in average diameter (0.41 mm at B, 0.31 mm at D, and 0.29
mm at E; P � 0.001, 0.003, and 0.014, respectively) was seen at all three
of these locations between time Points 2 (posttreatment) and 3 (follow-up).
At the midstent segment (C), measurements were made only for time
Points 2 and 3, in which a significant decrease in average parent vessel
diameter (0.32 mm; P � 0.011) was detected.

FIGURE 5. Box plots demonstrating percent change in surface CSA. Box-
plots demonstrate the median (line), 75th percentile (box), and 90th per-
centile (bar) values for percent reduction in CSA for Points A to E. *, P
� 0.05; **, P � 0.01.
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follow-up period, consisting of two episodes of visual
changes, two episodes of facial paresthesias, and one episode
of motor weakness in the cerebral territory supplied by the
stented segment. No correlation was found between the de-
gree of CSA reduction and clinical events in this patient
cohort.

DISCUSSION

The Neuroform stent offers several theoretical advantages
over traditional coronary stents with respect to the potential
for development of neointimal hyperplasia. First, this is a
self-expanding stent with an atraumatic deployment system
and a low outward radial force of only 9 to 10 mm Hg, which
is similar to the physiological force of the native vessel (2),
thereby limiting the tensile stress imposed on the parent vessel
wall. This low radial force permits deployment into size-
mismatched vessels such as the basilar artery and P1 segment
of the posterior cerebral artery or the internal carotid artery
and the M1 segment of the middle cerebral artery without
evidence of dilation of the smaller vessel (2, 7, 14). In its
expanded form, the Neuroform stent is a segmented open-
pore design with a cell size ranging from 2 to 2.5 French in
diameter and relatively few strut–strut intersections to facili-
tate navigation and conformity to the parent vessel wall with-
out straightening or affecting bifurcation angles; the strut
thickness of the Neuroform stent is approximately one-third
that of the Palmaz-Schatz coronary stent or Wallstent (9, 31).
Endothelialization is said to occur within 30 days of stent
deployment, and nitinol, the stent substrate material, is rela-
tively inert and has been shown to compare favorably to
stainless steel stents in extracranial carotid applications with
regard to stenosis and clinical neurological outcome (24).

Despite these features, we observed a consistent reduction
in average lumen diameter and surface CSA beginning in the
proximal portion of the stent and extending to the native distal
vessel by a process that did not seem to affect the proximal
native vessel. No measurable effects on the vascular lumen
were observed when the preprocedure was compared with
the postprocedure luminal dimensions, and thus it seems
unlikely that the intimal trauma imparted by stent deploy-
ment is the only source of the proliferative response observed
here. In a large number of patients, the end-tines of the Neu-
roform stent, which were seen to be intraluminal at the end of
the initial stent-coil procedure, were noted to be embedded
within the vessel wall and no longer intraluminal.

Stent deployment evolved to counter restenosis after pri-
mary balloon angioplasty of coronary atherosclerosis, with
prospective randomized trials showing lower rates of resteno-
sis when stenting was added to balloon angioplasty (12, 15, 29,
34). This was accompanied by higher rates of subacute throm-
bosis within implanted stents (12), and in some animal stud-
ies, neointimal lesions arising in stented vascular segments
were up to four times greater than those caused by balloon
angioplasty alone (11, 20, 28). In-stent stenosis may be the
result of endothelial or smooth muscle cell migration and

proliferation and extracellular matrix deposition. The short-
term response of the vessel wall to stent angioplasty involves
infiltration with macrophages and polymorphonuclear leuko-
cytes, with the number of infiltrating cells being correlated to
the degree of intimal hyperplasia. The degree of neointimal
hyperplasia is highly dependent on a number of arterial-wall,
stent-delivery, and biomechanical factors, by mechanisms that
remain poorly understood (6, 11, 20) but that have been suc-
cessfully attenuated by the current generation of paclitaxel-
and sirolimus-eluting coronary stents. Endovascular interven-
tion can be traumatic to the vascular endothelium, resulting in
microscopic focal mural thrombus within 1 to 3 days of stent-
ing (26). Although thrombus formation has been linked to
neointimal formation, it can be inhibited with no effect on later
events in arterial remodeling (11, 27). Accordingly, most stent
protocols, including ours, rely on aggressive antiplatelet ther-
apy and systemic anticoagulation to minimize thrombus for-
mation, and although microscopic injury to the vessel wall
may have been present, it is minor compared with that attrib-
uted to angioplasty, which was absent in the present study.

Stent characteristics such as radial force, stent profile in the
delivery system, number of struts, number of strut intersec-
tions, stent porosity, and strut thickness can all affect the
degree of endothelial denudation and strut penetration into
the arterial wall after deployment. These factors may result in
chronic irritation to the vascular wall structures beyond the
initial acute injury posed by the intervention itself, and strut-
induced vascular injury has been correlated with a prolonged
inflammatory response in porcine, canine, and murine models
(3, 28, 35). Late-phase arterial wall remodeling can also be
attributed to the arterial response to structurally imposed
changes in vessel morphology and hemodynamics. Stent
placement may result in vessel deformation and dilation,
which the vessel wall may counter by increased collagen and
extracellular matrix deposition through the stent struts (11,
17). In addition, the struts of the stent disrupt the smooth
hemodynamic shear stress to which the endothelial layer is
exposed in the native state, causing a patchwork of luminal
areas that become subjected to a lower shear stress with sec-
ondary flow (shear-stress shielding), a phenomenon that itself
may be a contributor to the intimal response seen here (19). It
would be expected that such a phenomenon would be mini-
mized in the case of the Neuroform stent, given its thin struts
compared with other coronary balloon-mounted stents.

The power of this study to identify significant predictors of
intimal hyperplasia after Neuroform stent deployment is
somewhat limited. Intimal proliferation has been observed
after angioplasty/stenting of intracranial atherosclerotic le-
sions with similar intracranial stents, but the implantation of a
stent into an otherwise intact parent vessel at the site of an
aneurysm represents a different biological process than im-
plantation into a diseased atherosclerotic section of vessel (16,
23, 33). Recently, Fiorella et al. (13) reported on a case of
Neuroform in-stent stenosis that resulted in clinically symp-
tomatic middle cerebral artery stenosis, eventually necessitat-
ing bypass surgery. In contrast to the present series, the an-
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eurysm reported by Fiorella et al. had been filled with
bioactive platinum coils coated with a polymer of polyglycolic
acid and lactide (Matrix coil; Boston Scientific Inc.). A recent
report by Lopes and Sani (21) provided the first postmortem
histological study of a human cavernous carotid artery re-
sponse to Neuroform stent implantation in the absence of
coiling at the 3-month mark; the authors described only mild
intimal thickening and a fibrocellular cap near the aneurysm
neck, with complete endothelial coverage of the stent struts. It
is not possible at this point to determine the relative histolog-
ical contribution of smooth muscle cell proliferation, endothe-
lial proliferation or migration, and extracellular matrix depo-
sition to neointimal hyperplasia after Neuroform stent
deployment.

To the best of our knowledge, this is the first study to use
quantitative cerebral angiography using computer reconstruc-
tions of 3D-DRA data to evaluate CSA. Although concerns
persist about the validity of quantifying neointimal formation
by use of 2D-DSA versus intravascular ultrasound in coronary
vessels, angiographic analysis shows correlation with his-
topathological section analysis (8, 10, 18, 25). Quantitative
digital subtraction cerebral angiography takes advantage of
three-dimensional reconstruction capabilities and the elimina-
tion of motion artifact in the intubated paralyzed patient.
Furthermore, reconstructed 3-D-DRA images show only the
vascular lumen; therefore, it is easy to evaluate detailed mor-
phological characteristics of vessels and aneurysms via a
three-dimensional vascular survey or “virtual angioscopy”
(30, 32). Shaded surface display reconstruction provides the
truest estimation of the vascular lumen, although overestima-
tion of the CSA of aneurysm neck size of an intracavernous
aneurysm secondary to bony artifact has been described (4).

A number of internal controls exist in our study suggesting
that the decrease in luminal CSA is a real phenomenon. No
significant difference in CSA was observed at any time within
the proximal native vascular segment, nor was a significant
change in luminal diameter observed after the procedure.
Despite the moderate angiographic degree of CSA reduction
observed here, there was no significant correlation with any
clinical sequelae. In this patient cohort, no embolic or ischemic
strokes have occurred within the vascular distribution sup-
plied through the Neuroform stent. Five transient ischemic
events have been reported during the follow-up period, con-
sisting of visual changes, motor weakness, and sensory par-
esthesias, but no significant difference in CSA was observed in
this group compared with those patients who did not experi-
ence transient ischemic attacks.

CONCLUSION

When measured by high-resolution 3D-DRA with recon-
struction, statistically, but not clinically, significant in-stent
stenosis was detected in patients treated with Neuroform
stent–mediated coil embolization. Although this in-stent ste-
nosis has been asymptomatic in this patient cohort, longer-
term imaging and clinical and histopathological correlation

will be needed to determine whether this is a benign self-
limiting remodeling process or a more concerning progressive
clinically significant arteriopathy.
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COMMENTS

Hoit and Malek report their results with the application of three-
dimensional rotational angiography for quantification of cross-

sectional area loss in the parent vessel and the implications for pa-
tients harboring cerebral aneurysms treated with Neuroform stent-
assisted coiling (Boston Scientific/Target, Fremont, CA). The authors
have meticulously conducted this study. Overall, they found a reduc-
tion in the cross-sectional area of the vessel throughout the stented
segment, with a greatest mean stenosis of 19% at the proximal edge of
the stent (Point B).

Cautious interpretation of these results is warranted to avoid draw-
ing misleading conclusions. The authors mention that “in-stent steno-
sis” was present in all cases in at least one of the points measured. As
they point out, this finding was of statistical significance with no
clinical significance, in that none of their patients developed symp-
toms or required additional treatment. Any stent implantation will
lead to a reduction in cross-sectional area because of the apposition of
the stent to the vessel lumen, plus the neointimal proliferation pro-
duced as part of the healing response induced by the presence of the
stent. As demonstrated in an in vivo intracranial stent model, the
reduction in cross-sectional area is proportional to the vessel diameter,
with larger losses occurring in smaller vessels (3, 4).

Clinically significant in-stent stenosis after Neuroform stent im-
plantation has been reported (1), but the incidence of such events is
low, considering the large number of stents implanted for aneurysm
treatment. For instance, in our long-term evaluation of stent-assisted
coiling for intracranial aneurysms using balloon-mounted (coronary)
stents, we found no angiographic evidence of in-stent stenosis in 21
patients treated evaluation (mean follow-up, 4.9 yr) (2). Although the
authors’ conclusion points to the possibility of this process being a
more concerning, progressive type of clinically significant arteriopa-
thy, our experience with intracranial stents for aneurysms leads us to
believe that the cross-sectional area reduction noticed by the authors
is part of the vascular response to the stent, most likely constituting a
self-limiting process. The clinical implications of their findings remain
to be determined by further studies of intracranial Neuroform stent
implantation with longer-term follow-up.

Ricardo A. Hanel
L. Nelson Hopkins
Buffalo, New York
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Malek and Hoit describe their three-dimensional angiographic anal-
ysis of in-stent stenosis in patients with wide-necked intracranial

aneurysms who have undergone Neuroform stent-supported coiling.
This study elegantly describes and quantifies a perplexing radiographic
and clinical sequela of stent-supported coil embolization. I suspect that,
as we continue to use intracranial stents for the treatment of these lesions,
we will see more instances of clinically significant in-stent stenosis. In
fact, in our personal experience, we have witnessed this occurrence in a
number of patients. While some of these patients have remained asymp-
tomatic, others have required angioplasty through the stented segment,
bypass surgery, or both. The etiology of in-stent stenosis has yet to be
determined. Although the theory of intimal hyperplasia is attractive, it
has yet to be proved conclusively, specifically in relation to the Neuro-
form stent and its applications. This report adds to our growing under-
standing of the efficacy and potential complications of this endovascular
device.

Felipe C. Albuquerque
Phoenix, Arizona

The authors present a very detailed retrospective analysis of a series
of patients with aneurysms treated with the use of the Neuroform

stent. Unlike stent placement elsewhere in the body, placement of the
Neuroform stent for the purpose of performing stent-assisted coil
embolization does not require an associated angioplasty or balloon
expandable method of deployment. Until now, it was hypothesized
that the Neuroform stent would be associated with a low rate of
in-stent stenosis owing to a potentially reduced healing response
compared with arteries stented with balloon expandable stents or
those in which an angioplasty is also performed.

Using digital measuring tools incorporated in two- and three-
dimensional angiography equipment, the authors have analyzed the
healing response and resultant in-stent stenosis associated with the
Neuroform stent. Their methoda will be extremely useful to other
investigators in future analyses of new stents and these data will serve
as their baseline for comparison.

Donald W. Larsen
Los Angeles, California

Norse voyages in the North Atlantic. (Courtesy of the Museum of Natural History, Smithsonian Institution, Washington).
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OBJECTIVE: Infection after cerebrospinal fluid (CSF) shunts or ventriculostomies is a common
complication associated with significant morbidity and mortality. Polymerase chain reaction
(PCR) is a powerful molecular technique that allows rapid and precise amplification of bacterial
deoxyribonucleic acid (DNA) and has proven a powerful tool in the detection of a wide variety
of clinically important infectious diseases. We analyzed specimens of CSF derived from
ventriculoperitoneal shunts or external ventricular drains by using both conventional cultures
and PCR and report herein our preliminary results.
METHODS: We selected 86 CSF samples from adult patients who underwent either shunt
tap or routine surveillance cultures of their ventriculostomy. These specimens were chosen
from a larger group of 300 specimens that were routinely collected (many serially) in our
clinical practice. They were chosen because clinical suspicion of infection was increased
because of either patient signs and symptoms (fever, stiff neck, lethargy, worsening
neurological examination) or preliminary laboratory analysis of CSF data (increased white
blood cell count, increased protein level, decreased glucose). We considered this sub-
group optimal to efficiently initiate our investigation of the correlation of PCR and culture
results. CSF was increased by using standard culture techniques and by using PCR.
Samples of CSF that were to undergo PCR had DNA extracted, purified, and amplified for
16S rRNA using primers 16S-Forward and 16S-Reverse of conserved sequence regions of
all bacteria. DNA was PCR-amplified for 30 cycles. One microliter of the first PCR product
was subjected to nested PCR using primers specific for gram-positive and gram-negative
bacteria. Samples were also subjected to PCR amplification for specific detection of
Propionibacterium acnes, Staphylococcus aureus, and methicillin-resistant Staphylococ-
cus aureus using specific primers for 16S rRNA Propionibacterium, nuclease gene of
Staphylococcus, and Mec gene of methicillin-resistant Staphylococcus aureus.
RESULTS: For 18 of 86 specimens (21%), both the culture and PCR were positive. For
30 of 86 specimens (35%), both the PCR and culture results were negative. For 42 of
86 specimens (49%), cultures were negative and PCR was positive. There were no
positive culture results with negative PCR results. Most negative culture/positive PCR
cases occurred after prolonged intravenous antibiotics. Of the 56 PCR-positive spec-
imens, 30 were positive for Propionibacterium acnes, whereas 40 were positive for
Staphylococcus aureus. Of the Staphylococcus aureus-positive specimens, two were
positive for methicillin resistant-Staphylococcus aureus. Among the 56 PCR-positive
specimens, 30 were positive for both Propionibacterium acnes and Staphylococcus
aureus; gram-negative organisms were not detected by any method in these speci-
mens.
CONCLUSION: These preliminary data suggest that PCR is a highly sensitive, rapid,
and potentially promising modality for the detection and treatment of CSF shunt
ventriculostomy infection.

KEY WORDS: Cerebrospinal fluid, Complications, Diversion, Infection, Surgery, Tests
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Cerebrospinal fluid (CSF) diversion is the mainstay of
treatment for patients with hydrocephalus and is often
necessary in other neurosurgical settings, such as

trauma and subarachnoid hemorrhage. Complications are
protean and include CSF infection. Ventriculoperitoneal shunt
(VPS) and external ventricular drain (EVD) infections are com-
mon and dreaded complications because of associated high
morbidity and mortality (2). Accurate and timely diagnosis
and treatment are essential in minimizing the morbidity and
mortality of these infections. VPS infection rates typically
range from 2 to 5% (1, 2, 10, 20) but may be much higher in
neonates. The most common pathogens include Staphylococcus
epidermidis, Staphylococcus aureus, and Propionibacterium acnes
(an anaerobic diphtheroid) (2). EVD infection rates range from
3 to 10% and are most frequently the result of Staphylococcal
and gram-negative organisms.

Rational clinical decision-making about VPS and EVD in-
fections in our practice and others’ traditionally uses multiple
pieces of data, including patient characteristics (fever, leth-
argy, mental status changes) and serum and CSF laboratory
data (white blood cell count, red blood cell count, glucose,
protein, and culture results). Because these results may be
varied and discordant, the culture results from the CSF have
widely evolved in clinical practice as the gold standard to
diagnose VPS or EVD infection and guide antimicrobial ther-
apy (2, 10). This approach has worked well to guide rational
therapy but has a number of drawbacks. First, culture results
are often prolonged. Usually 8 hours is the minimum period in
which a culture result may be interpreted (18). Additional
time is needed if additional biochemical or immunological
investigations are required to identify the organism. This may
result in unnecessary additional surgical procedures (to place
temporary EVDs) and prolonged periods of hospitalization
while a presumed infection is treated with temporary drain-
age. Furthermore, a late positive culture may result in another
unfortunate clinical scenario if a patient undergoes a shunt
revision for presumed sterile malfunction in light of what was
thought to be �negative� culture. The late positive culture
would indicate the presence of infection and a high likelihood
of contamination of the new shunt system. Second, although
cultures generally have good sensitivity, technical complica-
tions may confound this. For example, P. acnes is notoriously
difficult to culture using standard (aerobic) techniques and
may require prolonged periods of incubation for a positive
culture to grow (2, 10). Delays in processing specimens may
result in cooling of the CSF and secondary false negatives.

Polymerase chain reaction (PCR) is a powerful molecular
technique that has shown widespread applicability to a num-
ber of clinical situations for which timely and accurate diag-
nosis of infection is essential or for which the infecting organ-
ism is difficult to culture (29). For example, PCR has become
the gold standard for the diagnosis of viral infections, includ-
ing those of the central nervous system meningitides (5, 7, 8).
Herpes simplex virus PCR from CSF has been shown to ex-
ceed 95% sensitivity and specificity for herpes encephalitis (14,
16). Moreover, before PCR, the diagnosis of herpes encepha-

litis was determined by brain biopsy (14). Enterovirus diag-
nosis by PCR has assisted with clinical decision making and
has promoted more rapid discharge of patients with aseptic
meningitis (7, 15, 22, 27). PCR diagnosis of infection in patients
with bacteremia has been shown to be a more sensitive and
more rapid test for critically ill surgical patients (12). Studies
have shown PCR to be a valuable tool in the diagnosis of some
chronic infections (3, 11, 13, 19). PCR identification of bacteria
in CSF might allow for earlier and more accurate diagnosis of
shunt infections, allow for streamlined antibiotic therapy, ex-
pedite identification of organisms, and thus facilitate more
rapid treatment and reduce unnecessary procedures and their
attendant costs and morbidity.

MATERIALS AND METHODS:

Specimen Procurement, Storage, and Extraction

After institutional review board approval, we prospectively
sampled the CSF of 28 adult patients who underwent aerobic
surveillance cultures of CSF from EVDs placed for clinical
indication (control of post-trauma increased intracranial pres-
sure, subarachnoid hemorrhage) or from a VPS tap (aerobic
and anaerobic cultures) from patients with suspected shunt
malfunction or infection. This resulted in 86 specimens. These
specimens were a subset of a larger group of 300 specimens
drawn during the study period during routine clinical care.
These specimens were chosen from patients who were clini-
cally considered to be at high risk of harboring a device
infection based on either clinical (fever, lethargy, irritability,
change in level of consciousness) or laboratory (elevated CSF
or serum white blood cell counts, decreased CSF glucose,
increased CSF protein, positive Gram’s stain) signs. As a re-
sult, some of these patients were sampled serially during their
hospitalization. We considered these specimens optimal for
initial investigation with PCR as we sought correlation of PCR
results with culture results as an endpoint. Because such large
numbers of negative cultures were of lower value, these ad-
ditional clinical CSF specimens were not evaluated by PCR in
this analysis.

The CSF specimens were obtained aseptically and were
aliquoted with the bulk of the specimen submitted for micro-
biological culture using standard techniques by the University
of Alabama Hospital Laboratories. No patients underwent
invasion of the closed EVD or shunt system for investigational
purposes. A small portion of each specimen was frozen
(�40°C) and held for PCR analyses separately. The results of
these two assay methods were compared retrospectively.
Treatment decisions were made conventionally based on the
patient’s clinical situation, other lab assessments, and/or the
microbiological culture results. No treatment decisions were
based on the PCR results.

Design and Validation of Primer Sets

The sequences of these primer sets are given in Table 1. The
primers used for conserved 16S ribosomal ribonucleic acid
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(rRNA) and for nested PCR for gram-positive and gram-
negative bacteria were designed from previously published
sequences (4). These primers amplified a 1190-bp product for
universal bacterial rRNA, a 1025-bp amplicon for gram-
positive, and a 98-5bp product for gram-negative organisms.
Specific primers to amplify 16S rRNA of Propionibacter acnes
were designed based on the Genbank sequence AB042291 and
spanned sequence from 796bp to 1040bp giving a product of
244bp. Staphylococcus aureus-specific primers for nuclease gene
and MRSA-specific primers for the MecA gene were based on
a published sequence (14). All the primer sets were synthe-
sized by Sigma-Genosys (Sigma-Genosys, The Woodlands,
TX).

PCR Amplification Method

A sequential strategy was used to determine the presence of
bacterial deoxyribonucleic acid (DNA) in CSF samples. Frozen
CSF samples were thawed on ice, and DNA was extracted from
200 �l of each sample by proteinase K digestion and column
purification using QIAamp DNA mini columns (Qiagen, Valen-
cia, CA). Purified DNA was first amplified for 16S rRNA using
16S-Forward and 16S-Reverse primers of conserved sequence
region of all bacteria (6). Occurrence of false positives caused by
bacterial DNA in the PCR reaction mixture was eliminated by
digestion of PCR mix (minus dNTP and primers) with the re-
striction enzyme, Sau3A1 (Promega, Madison, WI) at 37°C for 30
minutes. Sau3A1 was then inactivated by incubating at 95°C for
2 minutes. Primers, dNTPs, and 1 �l of extracted DNA were

added and DNA-amplified for
30 cycles (denaturation of
94°C for 15 s, annealing at
54°C for 15 s, extension at 72°C
for 30 s) after initial denatur-
ation at 94°C for 5 minutes.
One microliter product of this
first PCR amplification was
subjected to nested PCR using
primers specific for selected
gram-positive bacteria. Ampli-
fied DNA from the specimens
that were positive for gram-
positive organisms (Propi-
onibacter acnes, Staphylococcus
aureus, MRSA) were specifi-
cally PCR-amplified using
gene-specific primers for each
using the �hot start� technique.
A negative control with no
template but containing 1 �l of
sterile, deionized water was
included in each reaction.

Amplicons with a standard
ladder marker set were re-
solved on a 2% agarose gel
containing 0.5 �g/ml of

ethidium bromide to detect the bands using an ultraviolet
illuminator, and the gel was photographed. Bands were ex-
cised from the gel, and the DNA was purified and submitted
to the DNA sequencing core facility at the University of Ala-
bama at Birmingham. Sequences were blasted against Gen-
bank sequences using the National Center for Biotechnology
Information (NCBI) website.

RESULTS

The distribution of single versus serial samples that were
analyzed is given in Table 2, and the correlation of PCR and
culture results are summarized in Table 3. Eleven patients each
contributed a single specimen. Serial samples were obtained
from 17 patients for a total of 75 specimens. Together these
constituted 86 CSF samples from 28 different patients. Four of
these patients provided more than four serial samples, rang-
ing from 10 to 29 days from the initial sample.

Comparing PCR results with the routine standard culture
data revealed that 18 of 86 samples (21%) were both culture-
and PCR-positive for gram-positive bacteria. Of the gram-
positive cultures seen, one was further identified as Propi-
onibacterium acnes, and the remaining cultures were Staphylo-
coccus aureus. PCR for gram-negative organisms was not run
in this initial experience.

There were 43 positive samples (50%) that were culture-
negative but PCR-positive for gram-positive bacteria. Further
analysis of species demonstrated that 35 of these 43 samples
(41%) were positive for Propionibacter acnes. Of the 86 samples,

TABLE 1. Oligonucleotide primers used in this studya

Primer name Sequence
Position on E. coli

rRNA gene sequence (bases)

For general detection of bacterial DNA
16S Forward 5‘-TTGGAGAGTTTGATCCTGGCTC-3‘ 4–25
16S Reverse 5‘-ACGTCATCCCCACCTTCCTC-3‘ 1174–1194

For detection of gram-positive or gram-negative bacterial DNA
P2F Forward 5‘-GCGRCTCTCTGGTCTGTA-3‘ 712–729
NR Reverse 5‘-GACGACAGCCATGCASCACCTGT-3‘ 1044–1067
NF Forward 5‘-GGCGGCAKGCCTAAYACATGCAAGT-3‘ 42–66
N6R Reverse 5‘-GTTCCCGAAGGCACC-3‘ 1013–1027

For detection of Propionibacter acnes
PrA Forward 5’-ACTAGGTGTGGGGTCCCA-3’ 757–777
NR Reverse 5‘-GACGACAGCCATGCASCACCTGT-3‘ 1044–1067

For detection of Staphylococcus species
Nuc Forward 5’-GCGATTGATGGTGATACGGTT-3’
Nuc Reverse 5’-AGCCAAGCCTTGACGAACTAAAGC-3’
mecA Forward 5’-AAATCGATGGTAAAGGTTGGC-3’
mecA Reverse 5’-AGTTCTGCAGTACCGGATTTGC-3’

a rRNA, ribosomal ribonucleic acid; DNA, deoxyribronucleic acid.
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36 were positive for Staphylococcus aureus, whereas 3 of those
samples were positive for MRSA as indicated by expression of
the MecA gene. Of these 43 specimens, 35 arose from clinical
situations in which an infection was successfully treated with
antibiotics, and the PCR remained positive after serial culture
results became negative. For these specimens, the PCR result
trailed the culture result. The remaining eight specimens must
be considered false positives.

There were no samples identified as PCR-negative if the
cultures were positive by standard means for gram-positive or
gram-negative bacteria. As such, PCR was highly sensitive for
the presence of infection. An additional 24 specimens were
negative for PCR and culture result. Part of this group repre-
sented complete resolution (PCR negative and culture nega-
tive) of documented infection after antibiotics.

DISCUSSION

Challenges abound in the clinical management of patients
who harbor the signs and symptoms of a VPS or EVD infection.
We, like others, diagnose VPS/EVD infection based on clinical
and laboratory criteria and predominantly use culture results to
guide therapy. In a patient with clinical signs of infection, culture
results have traditionally been the most important single deter-
minant of whether an infection is present and what initial anti-
microbial therapy should be instituted (20, 27). However, reli-
ance on culture results presents difficulties that principally arise
from the delay for results and problems with sensitivity (partic-
ularly if empiric antimicrobials have been initiated before harvest
of the specimen or if there are any delays in processing the
specimen). A frequently encountered scenario involves a patient
with a recent CSF shunt revision who presents with signs of

shunt infection but a positive
culture has not been found on
the first day of presentation.
Often this �assumed� shunt in-
fection prompts removal of
the system, placement of an
EVD, and institution of a
course of inpatient intrave-
nous antimicrobial therapy. A
second procedure for shunt re-
insertion is then necessary re-
gardless of whether the shunt
was infected. The cost, re-
cently estimated at $50,000 per
shunt infection, and morbidity

of these interventions are significant (6). Alternatively, if a shunt
infection is erroneously missed despite negative cultures after
several days, the morbidity can be substantial. If a new system is
implanted and the culture then turns positive, there is a high
likelihood of infection of the new system and a need for removal,
EVD insertion, inpatient antimicrobial therapy, and reinsertion.
Propionibacterium acnes (a well-established pathogen of shunt in-
fection) is notorious for delayed growth in culture and late pos-
itive results. Thompson and Albright (26) have found that CSF
infection with Propionibacterium acnes made up approximately
15% of their CSF shunt infections. These infections typically
reveal only mild if not absent leukocytosis with a relatively
normal CSF glucose and protein value. Furthermore, these infec-
tions may be underdiagnosed, as they have been shown to be
more difficult to culture and must be observed for 14 days (26).

Molecular diagnostic techniques have revolutionized the
contemporary practice of clinical infectious disease. PCR pro-
vides a rapid and sensitive assay for the presence of bacterial
DNA. It does not test for viable organisms, and false positives
have been the principle problem that investigators seeking to
apply PCR techniques to clinical situations have had to over-
come (29). Nonetheless, PCR has shown widespread applica-
bility for situations in which rapid, accurate diagnosis is im-
portant or in which offending pathogens are difficult to
culture using traditional methods. Examples include viral en-
cephalitides, central nervous system tuberculosis, bacterial
meningitis, and sexually transmitted diseases (7, 21, 24, 29).
Recently, PCR has been reported to show great promise in
rapid diagnosis of sepsis and endocarditis and to identify
important antimicrobial resistance (21, 24). PCR has also been
shown in various specimens to remain positive even after
long-term treatment with antibiotics (3, 15). Tunney et al. (28)
have used PCR for the identification of Propionibacterium acnes
in infected hip prostheses with good success. Schmitz et al.
(23) used both conventional methods and PCR to examine 350
isolates of CSF for Staphylococcus and found PCR to be far
more efficacious. Lu et al. (18) used a universal 16S subunit
primer and found it highly effective in the diagnosis of bac-
terial meningitis.

We have used PCR to specifically search for bacterial DNA
in CSF specimens from EVDs and VP shunts using PCR prim-

TABLE 2. Distribution of patient samplesa

Grouping
No. of

patients
Positive culture/

positive PCR
Negative culture/

positive PCR
Negative culture/

negative PCR
Total

samples

Single sample/patient 11 1 4 6 11
No. of serial samples/patient

2 6 2 4 6 12
3 4 2 5 5 12
4 3 5 4 2 12
�4 4 8 26 5 39

Total specimen results 18 43 24 86

aPCR, polymerase chain reaction.

TABLE 3. Summary of PCR and culture correlationa

Positive Negative

PCR (�) 18/86 43/86
PCR (-) 0/86 24/86

a PCR, polymerase chain reaction.
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ers from previously published literature. In this initial trial, we
selected patients who were likely to harbor infections and
correlated with traditional cultures as an endpoint. As such,
the patient population does not reflect our baseline level of
infection, which we estimate to be approximately 3 to 5% for
EVDs and 6 to 8% for VPS in adults (unpublished data). We
investigated the feasibility and initial technical modifications
necessary to assess CSF from ventricular drainage devices. We
found that the feasibility of utilizing PCR was excellent. Spec-
imens were readily harvested, and an additional aliquot main-
tained at �40 degrees until PCR was run in batches. This is the
most efficient, least costly way to perform PCR, but it is also
the most delayed. If the results from this initial study can be
repeated and refined, real-time PCR is a potential technical
modification that is already widely available and offers the
significant benefit of virtually immediate results. We found
several technical modifications that were necessary during the
course of these initial experiments. For example, the 16S sub-
unit primer initially demonstrated uniform positivity. We
found that this was the result of contamination from the Taq
polymerase and responded to digestion with Sau3A1 and then
nested PCR with primers specific for selected organisms.

In this article, we summarize our initial experience and
report a mixed experience. Several problems are readily nota-
ble. First, there were no cases of Staphylococcus epidermidis
noted in the PCR results, which is decidedly different than
typical microbiological findings for device infections (2, 10,
20). Second, the current studies did not include PCR for gram-
negative organisms. This first experiment was designed to test
feasibility, identify necessary technical modifications, and
present initial results. Although gram-negative organisms can
be very important clinically, they were not a part of this initial
investigation. Certainly any work that is to have clinical ap-
plication will need to address the possible presence of gram-
negative microorganisms. Finally, the problem of false posi-
tives is evident. Initially this seems a profound problem, with
half the specimens (43 of 86) demonstrating positive PCR
results and sterile cultures. The clinical circumstances in
which these results were obtained are important, however.
When one realizes that 35 of these 46 specimens were obtained
from patients with resolving infections (that were being ac-
tively treated with antimicrobials), the notion of �false posi-
tive� changes. In each of these cases, the PCR, which indicates
presence of bacterial DNA, remained positive for a longer time
than the culture data, which indicates the presence of viable
organisms and active infection. There were previous serial
samples that were positive by culture/PCR. A question still to
be answered is whether a patient who is PCR-positive and
culture-negative, indicating the presence of bacterial DNA,
has a true infection that warrants treatment or whether this
patient has CSF that is contaminated because of technical
factors (5). Indeed, microbial DNA does not necessarily cor-
relate with the existence of living microorganisms (12). Bacte-
rial load and microbial viability are critical determinants for
clinical infection, and PCR cannot assess either directly.

Despite the limitations of the current experience, a number
of promising observations can be made. First, there were no
positive culture results with a negative PCR. In practical
terms, this study suggests that a negative PCR performed on
a sample of CSF from a shunt or ventriculostomy is predictive
of absence of infection (as defined by negative culture). If these
data are corroborated in further study, then there is good
evidence that such a patient should be able to undergo a shunt
revision with a low risk of CSF infection. These data must be
interpreted with caution, as a potential source of error may be
that the specificity of the DNA one is looking for (i.e., the DNA
probes) may not be correct for the pathogen or its DNA
causing the infection. This can potentially be overcome by
using a more broadly conserved DNA sequence as an initial
screen. Although not seen in our study, patients may have a
mixed infection in which the PCR method may not be able to
obtain a correct result; thus, the conventional culture method
would be superior to PCR. Second, PCR is technically feasible
with a minimum of technical modifications to established
techniques that use commercially available primers.

Our institution is currently working on a prospective trial
comparing CSF culture, patient’s clinical status, and conven-
tional laboratory studies with PCR results to determine how
the PCR might change our management or clinical decision
making. Quantitative and real-time PCR are other possibili-
ties. Another question raised by this study is whether PCR
results might change the duration of antibiotic therapy in
previously infected shunt patients. In the future, quantitative
PCR may be used to give an absolute number of DNA/RNA
that is necessary for a true clinically relevant infection to be
present.

CONCLUSIONS

These preliminary data suggest that PCR is a highly sensi-
tive, rapid, and potentially useful modality for the detection of
CSF shunt and ventriculostomy infection and may help clini-
cians to make rational choices regarding antibiotic therapy.
This test is inexpensive and can be tailored to study the
bacterial sequence desired. We think molecular techniques
will become the method of choice in the future in the identi-
fication of bacterial infections of the cerebrospinal fluid.
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COMMENTS

In this stimulating report, the authors have shown that polymerase
chain reaction (PCR) can be useful for the rapid identification of

bacterial DNA in selected cerebrospinal fluid (CSF) infections. This
has significant implications for the treatment of patients with infected
CSF shunts or ventriculostomy catheters because the molecular infor-
mation provided by PCR comes back to the treating physician much
more rapidly than the culture results.

In selected cases, PCR analysis could shorten a patient’s hospital-
ization. As the authors note, one significant problem for patients with
infected externalized shunts or drains is the necessity to wait for
negative cultures prior to definitive shunt surgery. In this study, if the
PCR was negative, the subsequent CSF shunt cultures always re-
turned negative as well. In this setting, one could eliminate some
delay in shunt placement, thus shortening hospitalization time. One
problem that PCR doesn’t solve is the issue of contamination. When
the PCR returns positive, does that mean that the patient has an active
CSF infection, or could the positive result represent colonization of the
externalized tubing or some other confounding technical factor? This
is the same problem we face in determining the significance of a
positive culture.

I commend the authors on their ingenuity. This study may alter the
way we treat shunt infections in the future.

Alan R. Cohen
Cleveland, Ohio

Banks et al. have assessed the utility of using a highly sensitive tool, the
PCR, in the detection of CSF shunt or ventriculostomy infection. They

have clearly demonstrated an ability to detect evidence of bacterial DNA, not
necessarily bacterial infection, in the face of negative cultures. Because PCR
will be interpreted as being positive, irrespective of bacterial load or viability,
I can only conclude that a positive finding in isolation may indicate with
equal confidence the presence of infection, colonization, or contamination.
The differentiation between these situations can only be determined in the
context of the clinical situation. According to the time-honored adage of Dr.
Robin Humphreys, shunt infection is only established when the proper
clinical scenario exists and when “you see the whites of their eyes.” Al-
though the “whites of their eyes” may be more easily seen with PCR, a
composite of evidence still remains a requirement to define infection. I
presume the test will be very beneficial in the context of clinical situations in
which a degree of suspicion already exists, thus offering a rapid detection
and speciation of the offending organism. I congratulate the authors for
expanding the potential utility of a highly powerful technique into the
neurosurgical clinical arena.

Mark M. Souweidane
New York, New York
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This is the report of the use of PCR techniques to screen spinal fluid
for DNA evidence of shunt infection. The probes were chosen for

the most common pathogens. The finding is that there were no false-
negatives using this technique, but a large number of false-positive
results, such that half of their total specimens had a positive DNA
result, but negative cultures. Evidently, some of these patients had
been previously treated with antibiotics. The clinical significance of a
positive PCR reaction with negative culture is unclear because no
clinical data is provided about the ultimate outcome of these patients.

The study is preliminary and is hard to interpret. The specimens
were obtained from a relatively small number of patients, some of
whom contributed several specimens to the total. Thus, error is intro-
duced by having some patients weighting more heavily to the pooled
total sample. We don’t know why these patients contributed more
samples than others. In some cases, it was because infection was
suspected. We are also provided no data as to how many of the
patients eventually required treatment for infection and follow-up is
short for what can be a very indolent disease.

This is potentially exciting work. It is original and potentially very
useful clinically. Certainly, some sort of prospective study with a
defined protocol will be needed to define its true value, and granted
the relative infrequency of shunt infection, a large number of patients
and samples will be required, as well as long enough follow-up to
determine whether a shunt infection eventually develops when the
culture is negative and the PCR test is positive.

Leslie N. Sutton
Philadelphia, Pennsylvania

In the near future, it will be possible to subject CSF to PCR tech-
niques and, in a matter of minutes to hours, not only have answers

as to whether or not an infection is present, but also be able to
determine the sensitivity of any organisms present to be able to

promptly delivery of the appropriate antibiotics. However, this paper
shows that we are not quite there. The title states that they can detect
shunt infections with PCR. They indeed can detect the presence of the
DNA in various bacteria, but they cannot tell at this point whether or
not the bacteria are alive. An important finding of this preliminary
report is that there were no positive culture results that had a negative
PCR.

It is unusual that the only two organisms cultured were Propionibac-
terium and Staphylococcus aureus. One would think that there should
have been a number of coagulase negative Staphylococci as these
bacteria generally comprise the most common infecting organism.

J. Gordon McComb
Los Angeles, California

This paper compares the results of standard bacterial culture to PCR
for bacterial DNA in 28 adult patients having CSF analysis for

infection from CSF shunts or external ventricular drains. All positive
CSF cultures were positive for PCR as well. While all negative PCR
samples were culture-negative as well (no false-negatives), there were
a significant number of positive PCR samples that were culture-
negative.

The sensitivity of the technique to any bacterial DNA from remnant
bacterial DNA, non-viable bacteria, or a contaminant organism may
limit the applicability of the technique on the short term, but may also
elucidate the process of resolution of infection. The authors are plan-
ning a more detailed comparison of the two techniques in a larger
population of patients. Having rapid identification of the causative
bacteria, or rapid assurance that none are present, would significantly
advance the management of patients with suspected shunt infection.

James M. Drake
Toronto, Ontario, Canada
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OBJECTIVE: Few randomized clinical trials (RCTs) in the field of traumatic brain injury
(TBI) have shown a significant treatment benefit. We critically reviewed the use of two
types of secondary analyses, covariate adjustment and subgroup analysis, which are
common in TBI trials.
METHODS: We performed a systematic review of therapeutic phase III RCTs, includ-
ing adult patients with acute, moderate-to-severe TBI. Glasgow Outcome Scale (GOS)
at �3 months as outcome, and �50 patients per arm were required. We compared the
actual reporting of covariate adjustment and subgroup analyses with the Consolidated
Standards of Reporting Trials (CONSORT) recommendations. Likewise, we reviewed
six protocols of large multicenter RCTs and compared planned and reported sub-
groups.
RESULTS: We identified 18 RCTs (n � 6439). Sixteen trials used GOS at 6 months as
outcome. Five RCTs reported covariate adjustment. The number of covariates was
limited (�5), most frequently including age. Many covariates were outcome predic-
tors. Four RCTs reported only adjusted treatment effects as the main efficacy param-
eter. Eleven RCTs reported subgroup analyses. Several subgroup factors (�7, mainly
outcome predictors) and outcomes (�4) were included. The highest total number of
subgroups was 15, and only three RCTs completely pre-specified subgroups. Notably,
10 of 11 RCTs performed inappropriate separate subgroup analyses. Of 11 RCTs, 5
gave subgroups the same emphasis as the overall effect. Reported subgroup analyses
were insufficiently described and clearly differed from those planned in the protocol.
CONCLUSION: The reported covariate adjustment and subgroup analyses from TBI
trials had several methodological shortcomings. Appropriate performance and report-
ing of covariate adjustment and subgroup analysis should be considerably improved in
future TBI trials because interpretation of treatment benefits may be misleading oth-
erwise.

KEY WORDS: Acute traumatic brain injury, CONSORT, Covariate adjustment, Randomized clinical trials,
Reporting, Subgroup analysis, Systematic review
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Acute traumatic brain injury (TBI) is a
leading cause of premature death and
disability and remains a major public

health problem around the world (30, 35). Brain
injury management is primarily aimed at mea-
sures to prevent and limit the development of
secondary brain damage (4, 19, 40). Many ther-
apeutic randomized clinical trials (RCTs) have
failed to demonstrate significant improvement
in outcomes in patients with moderate and se-
vere TBI (18, 39, 40). These failures have been

attributed to many causes, including insufficient
preclinical and initial clinical work-up, small
sample size, inadequate use of the outcome
measure, overly optimistic expectations, ineffec-
tive therapies, inappropriate target mechanism,
and heterogeneity of patients (7, 11, 17, 18, 32,
39, 47).

The heterogeneity of TBI patients remains
despite strict inclusion and exclusion criteria
(27, 32, 33). Patient baseline characteristics,
collected at entry to an RCT, give information
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on prognosis and type of injury and reflect this heterogeneity.
Proposals for dealing with heterogeneity in the design of RCTs
include: stratified randomization (7, 10, 32), block randomiza-
tion (7), inclusion of patients with similar types of injury (7),
and targeting patients most likely to benefit from the treat-
ment (e.g., excluding patients with very good and very bad
prognoses) (32, 33, 39). Other proposals have focused on the
analysis of RCTs: covariate adjustment (9, 10, 24, 25, 28, 44),
and subgroup analysis (6, 10, 13, 39, 50).

The Consolidated Standards of Reporting Trials (CON-
SORT) statement includes recommendations to improve the
analysis and reporting of covariate adjustment and subgroup
analyses in RCTs (1). Recently, the misuse of baseline data,
especially the overinterpretation of subgroup analyses, has
been noted in general medicine RCT reports (2). It is likely that
such misuse may have been more common in TBI trials be-
cause of the significant problems of heterogeneity. No formal
evaluation of covariate adjustment and subgroup analysis in
TBI trials has been performed so far.

We aimed to describe the appropriateness of reporting co-
variate adjustment and subgroup analysis in published phase
III RCTs including adult patients with acute, closed, and
moderate-to-severe TBI, with a substantial sample size and
with clinically relevant outcomes. We further reviewed a sam-
ple of the protocols of the largest multicenter TBI trials to
compare the concordance between planned and reported sub-
group analyses.

METHODS

RCT Report Search Strategy

We searched MEDLINE (1966 through April 1, 2004), EM-
BASE (1974 through April 1, 2004), the Cochrane Controlled
Trials Register and the Cochrane Database of Systematic Re-
views (Cochrane Library, Issue 2, April 19, 2004) for RCTs in
TBI. All searches used the key words traumatic brain injury or
traumatic head injury or traumatic cranial injury in conjunction
with each of the following words: severe, moderate, acute, treat-
ment, randomized controlled trials, and randomized clinical trials.
The searches were limited to RCTs in English, French, Ger-
man, and Spanish. We reviewed the bibliographies of relevant
studies (RCTs and non-RCTs) to search for additional eligible
RCTs. Only data accessible in peer-reviewed journals were
included, and we were not masked with regard to authors or
journal.

Inclusion and Exclusion Criteria of RCTs

We selected RCTs that met the inclusion and exclusion
criteria (Table 1). One author (AVH) screened the titles and
abstracts to exclude non-human studies and review articles,
retrieved potentially relevant manuscripts for detailed evalu-
ation, and selected publications compliant with the inclusion
and exclusion criteria. Jointly with another author (AIRM),
both researchers reassessed inclusion and exclusion criteria.
Reports that did not meet all these criteria were excluded.

Differences were resolved by discussion until a consensus was
reached.

Data Extraction

The 18 eligible trials underwent data extraction from the
full-text papers by one of us (AVH) using a pre-designed
extraction form. This form was previously used in another
related review by two of the authors (AVH and EWS), and the
information obtained was highly reproducible. Patient at-
tributes measured before randomization were considered as
baseline characteristics (13). The information retrieved in-
cluded general information such as sample size, number of
centers, and primary outcome. Information on covariate ad-
justment included number of covariates, pre-specification, se-
lection strategy, statistical method, primary use of covariate
adjustment, and emphasis with respect to unadjusted analysis.
Information on subgroup analyses included number of sub-
group factors, number of subgroup outcomes, number of sub-
group analyses (product of factors by outcomes), pre-
specification, statistical method (interaction test or separate
subgroup P value), and emphasis given to subgroups.

Methodological Standards

The CONSORT statement established standards of trial re-
porting based on a large amount of methodological and ap-
plied information regarding appropriate design and analysis
of trials (1). This document proposed 22 items that should be
reported in every RCT to allow readers to judge the validity of
the findings and to be more confident when applying these

TABLE 1. Inclusion and exclusion criteria for the systematic
reviewa

Inclusion criteria
Prospective, parallel groups, Phase III RCT with random
assignment to either a new medication/intervention or
placebo/best intervention available
Main RCT report
Patients with non-missile, closed, clinically diagnosed TBI
Acute TBI presentation (�24 hr between injury and
treatment)
Moderate or severe TBI (i.e., Glasgow Coma Scale score
�12)
Primary outcome expressed as Glasgow Outcome Score at
�3 months
Patients �15 years
More than 50 patients per treatment arm

Exclusion criteria
Phase II RCTs
Mild TBI (Glasgow Coma Scale score 13–15)
Chronic TBI treatments (e.g., rehabilitation)
Pediatric TBI patients
Primary outcome other than Glasgow Outcome Score

a RCT, randomized clinical trial; TBI, traumatic brain injury.
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findings in their practice. CONSORT Items 12, 15, and 18 refer
to covariate adjustment and subgroup analysis. Covariate ad-
justment should use a limited number of covariates and
should clearly establish the reasons for choosing covariates (1,
2, 13, 44). Subgroup analysis should use a limited number of
pre-specified subgroups, use interaction tests, and be consid-
ered a secondary analysis (1, 2, 6, 13, 50).

Definitions

An interaction test directly assesses differences between
complimentary subgroups by studying treatment subgroup
factors. It involves one statistical test regardless of the number
of subgroups (6, 13). In contrast, the separate subgroup P
value method evaluates treatment effects in each complemen-
tary group independently (50). This is inappropriate from a
methodological point of view (1, 13). Subgroups were pre-
specified if they were clearly established in the Methods section
or if they were clearly labeled as pre-specified. Subgroups
were post hoc if they were shown only in the Results and/or
Discussion section or if they were clearly labeled as post hoc
(13). Emphasis on subgroups was classified as similar to the
overall effect if subgroups were reported in the abstract or
main conclusion of the paper (43). If the subgroups were only
presented in the Results and/or Discussion section, the overall
effect had more emphasis.

RCT Protocols

We hypothesized that results on subgroup analyses might
differ from subgroup analyses as specified in the protocol. Six
protocols of some of the largest multicenter TBI trials were
reviewed. We focused on the number of subgroup factors and
outcomes, whether subgroups were pre-specified, and statis-
tical method of subgroup analysis. Thus, we compared the
planned subgroup analyses with the reported subgroup anal-
yses to evaluate their concordance and discrepancies.

Statistical Analyses

Descriptive statistics included percentages and medians.
The software used was EXCEL and SPSS 10.0 (SPSS Inc.,
Chicago, IL).

RESULTS

General RCT Characteristics

The systematic review of the literature identified 297 poten-
tially relevant citations with titles and abstracts. We finally
included 18 RCTs (3, 5, 12, 14–16, 20–22, 31, 34, 36, 41, 42, 45,
48, 49, 51) (Fig. 1). All RCT reports were published in English,
from 1981 to 2004 (Table 2). The number of patients included
ranged between 100 and 1120 (median: 265), originating from
1 to 95 centers (median: 8) mainly from developed countries
(34, 36). Eleven trials investigated drugs and were published
before 2000. The time of follow-up ranged between 6 and 14
months (median: 6 mo). The primary endpoint was mainly

GOS at 6 months (16 of 18 trials), which was dichotomized in
9 trials. Notably, of six trials that yielded positive results (14,
16, 31, 48, 49, 51), five were single-center studies and used a
therapy other than a drug— i.e., surgery, hypothermia, man-
nitol, and hyperbaric oxygen (15, 31, 41).

Covariate Adjustment

Five trials published before 1997 reported covariate adjust-
ment (20, 22, 45, 48, 49) (Table 3). The number of covariates
included ranged from one to five. Covariates from two trials
were not clearly defined (45, 48). Age was the most commonly
chosen covariate (22, 45, 48, 49). Most of the covariates were
well-known outcome predictors (e.g., age, initial GCS score,
motor score, pupilary reactivity, and initial computed tomog-
raphy abnormalities), but this reason was not clearly estab-
lished in the RCT reports. The center was considered as a
covariate in two older trials (20, 48), and imbalance in age and
GCS score was reported as the reason for adjustment in one
trial (22). Logistic regression was the main method of adjust-
ment in three trials (22, 45, 48). Four RCTs gave only adjusted
results, and one RCT (22) reported adjusted and unadjusted
results. In this trial, the unadjusted treatment effect received
more emphasis than the adjusted effect, but it did not affect
the overall conclusion. One positive trial reported a covariate
adjusted treatment effect (22) (Table 4).

Subgroup Analysis

Eleven trials reported subgroup analyses (3, 5, 12, 14, 21, 22,
34, 36, 41, 45, 49) (Table 5). The maximal number of subgroup
factors was seven, including mainly GCS and mass lesions.

FIGURE 1. Flow diagram of the literature search and selection of trials.
RCT, randomized controlled trial.
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The maximal number of subgroup outcomes was four, mainly
favorable outcome of GOS at 6 months (both good recovery
and moderate disability). Two trials did not report the com-
plete number of subgroup factors (3, 45). The highest total
number of examined subgroups was 15 (12). Three trials did
not report pre-specified subgroups (12, 22, 49). Some trials
reported partially pre-specified subgroups (3, 21, 34, 41, 45).
Of 11 trials, 10 performed separate subgroup analyses, and
only one performed the statistically appropriate interaction
test (3). Five trials found subgroup effects (12, 21, 34, 41, 45),
and five trials gave equal emphasis to the subgroup effects
and overall effects (5, 21, 34, 41, 45). Two positive trials re-
ported subgroup analyses (22, 41) (Table 4).

Subgroup Analysis in Protocols and Reports

The protocols corresponded to six RCT reports (3, 12, 34, 36,
45, 49) (Table 6). All six reported on subgroup effects, and the
reported analyses clearly differed from those specified in the
protocols. Two protocols did not define any subgroup factors,
although they were considered in the reports (3, 12). In the

three protocols that pre-specified outcomes, these were also
considered in the subgroup analyses (34, 36, 45). Subgroup
analyses were not pre-specified in three protocols (3, 12, 49).
When subgroup analyses were pre-specified in the protocols
(34,36,45), only one trial reported them as planned (36). Fi-
nally, five trials reported separate subgroup tests, but proto-
cols specified an interaction test, a combination of separate
and interaction tests, or nothing (12, 34, 36, 45, 49). These
findings support our hypothesis that trial reports included
different subgroups than those planned in the protocols.

DISCUSSION

Many RCTs of acute TBI have been published, but most of
these have failed to yield convincing treatment benefits (18, 32,
33, 39, 40). Various explanations for these failures have been
put forward: most of the TBI trials have insufficient sample
size and are poorly designed to detect or refute treatment
benefits (17). Others have suggested that the hypothesized
absolute treatment benefit was too large and too optimistic

TABLE 2. General characteristics of trial reports included in the systematic reviewa

Series (reference) Country
Centers

(no.)
Patients
(arms)

Treatment
Target

populationb GOS (mo)

Positive trials (n � 6)
Lu et al., 2003 (31) CHN 1 230 (2) Craniotomy Severe 6
Zhi et al., 2003 (51) CHN 1 396 (2) Hypothermia Severe 6
Cruz et al., 2002 (16) BRA 1 141 (2) Mannitol Coma, acute IPH 6
Cruz et al., 2001 (15) BRA 1 178 (2) Mannitol Coma, acute SDH 6
Harders et al., 1996 (22) GER 21 123 (2) Nimodipine SAH 6
Rockswold et al., 1992 (41) USA 1 168 (2) Hyperbaric O2 Severe 12, 6, 18

Negative trials (n � 12)
Cooper et al., 2004 (14) AUS 12 226 (2) Hypertonic saline Severe 6 (usual and extended)
Clifton et al., 2001 (12) USA 11 392 (2) Hypothermia Severe 6
Morris et al., 1999 (36) USA, ISR, EUR,

CAN, AUS, ARG
95 693 (2) NMDA antagonist

(Selfotel)
Severe 6

Marshall et al., 1998 (34) EUR, AUS, ISR 50 1120 (2) Tirilazad Severe (85%),
moderate (15%)

6

Young et al., 1996 (49) USA 29 463 (3) Pegorgotein Severe 3
Grumme et al., 1995 (21) GER, AUT 9 396 (2) Triamcinolone Severe Discharge and 12 yr
European Study Group
Nimodipine, 1994 (45)

EUR 21 852 (2) Nimodipine Severe, not
obeying
commands

6

Gaab et al., 1994 (20) GER 10 300 (2) Dexamethasone Severe, moderate 12 (modified)
Wolf et al., 1993 (48) USA 2 149 (2) Tromethamine Severe 3, 6, 12
Bailey et al., 1991 (3) UK, FIN 6 351 (2) Nimodipine Not obeying

commands
6

Braakman et al., 1983 (5) NED 2 161 (2) Dexamethasone Coma, severe 6 and survival 12
Saul et al., 1981 (42) USA 1 100 (2) Methylprednisolone Severe 6

a GOS, Glasgow Outcome Scale; CHN, China; BRA, Brazil; IPH, intraparenchymal hemorrhage; SDH, subdural hematoma; GER, Germany; USA, United States of
America; AUS, Australia; ISR, Israel; EUR, Europe; AUT, Austria; UK, United Kingdom; FIN, Finland; NED, Netherlands; SAH, subarachnoid hemorrhage; GOS,
Glasgow Outcome Scale; GOSE, Glasgow Outcome Score Extended; mGOS, modified Glasgow Outcome Scale; NMDA, N-methyl-d-aspartate.
b Severe TBI, GCS score � 9; Moderate TBI, GCS score 9-12.

SECONDARY ANALYSES OF TRAUMATIC BRAIN INJURY TRIALS

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1247



(e.g., 10-15%), that investigating a more modest absolute ben-
efit (e.g., 5-8%) would be desirable, and that larger trials are
necessary (32, 39). The largest phase III trial in our review had
1120 patients (34). In that study, most of the patients had
severe TBI (85%), with a �20% baseline risk of unfavorable
outcome. Even in this study, the power to find an absolute
benefit of �8% was limited (17).

These disappointing results have led to an increased interest
in subgroup analyses and in trying to identify more homoge-
neous subgroups that may benefit from the intervention. This
stems from the realization that heterogeneity of patients is a
major confounding factor in the design and analysis of TBI
trials and that heterogeneity is related to injury patterns and
prognostic risk (32, 33). Approaches for dealing with hetero-

geneity relate to both the design and analysis phases. In the
design phase, stratified randomization can be used. Alterna-
tively, treatment can be targeted to patients with a defined
type of pathology or to patients with an intermediate progno-
sis, (e.g., 20-80% probability of unfavorable outcome) (28, 32,
33, 39). A 30% reduction of the sample size may be achievable
for the same power as when the whole population is consid-
ered (33). In the analysis phase, covariate adjustment and
subgroup analysis may be used.

Covariate adjustment uses covariates to provide a more
individual-oriented treatment effect that is also corrected for
imbalance. It increases power and reduces the required sam-
ple size (9, 10, 24, 25, 28, 44). Subgroup analysis assesses
differences in treatment effect across different subpopulations

TABLE 3. Covariate adjustment in five trial reportsa

Study (reference)
Covariates included Reason to

include
Method used in

covariate adjustment
Emphasis in

results
Change in
conclusionn Definitionb

Young et al., 1996 (49) 1 Age (�45 yr versus �45 yr) Not given Stratified Mantel
Haenzel

Adjustedc NA

Harders et al., 1996 (22) 4 Age (continuous), GCS score
at entry (�12 versus �12);
amount of blood in initial
CT (ordinal, 3); Fisher grade
in initial CT (ordinal, 4)

Imbalance
(age, GCS);
rest not given

Logistic regression Unadjusted No

European Study Group
Nimodipine, 1994 (45)

5 Age (NS); gender (NS),
craniotomy (NS); pupilary
reaction (NS); GCS motor
responses (NS)

Not given Logistic regression Adjustedc NA

Gaab et al., 1994 (20) 1 Center (categorical, 10) Center Stratified Mantel
Haenzel

Adjustedc NA

Wolf et al., 1993 (48) 5 Age (NS); GCS motor score
(NS); strata of neurological
insult (NS); elevated ICP
(NS); center (categorical, 2)

Center; rest
not given

Logistic regression Adjustedc NA

a NA, not available; GCS, Glasgow Coma Scale; NS, Non-specified; ICP, Intracranial pressure.
b The way they were considered in analyses: continuous, categorical, or ordinal. In case of categorical or ordinal covariates, it is written the number of categories
considered.
c Only adjusted effect given.

TABLE 4. Reported covariate adjustment and subgroup analyses in positive and negative trials: Comparison between traumatic brain
injury and internal medicine trialsa,b

Results of trial
TBI trials Internal medicine trialsc

n Covariate adjustment Subgroup analyses n Covariate adjustment Subgroup analyses

Negative 12 4 (33%) 9 (75%) 39 22 (56%) 22 (56%)
Positive 6 1 (17%) 2 (33%) 45 22 (49%) 25 (56%)
Total 18 5 (28%) 11 (61%) 84 44 (52%) 47 (56%)

a TBI, traumatic brain injury.
b There were no significant differences between positive and negative trials or between TBI and internal medicine trials.
c Internal medicine includes general internal medicine, cardiology, and oncology (26).
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of patients (6, 13, 25, 50). Covariate adjustment and subgroup
analysis are common in RCTs, but their reporting has shown
many flaws in trials from general medicine journals, especially
for subgroup analysis (2). The revised CONSORT statement
recommended guidelines to improve the reporting of RCTs
and facilitates informed judgments regarding the validity of
the trials (1). We found that reporting of covariate adjustment

and subgroup analysis in TBI clinical trials has several short-
comings. Further, reported subgroups differed substantially
from those planned in the protocols.

Covariate adjustment was reported in trials that mainly had
negative treatment benefits and were multicenter. Some arti-
cles recommend using covariate adjustment in TBI trials, es-
pecially for prognostic factors (9, 10, 28, 32, 44). An appropri-

TABLE 5. Subgroup analyses in trial reportsa

Study (reference)
Subgroup

factors
Subgroup
outcomes

Totalb
Pre-

specifiedc
Statistical
method

Subgroup
found (n)d Emphasis in results

Cooper et al., 2004
(14)

GCS GOSEe 6 mo 1 Yes Separate test No Overall

Clifton et al., 2001
(12)

Age, GCS,
compressed
cisterns, surgical
hematoma, initial
hypothermia

Poor outcome,
death, ICP �30
mmHg

15 No Separate test Yes (2) Overall

Morris et al., 1999 (36) EDH, SDH, IPH,
GCS, secondary
ischemic events

Favorable
outcome, death

10 Yes Separate test No Overall

Marshall et al., 1998
(34)

Gender, SAH, GCS Favorable
outcome, death

6 Partially Separate test Yes (3) Equal subgroup and
overall

Young et al., 1996 (49) GCS Good outcomef,
favorable outcome
(3 mo and 6 mo)

4 No Separate test No Overall

Harders et al., 1996
(22)

GCS, amount of
blood-CT, Fisher
grade-CT

Favorable outcome 3 No Separate test No Overall

Grumme et al., 1995
(21)

Age, focal lesions,
GCS, EDH, SDH,
admission �1 hr,
initial steroid
treatment

GOS at discharge,
GOS 1 yr

14 Partially Separate test Yes (1) Equal subgroup and
overall

European Study Group
Nimodipine, 1994 (45)

Brain damage,
SAH, others
(unknown)

Favorable outcome �2 Partially Separate test Yes (1) Equal subgroup and
overall

Rockswold et al., 1992
(41)

GCS, mass lesion,
contusion, pupilary
reactivity

Favorable
outcome, death (1
yr)

8 Partially Separate test Yes (2) Equal subgroup and
overall

Bailey et al., 1991 (3) Age, motor GCS,
intracerebral lesion,
motor response,
others (unknown)

Favorable
outcome, death

�8 Partially Interaction test No Overall

Braakman et al., 1983
(5)

Probability of
survivalg, center

Survival 1 mo and
6 mo

4 Yes Separate test No Equal subgroup and
overall

a GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Score; CT, computed tomography; EDH, epidural hematoma; SDH, subdural hematoma; IPH, intraparen-
chymal hemorrhage; SAH, subarachnoid hemorrhage.
b Total number of subgroup analyses equals number of factors times number of outcomes.
c Yes: Subgroups described in methods; No: Subgroups only described in results/discussion; Partially: some subgroups described in methods and some others only
in results/discussion.
d Number of significant (P � 0.05) subgroups.
e GOSE categories (8): dead, vegetative, lower severe disability, upper severe disability, lower moderate disability, upper moderate disability, lower good recovery,
upper good recovery.
f GOS at 6 months, unless otherwise indicated. Categories (5); Poor outcome � severe disability, vegetative state and death; Favorable outcome � good recovery
and moderate disability; Good outcome � good recovery.
g Probability of survival was calculated at admission, based on age, pupil reactivity to light and best motor response of the arms.
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ately small number of baseline characteristics were used in the
trials, including age (22, 45, 48, 49), GCS score (22, 45, 48),
pupilary reactivity (45), increased intracranial pressure (48),
computed tomography abnormalities (22), gender (45), and
center (20, 48). Most of these baseline characteristics are
known prognostic factors (30, 35). Although covariates were
appropriately few, the reasons for selecting them were not
clearly stated. We also found that covariate definitions (i.e.,
dichotomized, ordinal, or continuous) were insufficiently re-
ported. We consider that covariate adjustment using a limited
number of pre-specified, clearly defined prognostic factors is a
valid procedure.

Age is the strongest predictor of unfavorable outcome in
TBI, as demonstrated in data from epidemiological studies (23,
29, 37) and RCTs (37). Age is continuously associated with
unfavorable outcome and should be used as a continuous
variable in covariate adjustment (29). Motor GCS score is

another strong predictor that should be used as covariate (9,
32). Indeed, adjusting for age and motor GCS score could
reduce the sample size by 25 to 30% in TBI trials (9, 10). Other
severity characteristics (e.g., pupilary reactivity, computed to-
mography severity, hypoxia, hypotension) may also be in-
cluded (32). Gender has not been suggested as a variable to
adjust for (32), and its potential predictive value could be
related to its association with other strong predictors. Center/
country also may be considered (10, 44), because differences in
patient baseline characteristics have been demonstrated across
continents and regions (27).

A moderate number of subgroup analyses was noted in TBI
reports. Limiting the number of subgroups is strongly recom-
mended, as this decreases the problems that arise from mul-
tiplicity and helps to define valid statistical tests (50). The
subgroup factors were mainly predictors of unfavorable out-
come (30, 35, 39). TBI trials might focus on appropriate sub-

TABLE 6. Subgroup analyses in selected traumatic brain injury trials: Protocol versus reporta

Study (reference)
Subgroup factorsb Subgroup outcomes Pre-specified Method

Protocol Report Protocol Report Protocol Reportc Protocol Report

Clifton et al., 2001
(12)

Not defined Age, GCS,
cisterns, surgical
hematoma,
hypothermia

Not defined Poor outcome,
death, ICP �30
mmHg

No No Not defined Separate
test

Morris et al., 1999
(36)

Time between
injury and
treatmentc

EDH, SDH, IPH,
severity, secondary
ischemic events

Favorable
outcome,
death, GOS
4
categories,
DRS (all at
6 mo and 3
mo)

Favorable
outcome, death
(both 6 mo)

Yes Yes Interaction
test

Separate
test

Marshall et al.,
1998 (34)

GCS, SBP,
center

Gender, SAH,
GCS

Favorable
outcome,
death

Favorable
outcome, death

Yes Partially Interaction
test/separate
test

Separate
test

Young et al., 1996
(49)

Age GCS Not defined Good and
favorable
outcome (3 mo
and 6 mo)

No No Not defined Separate
test

European Study
Group Nimodipine,
1994 (45)

Age, sex, motor
GCS, pupilary
reactivity,
surgery for
occupying
lesion

Brain damage,
SAH, others
(unknown)

Favorable
outcome

Favorable
outcome

Yes Partially Not defined Separate
test

Bailey et al., 1991
(3)

Not defined Age, motor GCS,
intra-cerebral
lesion

Not defined Favorable
outcome, death

No Partially Not defined Interaction
test

a EDH, epidural hemorrhage; GCS, Glasgow Coma Scale; SDH, subdural hematoma; IPH, intraparenchymal hemorrhage; SAH, subarachnoid hemorrhage; DRS,
Disability Rating Scale; SBP, systolic blood pressure.
b Defined as a subgroup factor in protocol but not considered a baseline characteristic in our review (see Methods).
c Yes, subgroups described in Methods; No, subgroups only described in Results/Discussion; Partially, some subgroups described in Methods and some others only
in Results/Discussion.
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groups of patients defined by predictors: age, gender, GCS,
pupilary reactivity, hypotension, computed tomography se-
verity, and subarachnoid hemorrhage (10, 39). Moreover, in-
teraction tests are appropriate to assess differences between
complementary subgroups. The separate subgroup P value
method evaluates treatment effects in independent subgroups,
which is inappropriate from a methodological point of view
(1, 13).

Remarkably, the reporting of subgroups in TBI trials had
important methodological shortcomings (1, 2, 13, 50): most
trials reported partially or did not report pre-specified sub-
groups, used separate subgroup testing, and performed post-
hoc subgroup analyses. Moreover, nearly half of the trials
overemphasized any statistically significant effect found.

For example, the Tirilazad trial (34) and the hyperbaric oxygen
trial (41) reported partially pre-specified subgroups, used sepa-
rate analyses, and emphasized their subgroup findings. The
former found a lower mortality in men, patients with moderate
head injuries no subarachnoid hemorrhages; the latter found
lower mortality in patients with severe head injuries (GCS score
4–6) and in patients with surgical mass lesions. However, with-
out a good a priori rationale for subgroup differences, the overall
treatment effect should provide a reasonable estimate for each
subgroup of TBI patients unless confirmatory evidence of treat-
ment differences becomes available. These subgroups may be
unreliable (i.e., based on small number of patients), should be
considered exploratory, and should only serve to motivate fur-
ther trials rather than to draw definite conclusions (13, 43).

It can be argued that good or poor subgroup analysis re-
porting is not completely related to a good or poor practice in
the analysis of TBI trials. It is clear that most physicians only
have access to trial reports and make decisions based on
reports. Hence, the evaluation of reporting in TBI trials is
worthwhile (46). Moreover, the CONSORT guidelines are
based on articles dealing with the design, conduct, analysis,
and reporting of trials. These reporting guidelines may there-
fore include a part of good practice on trial analysis. However,
it is also possible that an analysis plan may differ from a
reported analysis. Results from Table 5 show that the most
plausible explanation for poor subgroup analysis reporting is
a poor analysis plan, especially for pre-specification of sub-
groups and statistical methods.

Differences in subgroup definitions between the TBI proto-
cols and trial reports were substantial. We observed differ-
ences regarding subgroup factors, pre-specification, and
method of analysis. This seems an indication of post-hoc anal-
yses. Thus, the protocol stated a particular definition of sub-
groups, but the results only became statistically significant
when an alternative definition of the subgroups was used (50).
Further, post-hoc subgroups should be treated with skepti-
cism, as they test data-derived hypotheses rather than hypoth-
eses stated a priori (50, 13). A recent article found that trial
reporting of outcomes was not only frequently incomplete, but
also biased and inconsistent with protocols (8). Our results
confirm the inconsistency and incompleteness of subgroup
analyses between trials and protocols.

We have recently studied the reporting of covariate adjust-
ment and subgroup analyses in high-impact internal medicine
(IM) journals (general medicine, cardiology, and oncology) (26).
As shown in Table 3, TBI trials reported less covariate adjustment
than IM trials, independent of their final result (positive or neg-
ative). Moreover, TBI trials adjusted for fewer covariates (five or
fewer) than IM trials (between five and nine). However, reasons
to include covariates were poorly reported in TBI trials compared
with IM trials (36 of 44 reports). TBI and IM trials reported
subgroup analyses in a similar frequency. However, negative TBI
trials reported more subgroups than negative IM trials, and
positive TBI trials reported fewer subgroups than IM trials.
Moreover, TBI reports fully pre-specified subgroup analyses less
commonly (3/11 versus 22/47) and used interaction testing less
frequently (1/11 versus 20/47) than IM trials. This is an addi-
tional indication that TBI trials inappropriately reported sub-
group analyses.

Future design of TBI trials should incorporate covariate adjust-
ment for important predictors. Such an adjustment should be
pre-specified in the trial protocol, including the coding of pre-
dictors. Alternatively, inclusion can be restricted to certain prog-
nostic groups defined by predictors. For example, patients with
intermediate prognosis (20-80% favorable outcome) or patients
with focal injury may be hypothesized to benefit from treatment.
Such a targeting approach may decrease the sample size require-
ments by 30% (33). If subgroup effects are studied, the number of
subgroups should be pre-specified with a clear rationale and
should be analyzed with the appropriate test of interaction.
Treatment effects can also be tested in a pre-specified subgroup
within a TBI trial, such as the focal injury subgroup (confirma-
tory subgroup analysis) (38).

Our article has some limitations. We did not include phase
II TBI trials. However, we observed that most were small (n �
100) and did not report relevant clinical outcomes (data not
shown). We evaluated only reported results, and there may be
differences between the planned analysis and the reported
analysis. For subgroup analysis, we found clear discrepancies
between protocols and reports. No evaluation was possible for
covariate adjustment. It is also possible that investigators ex-
plored, for instance, more subgroups than those planned and
reported. We could not evaluate this possibility. Finally, we
used only a limited number of protocols.

In conclusion, reporting of covariate analyses and subgroup
analyses in TBI clinical trials has several shortcomings, partic-
ularly for subgroup analyses. Likewise, reported subgroup
analyses clearly differed from those planned in the protocols.
The appropriate reporting of these secondary analyses should
be considered in future TBI trials because interpretation of
treatment benefits may otherwise be misleading.
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OBJECTIVE: Epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF-2) play
a critical role in neurogenesis. In the present study, we evaluated the additive effect of
administering these two factors on post-ischemic progenitor cell proliferation, survival,
and phenotypic maturation in the hippocampal dentate gyrus (DG) and the subven-
tricular zone (SVZ) in the adult rat brain after transient middle cerebral artery occlu-
sion.
METHODS: A combination of EGF�FGF-2 (each 1.44 ng/d) was continuously admin-
istered into the lateral ventricles for 3 days, 5-bromodeoxyuridine (BrdUrd) was
injected (50 mg/Kg) twice daily for 3 days starting on Day 1 of reperfusion, and cohorts
of rats were sacrificed on Day 5 and Day 21 of reperfusion.
RESULTS: Compared with sham controls, ischemic rats showed a significantly higher
number of newly proliferated cells in both the DG (by 766 � 37%, P � 0.05) and the
SVZ (by 650 � 43%, P � 0.05). Of the progenitor cells proliferated on Day 5 after
ischemia, 41 � 6% in the DG and 28 � 5% in the SVZ survived to 3 weeks. Compared
with vehicle control, the EGF � FGF-2 infusion significantly increased the post-
ischemic progenitor cell proliferation (by 319 � 40%, P � 0.05 in the DG and by 366
� 32%, P � 0.05 in the SVZ) and survival (by 40 � 12%, P � 0.05 in the DG and by
522 � 47%, P � 0.05 in the SVZ) studied at 5 and 21 days, respectively. Furthermore,
of the newly proliferated cells survived to 3 weeks after ischemia, EGF � FGF-2
infusion caused a significantly higher number of neuronal nuclear protein-BrdUrd
double-positive mature neurons in the DG (46 � 9%, P � 0.05) compared with vehicle
control. Neuronal nuclear protein and BrdUrd double-positive mature neurons were
also found in the DG. Glial fibrillary acidic protein-positive astrocytes did not show
double-positive staining in either region.
CONCLUSION: Specific growth factor infusion enhances post-ischemic progenitor
cell proliferation by 5 days of reperfusion and neuronal maturation by 21 days of
reperfusion in both the DG and SVZ in the adult rat brain.

KEY WORDS: BrdUrd, Cerebral ischemia, Growth Factor, Middle cerebral artery occlusion, Neurogenesis,
Rat, Stem cell

Neurosurgery 57:1254-1263, 2005 DOI: 10.1227/01.NEU.0000186040.96929.8A www.neurosurgery-online.com

The subgranular zone of the hippocampal
dentate gyrus (DG) and the rostral sub-
ependymal layer of the lateral ventricles

(subventricular zone; SVZ) are the main neu-
roproliferative regions of the mammalian
brain that contain either stem cells or neural
progenitor cells (3, 8, 14, 21, 24, 28, 39, 43). In
these two brain regions, neurogenesis occurs
throughout life (10, 12, 14, 15, 24, 26, 29). Re-
cent studies from our laboratory and other

groups show that acute neurological insults
such as ischemic and traumatic injuries to the
brain stimulate the basal rate of neural pro-
genitor proliferation and differentiation into
neural phenotypes, indicating the potential to
repair the damaged brain (10, 18, 21, 27, 44).

Such a potential repair process requires four
steps: the proliferation of progenitor cells, the
maturation into neuron cells, the migration to
the damaged area, and their functional incor-
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poration. In this study, we examined some of the factors that,
based on the literature (30, 31, 38, 42), we believe may regulate
and enhance the first steps of proliferation and maturation.
Because we hypothesized that these are diffusible growth
factors, we studied a focal model of ischemia that did not
render the areas that provide the cells ischemic. Therefore,
unlike a global model of ischemia, our model suggested that
factors or signals from the ischemic region must be present to
stimulate remote neurogenesis and later migration to the area
of injury.

Growth factors regulate neurogenesis. Several growth fac-
tors—including epidermal growth factor (EGF), insulin-like
growth factor-1 (IGF-1), glial cell-line derived neurotrophic
factor (GDNF), nerve growth factor (NGF), transforming
growth factor �1 (TGF-�1), brain-derived neurotrophic factor
(BDNF), and fibroblast growth factor-2 (FGF-2)—and some of
their receptors have been shown to be upregulated after cere-
bral ischemia (4, 20, 38, 42, 47, 50). Our laboratory recently
demonstrated that the administration of GDNF and IGF-1
increases focal ischemia-induced progenitor cell proliferation
in adult rats (10). Nakatomi et al. (30) showed that adminis-
tering FGF-2 and EGF aids global ischemia-induced adult
neurogenesis in the hippocampal CA1 area in their animal
model . Furthermore, neurospheres cultured from the SVZ
and DG require FGF-2 and EGF for proliferation and long-
term survival (13, 16, 32, 49). In the present study, we evalu-
ated whether providing a combination of exogenous EGF and
FGF-2 benefits the proliferation and differentiation of neural
progenitor cells in the SVZ and DG in a transient middle
cerebral artery occlusion (MCAO) model of focal ischemia in
adult rats.

MATERIALS AND METHODS

Transient MCAO

The adult male spontaneously hypertensive rats (250-275 g;
Charles River, Wilmington, MA) used in this study were
housed and cared for in accordance with the Guide for the
Care and Use of Laboratory Animals, U.S. Department of
Health and Human Services Publication number 86 to 23
(revised 1986). The Research Animal Resources and Care
Committee of the University of Wisconsin-Madison approved
all the surgical procedures. MCAO was induced under halo-
thane anesthesia as previously described (10, 11, 46). Briefly,
the left common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA) were exposed
through a ventral midline incision. A small V-shaped incision
was made on the ECA 2 mm distal from the ECA-CCA branch,
and the 3 to 0 nylon monofilament occlusion suture (Ethicon,
Somerville, NJ) with rounded tip was inserted into the ICA
until a decrease in regional cerebral blood flow (rCBF) to
approximately 15% of baseline (monitored by laser Doppler
flowmeter) was observed. After 1-hour occlusion, the suture
was withdrawn to restore blood flow, and the wound was
sutured. The rat was allowed to recover from anesthesia and

returned to its cage with free access to food and water. During
MCAO, blood pressure, blood gases, and brain and rectal
temperature were maintained at normal physiological levels
as previously described (10, 46). Sham-operated rats were
subjected to the same procedure but the MCA was not oc-
cluded.

Growth Factor Infusion

Growth factors were infused intraventricularly by using
Alzet Osmotic minipumps (Model 1003D; Alza Co., Palo Alto,
CA) as previously described (10). Both the growth factors
were dissolved at a concentration of 0.06 �g/�l in artificial
cerebrospinal fluid (aCSF) containing (in mM) 119 NaCl, 3.1
KCl, 1.2 CaCl2, 1 MgSO4, 0.50 KH2PO4, 25 NaHCO3, 5
d-glucose, 2.2 urea, and 0.1% Bovine serum albumin (pH 7.4),
filtered (0.22 �m), and filled in the pumps. Each pump was
connected to an Alzet brain infusion cannula and primed in
saline at 37°C for 4 hours. At 24 hours of reperfusion after
transient MCAO, with the rat under halothane anesthesia, the
cannula was stereotaxically inserted into the left lateral ven-
tricle (1.5 mm left lateral, -0.8 mm anteroposterior) from
bregma on the basis of the rat brain atlas of Paxinos and
Watson (33). The pump was placed subcutaneously in the
neck fold. The Alzet pumps used in this study infuse 1 �l/h
(0.06 �g/�l; thus 1.44 �g of each growth factor per day) for 3
days. Controls were subjected to transient MCAO and infused
with aCSF, as well as sham-operated rats infused with growth
factor cocktail and sham-operated rats infused with the aCSF.

BrdUrd Injection Schedule

The four groups of rats (EGF � FGF-2/MCAO, aCSF/
MCAO, EGF � FGF-2/sham, aCSF/sham; n �10 per group)
were injected with BrdUrd intraperitoneally (50 mg/kg in
saline twice a day; Sigma Chemical Co., St. Louis, MO) for 3
days starting at 24 hours of reperfusion after transient MCAO
(Fig. 1). In each group, five rats were sacrificed on Day 5 (to
study proliferation) and the other five on Day 21 (to study
survival and phenotypic maturation). All rats were perfused
transcardially with 4% paraformaldehyde under deep halo-
thane anesthesia (Fig. 1). The osmotic micropumps were re-
moved and the cannula tubing was occluded on Day 5 in the
rats that survived 21 days (Fig. 1).

FIGURE 1. To study proliferation after ischemia, BrdUrd was injected for
3 days twice daily starting at 24 hours of reperfusion after transient
MCAO. EGF and FGF-2 were infused continuously for 3 days using
intraventricularly osmotic minipumps implanted 1 day after the occlusion
or sham operation. The animals were sacrificed at the end of 5th day or 3rd

week after the MCAO or sham operation.

POST-ISCHEMIC NEUROGENESIS AND GROWTH FACTORS
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BrdUrd Immunostaining

The BrdUrd-positive cell number was estimated as previ-
ously described (10, 44). Each brain was post-fixed in 4%
paraformaldehyde, cryoprotected in sucrose, and sectioned
(20 �l thick) in the area covering the dorsal hippocampus and
SVZ (2.5 mm to �4.5 mm from bregma) (33). The sections
were mounted on slides and incubated in 0.3% H2O2 in 100%
methanol for 10 minutes, washed in 50 mmol/L tris-buffered
saline (TBS) (3 � 5 min), placed in double-distilled water, and
heated in a microwave (2 � 2 min). The sections were blocked
with 10% normal horse serum (NHS) in TBS for 30 minutes,
incubated with mouse anti-BrdUrd antibody (1:200; Oncogene
Research Products, San Diego, CA) in 3% NHS for 1 hour,
followed by rat pre-adsorbed, biotinylated horse anti-mouse
IgG (1:200; Vector Laboratories, Burlingame, CA, USA) in 3%
NHS for 1 hour. The slides were washed in TBS (3 � 5 min).
Conjugation with avidin-biotin complex (1:100; Vector Labo-
ratories) was followed by visualization using a 3, 3=-
diaminobenzidine tetrahydrochloride (DAB) substrate kit
(Vector Laboratories). Sections were washed, dehydrated, and
mounted in Permount. Sections from rats injected with Br-
dUrd and incubated without BrdUrd antibody and sections
from rats not injected with BrdUrd and incubated with Br-
dUrd antibody served as negative controls. Sections were
analyzed microscopically, and the images were acquired using
a CCD camera (Spot Camera; Diagnostic Instruments Inc.,
Sterling Heights, MI). The BrdUrd-positive cells that reacted
with DAB were quantified using four sections from each rat.
In each case, the combined area of subgranular zone and the
granular cell layer of the DG was traced and measured in
square millimeters using Image-J software (written by Wayne
Rasband, NIH, Bethesda, MD; http://rsb.info.nih.gov/ij). The
cells in the selected area were counted and divided by the area
to obtain cells per mm2. This method was chosen to compen-
sate for variations in the area of the cell layers between sec-
tions. To count the BrdUrd-positive cells in the SVZ, 3 vertical,
partial images of the lateral ventricle were microscopically
acquired. The images were then compiled to make a complete
image of the lateral ventricle using Photoshop (Adobe, San
Jose, CA). Using Image-J software, the rostral blade of the
subependymal layer was traced, measured in square millime-
ters; the cells in the selected area were counted and divided by
the area to obtain cells per square millimeter. Several previous
studies have presented the progenitor cell proliferation data as
cells/area (3, 10, 30, 44).

Fluorescence Immunolabeling and
Confocal Microscopy

The phenotype of the BrdUrd-positive cells was estimated
as described earlier (10). Briefly, parallel sections from each
brain were immunolabeled with the following antibodies in
different combinations: sheep anti-BrdUrd (1:100; Exalpha
Biologicals, Boston, MA), mouse anti-NeuN (nuclear protein
expressed in terminally differentiated neurons; 1:50; Chemi-
con, Temecula, CA), goat anti-DCX (doublecortin, expressed

in immature migrating neurons; 1:100; Santa Cruz Biotech,
Santa Cruz, CA), rabbit anti-glial fibrillary acidic protein
(GFAP; 1:1000; DAKO, Carpinteria, CA). The sections were
fixed in 100% methanol for 15 minutes, washed in TBS (3 � 5
min), microwave irradiated, and incubated in 10% NGS in TBS
for 30 minutes. The sections were incubated for 1 hour with a
set of 3 primary antibodies (BrdUrd/NeuN/GFAP or
BrdUrd/DCX), washed in TBS (3 � 5 min) and incubated for
1 hour with a set of three secondary antibodies (donkey anti-
sheep 488/donkey anti-goat 594/goat anti-rabbit 647 or don-
key anti-sheep 488/goat anti-mouse 568/goat anti-rabbit 647
or donkey anti-sheep 488/goat anti-mouse 568/donkey anti-
goat 594; 1:200 each; Alexa Fluor antibodies, Molecular Probes,
Eugene, OR). The slides were washed and coverslipped with
Vectashield (Vector Laboratories) mounting medium. Immu-
nofluorescence was evaluated with a Bio-Rad MRC-1024 con-
focal laser-scanning device (Bio-Rad Laboratories, Hercules,
CA) attached to Nikon Eclipse TE300 inverted microscope
(Nikon Corporation, Kanagawa, Japan) using LaserSharp2000
acquisition software (Bio-Rad). From each rat, four sections at
the level of the DG and four sections at the level of the SVZ
were used. For each acquired stack of images, a �60 oil-
immersion objective lens was used, and 1-�m section z-series
images were taken through the depth of the tissue. Post-
acquisition analysis and orthogonal and three-dimensional
projections were performed using the MetaMorph software
(Universal Imaging Corp., Downington, PA).

Statistics

The data are presented as mean � standard error of the
mean. Statistical analysis was conducted by using one-way
analysis of variance followed by Neuman-Keul’s multiple
comparisons posttest.

RESULTS

Transient MCAO-Induced Neuronal Damage

The patency of MCAO and reperfusion were confirmed by
measuring the regional cerebral blood flow using a laser
Doppler flowmeter. Within 10 seconds of the insertion of the
suture, the rCBF dropped to approximately 15% of the base-
line (pre-occlusion value) in all animals. This decreased flow
continued until the time of suture withdrawal (reperfusion).
Within 20 minutes of suture withdrawal, the regional cerebral
blood flow returned to the control level (Fig. 2). In all the rats
subjected to MCAO, a set of sections was stained with cresyl
violet to confirm the infarction. As in previous studies from
our laboratory, the infarct volume was 196 � 34 mm3 in the
ischemic rats (10, 34–36). We did not observe any ischemic
neuronal damage in the hippocampus of the rats subjected to
transient MCAO.

Effect of Growth Factors on Post-Ischemic Proliferation

To identify the newly proliferated cells, cohorts of rats were
injected with BrdUrd for 3 days and sacrificed on Day 5 after
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transient MCAO and sham operation. In both the sham-
operated and ischemic rats, the BrdUrd-positive cells were
localized in the inner part of the granular cell layer of the DG.
Within the granular cell layer, BrdUrd-positive cells were
more abundant in the most medial area where the supra- and
infra-pyramidal blades join and least abundant in the lateral
area. In the sham group, the BrdUrd-positive cells were ob-
served to be 10 times more abundant in the SVZ compared
with the DG (Fig. 3). Compared with sham controls, ischemic
rats showed a significantly higher number of newly prolifer-
ated cells in both the DG (by 766 � 37%, P � 0.05) and the SVZ
(by 650 � 43%, P � 0.05) at Day 5 of reperfusion (Fig. 3).
Compared with CSF-infused controls, the infusion of EGF �
FGF-2 resulted in a significant enhancement of progenitor cell
proliferation in both the DG (by 200 � 27%, P � 0.05) and the
SVZ (by 127 � 17%, P � 0.05) of sham-operated rats (Fig. 3).
The growth factor-treated ischemic rats showed a significant
further enhancement of progenitor cell proliferation in both
the DG (by 666 � 37%, P � 0.05) and the SVZ (by 552%, P �
0.05) compared with the growth factor-treated sham-operated
rats at Day 5 of reperfusion (Fig. 3). Compared with the
ischemic groups, the EGF - FGF-2 infusion caused significant
enhancement of progenitor cell proliferation in both the DG
(by 313 � 31%, P � 0.05) and the SVZ (by 406 � 38%, P � 0.05)
at Day 5 of reperfusion.

Effect of Growth Factors on Survival of the Newly
Proliferated Cells

To evaluate survival, we injected BrdUrd for 3 days after
transient MCAO or sham operation and sacrificed five rats on
Day 21. Most of the progenitor cells that proliferated in the 5th
day after ischemia did not survive or had migrated out by the
3rd week in both the DG and SVZ (Fig. 3). Growth factor
infusion had no significant effect on survival of the progenitor
cells proliferated in the post-ischemic DG. Of the BrdUrd-
positive cells formed in the DG during the 5th day of reperfu-
sion, 41 � 6% (growth factor group) and 35 � 4% (aCSF

group) survived to 3rd week (Fig. 3). In the SVZ, 28 � 5%
(growth factor group) and 25 � 3% (aCSF group) of the
BrdUrd-positive cells formed in the 5th day of reperfusion
survived to the end of 3rd week (Fig. 3). However, compared
with the EGF � FGF-2–treated sham group, the EGF � FGF-
2–treated ischemic group showed significantly more BrdUrd-
positive cells in both the DG (by 66 � 9%, P � 0.05) and the
SVZ (332 � 42%, P � 0.05) (Fig. 3). In the case of the SVZ,
survival may actually be higher, as some cells may survive
and migrate from the region. Future migration studies will
examine the possibility. Figures 4 and 5 show representative
photomicrographs of BrdUrd-immunostained brain sections
from the ipsilateral DG and SVZ of the four groups of rats
(aCSF/sham, growth factors/sham, aCSF/MCAO, and
growth factors/MCAO).

Effect of Growth Factor Infusion on Phenotypic
Differentiation of the Newly Proliferated Cells

We evaluated the phenotypes of the BrdUrd-positive cells
in both the proliferation (5 d of reperfusion) and survival (3
wk of reperfusion) groups by fluorescent immunohistochem-

FIGURE 2. The regional cerebral blood flow decreased approximately 85%
below the baseline within 30 seconds of the insertion of the occlusion
suture. The flow stayed at that level during the 60 minutes of occlusion
and returned to the baseline within 20 minutes of the withdrawal of the
occlusion suture.

FIGURE 3. Effect of growth factor infusion on progenitor cell prolifera-
tion and survival is seen. The bar graphs show the number of BrdUrd-
positive proliferating cells per square millimeter. Ten rats were used for
each group (aCSF/sham, growth factors/sham, aCSF/ischemia, and growth
factors/ischemia). All the rats were injected with BrdUrd twice daily for 3
days starting on Day 2 after MCAO. Five rats from each group were sac-
rificed at the end of Day 5 of reperfusion (to study proliferation) and the
remaining five at the end of Week 3 of reperfusion (to study the survival).
Bars in the histogram represent mean � SD. a P � 0.05 compared with
the corresponding aCSF-infused control. b P � 0.05 compared with the
corresponding sham group. aCSF, artificial cerebrospinal fluid; MCAO,
middle cerebral artery occlusion.
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istry and confocal imaging. At 5 days of reperfusion after
transient MCAO in the EGF � FGF-2–treated group, 33 � 4%
of the BrdUrd-positive cells were also positive for the imma-
ture neuronal marker doublecortin (DCX) in the ipsilateral DG
(Fig. 6A). Only 10 � 1% of the cells were found to be double-
positive for BrdUrd and DCX in the same group at the end of
the 3rd week (Fig. 6C) (P � 0.05). In the corresponding DG of
the aCSF-treated ischemic rats, 24 � 4% of the cells prolifer-
ated in the 5th day were positive for DCX, and the percentage
of the BrdUrd/DCX double-positive cells remained approxi-
mately 8 � 1% by the end of 3rd week (P � 0.05). At 5 days of
reperfusion in the ischemic EGF � FGF-2–treated group, 55 �
7% of the BrdUrd-positive cells were also positive for DCX in
the ipsilateral SVZ (Fig. 6B). Only 13 � 2% of the cells were
found to be double-positive for BrdUrd and DCX in the same
group at the end of the 3rd week (Fig. 6D) (P � 0.05). In the
corresponding ipsilateral SVZ of the aCSF-treated ischemic
rats, 20 � 3% of the BrdUrd-positive cells proliferated in the
5th day were positive for DCX, and the BrdUrd/DCX double-
positive cells were 10 � 1% by the end of 3rd week (P � 0.05).
In general, the growth factor-treated ischemic groups showed

more BrdUrd/DCX double-
positive cells than the aCSF-
treated ischemic groups at 5
days of reperfusion but not at 3
weeks of reperfusion. In both
the DG and SVZ, the DCX/
BrdUrd double-positive cells
showed several fibers extending
into the granule cell layer of the
DG from the subgranular zone
(Fig. 6E) and into the striatum or
corpus callosum from the SVZ
(Fig. 6F).

Of the BrdUrd-positive cells
formed in the ipsilateral DG dur-
ing the 5th day of reperfusion af-
ter ischemia, some cells matured
into neuronal nuclear protein
(NeuN)-positive neurons and mi-
grated to the granule cell layer
from the subgranular zone by the
3rd week of reperfusion. In the
EGF � FGF-2–treated rats, 22 �
4% of the BrdUrd-positive cells
proliferated in the 5th day were
NeuN-positive, and 19 � 5% of
the cells were BrdUrd/NeuN
double-positive by the end of 3rd

week (P � 0.05) (Fig. 7A). In the
corresponding ipsilateral DG of
the aCSF-treated ischemic rats, 13
� 3% of the BrdUrd-positive cells
proliferated by 5 days were posi-
tive for NeuN. The BrdUrd/
NeuN double-positive cells were

12 � 2% by the end of 3rd week (Fig. 7B). The growth factor-
treated ischemic groups showed more BrdUrd/NeuN double-
positive cells than the aCSF-treated ischemic groups in both time
periods (P � 0.05). The aCSF and growth factor-treated sham
groups did not show a significant number of NeuN/BrdUrd
double-positive cells. Figure 7C shows that none of the GFAP-
positive cells are double-positive for BrdUrd. Figure 7D shows
the confocal stacked image of a representative cell confirming the
NeuN/BrdUrd double-positive nature at 3 weeks of reperfusion
in the growth factor-infused ischemic group. None of the groups
(aCSF or growth factor-treated sham or ischemic rats) showed
any BrdUrd/GFAP (astroglial marker) double-positive cells at
any time point studied. As the BrdUrd-positive cells formed in
SVZ on 5th day, we could not evaluate the phenotypic matura-
tion to NeuN-positive neurons or GFAP-positive astrocytes of
these cells at 3 weeks.

DISCUSSION

The present study shows that after transient focal ischemia
in adult spontaneously hypertensive rats: 1) progenitor cell

FIGURE 4. Representative photomicrographs showing the BrdUrd-positive cells in the ipsilateral DG of the
four groups of rats at the end of 5 days (left panels) and 3 weeks of reperfusion (right panels). A, (5 d) and B,
(3 wk) are the MCAO/growth factor group; C, (5 d) and D, (3 wk) are the MCAO/aCSF group; E, (5 d) and F,
(3 wk) are the sham/growth factor group; and G, (5 d) and H, (3 wk) are the sham/aCSF group.
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proliferation is induced in both of the neurogenic regions (DG
and SVZ); 2) treatment with a combination of EGF � FGF-2
growth factors increases ischemia-induced progenitor cell pro-
liferation by 5 days of reperfusion in both the DG and SVZ; 3)
these newly proliferated cells in the ischemic brain show more
DCX-positive immature neurons in the growth factor-treated
group compared with the aCSF-treated group treated at 5
days of reperfusion; and 4) the number of mature neuronal
cells that are NeuN-positive is greater in the growth factor-
treated ischemic rats than in the aCSF-treated ischemic rats at
21 days of reperfusion.

Several recent studies reported increased progenitor cell
proliferation in the rodent brain after focal ischemia (3, 10, 21,
43, 44) and global ischemia (19, 23, 27, 30, 51). This observation
might be an attempt of the injured brain to heal itself, but the
natural endogenous response is not of sufficient magnitude to
replace the neurons lost by a devastating insult such as a
stroke.

The presence of such a natural response to ischemia raises
the possibility that, by understanding the factors that control
this process, we could enhance it to clinical utility. To achieve

FIGURE 5. Progenitor cell proliferation in the rostral blade of the SVZ is
seen. Representative photomicrographs showing the BrdUrd-positive cells
in the ipsilateral SVZ of the four groups of rats at the end of 5 days (left
panels) and 3 weeks of reperfusion (right panels). A, (5 d) and B, (3 wk)
are the MCAO/growth factor group; C, (5 d) and D, (3 wk) are the
MCAO/aCSF group; E, (5 d) and F, (3 wk) are the sham/growth factor
group; and G, (5 d) and H, (3 wk) are the sham/aCSF group.

FIGURE 6. Representative fluorescent immunostained brain sections
showing the DCX/BrdUrd double-positive newly proliferated progenitor
cells in the ipsilateral DG (A, C, and E) and ipsilateral SVZ (B, D, and
F) in the MCAO/growth factor group. A, (DG) and B, (SVZ) are the
reperfusion group at 5 days; C, (DG) and D, (SVZ) are the reperfusion
group at 3 weeks. E, (DG) and F, (SVZ) show the high-magnification
images demonstrating that the DCX/BrdUrd double-positive cells extend
their fibers from the subgranular zone to granule cell layer of DG (E) and
from the ventricular wall to corpus callosum and striatum. Scale bars are
30 �m for A–D and 10 �m for E and F. DCX, doublecortin; DG, dentate
gyrus; SVZ, subventricular zone.
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this aim, we must understand the various factors that control
progenitor cell proliferation, maturation, migration, and func-
tional incorporation after ischemia. In this study, we used a
focal model of ischemia and studied potential factors that
modulate progenitor cell proliferation and maturation. Future
studies of migration and function are planned.

Recent studies have shown that the increased progenitor
cell proliferation observed after cerebral ischemia can be fur-
ther enhanced by external stimulators such as growth factors,
environmental enrichment, stem cell factor, anti-inflammatory
drugs, BDNF scavenger TrkB-Fc fusion protein, prostaglandin
E2, ginsenoside Rg1, glutamate receptor antagonists, and nitric
oxide donors (6, 17, 20, 25, 40, 45). Among these, growth
factors are the most promising as they can diffuse from one
compartment to another in the brain with a different diffusion
and penetration rate. This suggests that they may be active in
the most common time of stroke, a focal cortical event. Fur-
thermore, cell proliferation, differentiation, and survival are
under the control of endogenous growth factors (1). Previous
studies have demonstrated the increased expression of many
growth factors—including NGF, GDNF, BDNF, transforming

growth factor-�, bFGF, and IGF-1—and some of their recep-
tors after cerebral ischemia (1, 3, 4, 38, 42, 50). Studies have
shown the potential of endogenous as well as exogenous
growth factors in promoting neural cell proliferation under
both in vivo and in vitro conditions (2, 10, 52). Of importance,
our laboratory showed that intraventricular infusion of GDNF
or IGF-1 significantly increases transient MCAO-induced pro-
genitor cell proliferation in the rat brain (10). Gene transfer of
BDNF and FGF-2 was also shown to stimulate neurogenesis in
the adult rodent brain (2, 5, 52).

The combination of EGF and FGF-2 is considered essential
for the multiplication of cultured neurospheres (7, 31, 49).
Furthermore, EGF or FGF-2 alone was shown to stimulate
neurogenesis only to a limited extent in vivo (9, 22, 26, 29). A
recent study demonstrated that the infusion of EGF and FGF-2
into the striatum of a rat model of Parkinson’s disease leads to
proliferation and differentiation of adult neural progenitor
cells (48). Nakatomi et al. (30) showed that infusing a combi-
nation of FGF-2 and EGF during the first week after global
ischemia in rats increased the progenitor cell proliferation and
differentiation into neurons. In the present study, we com-
bined both of these factors to effectively recruit the endoge-
nous progenitor cells after focal cerebral ischemia. These re-
sults promisingly show that the combination of EGF and
FGF-2 not only promotes progenitor cell proliferation but also
maturation into a neural phenotype in the ischemic brain. The
differences between Nakatomi et al.’s study and our study
might be due to the different animal models used. Nakatomi
el al. used a global ischemia model in which the CA1 neurons
were subject to ischemia. We used a focal ischemia model with
no obvious hippocampal cell death. Therefore, any effect on
DG cells in our model must be the result of a remote effect
from the region of ischemia. We believe that growth factor
diffusion may be such a remote effect. We noticed that, in
growth factor-infused rats, the SVZ showed a significantly
increased number of progenitor cells per square millimeter
compared with the DG on Days 5 and 21. This might be
because of the ventricular infusion of growth factors and/or
more expression of the EGF and FGF receptors on neuronal
precursor cells of the SVZ than the DG. The BrdUrd-positive
cell number decreased at Day 21 in all groups, which might be
due to both continued migration from the region and cell
death.

We observed that many BrdUrd-positive cells in the DG and
SVZ were DCX-positive (early neuronal marker) at 5 days of
reperfusion in the growth factor-infused ischemic rats. The
DCX/BrdUrd double-positive cell number decreased signifi-
cantly at the end of the 3rd week of reperfusion. Furthermore,
the BrdUrd/NeuN double-positive cells (newly proliferated
cells that mature into neurons) were not significantly greater
in number in the growth factor-treated/ischemic rats com-
pared with CSF treated/ischemic rats. We assume that some
of the cells proliferated after ischemia have the potential to
mature into neurons at the early time point but might have
died or migrated, attenuating the net effect of ongoing matu-
ration. Cells stained with NeuN are usually considered ma-

FIGURE 7. Representative fluorescent immunostained brain sections sub-
jected to NeuN/GFAP/BrdUrd triple staining showing the NeuN/BrdUrd
double-positive mature neurons in the DG at 5 days of reperfusion (A)
and 3 weeks of reperfusion (B) in the growth factor-infused ischemic
group. C, High-magnification image of A showing the absence of GFAP/
NeuN double-positive cells in the growth factor-treated ischemic rats. D,
Confocal stacked image; XY and YZ reconstructions confirming the
NeuN/BrdUrd double-positive nature of the cell showed in C. Scale bars
are 90 �m for A and B; 30 �m for C; and 10 �m for D. NeuN, neuronal
nuclear protein; GFAP, glial fibrillary acidic protein; DG, dentate gyrus.
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ture neurons (2, 10, 13, 14, 21, 27, 30). These cells are immu-
nologicaly neuron-like but with electrophysiological
investigation may be determined to be functional neurons (37,
41).

None of the newly proliferated progenitors in the ischemic
brain matured into GFAP. The reason for this is not known.
Thus, it seems that EGF � FGF-2 might aid proliferation more
than survival and maturation of the progenitor cells in the
post-ischemic brain.

In conclusion, our results show that the infusion of a com-
bination of EGF and FGF-2 increases neuroproliferative poten-
tial in both the SVZ and DG after focal cerebral ischemia.
Taken together with our previous studies showing the bene-
ficial effects of IGF-1 and GDNF, this furthers our understand-
ing of the processes that control neurogenesis and may, in the
future, allow its modification for clinical recovery after isch-
emia.
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Both focal and global ischemia have been shown to result in in-
creased progenitor cell proliferation in the rodent brain. The main
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(SGZ) of the hippocampal dentate gyrus (DG) and the rostral sub-
ependymal layer of the lateral ventricle (subventricular zone [SVZ]). A
variety of external stimulators have been shown to enhance this
observed effect. In this study, the authors examine the effect of intra-
ventricular infusion of epidermal growth factors (EGF) and fibroblast
growth factor-2 (FGF-2) on endogenous neural progenitor cell prolif-
eration in these two major neuroproliferative regions after transient
focal ischemia. In this model, the middle cerebral artery of the rat is
transiently occluded. As stated, the authors chose to examine the
effect of the experimental infusion on the proliferation and maturation
of progenitor cells, which are the first two steps in the hypothetical
repair process after ischemic injury. The results of the study clearly
demonstrate that specific growth factor infusion enhances post-
ischemic progenitor cell proliferation and maturation. The effect of
EGF and FGF-2 delivered in a similar manner on the hippocampal
pyramidal neurons has been demonstrated elegantly in a previous
report by Nakatomi et al. (1). However, that study differs from the
current one in that the previous paper used a global ischemia model
rather than a focal ischemia model. In addition, Nakatomi et al. did
not examine the effect in the SVZ. As the authors point out, focal and
global ischemia models differ in that in the focal model, the areas in
the brain that provide the progenitor cells are not rendered ischemic.
This paper adds to our understanding of the process underlying the
response of endogenous progenitor cells to ischemia and the potential
benefits of exogenous infusion of growth factors to optimize this
response for clinical benefit in stroke patients.
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happen until just a decade ago when Luskin (9) described neu-

rogenesis in the anterior portion of the SVZ in postnatal mice, Lois and
Alvarez-Buylla (4) demonstrated neurogenesis in the adult mouse
SVZ, and Altman and Das (1), Cameron et al. (2), and Kuhn et al. (6)
verified the presence of neurogenesis in the dentate gyrus (DG). This
was later confirmed in humans (4). Additionally, it is known that
ischemia and traumatic brain injury can promote cell proliferation in
rodent brain (3, 10). More recently, growth factors (like FGF-2 and
EGF) have been involved in promoting progenitor cell proliferation, in
vitro and in vivo (1, 5).

In this study, Türeyen et al. showed evidence that intraventricular
infusion of EGF�FGF-2 promotes progenitor cells proliferation and
neuronal maturation in the DG and SVZ of rats submitted to focal
ischemia. These results indicate that, at least in the non-primate brain,
neurogenesis can be modulated and optimized. The importance of
these results for the development of new modalities of treatment is
clear for several neurological diseases. However, a better understand-
ing of the involved modulatory mechanisms and how new neurons
are integrated into a pre-established neuronal circuitry are critical
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It is now quite well established that new cells may arise in the central
nervous system of adult mammals, including humans, although

adult neurogenesis may mainly be limited to two regions/niches in

the brain, the SVZ and the DG of hippocampus. In a clinical setting,
this opens new possibilities of treating brain ischemia either by trans-
planting stem cells that may replace the damaged tissue or by stim-
ulating endogenous neurogenesis.

It is already known that neurogenesis is stimulated by brain isch-
emia, and in the present study, the authors ask an interesting and
highly relevant question regarding the putative use of endogenous
stem cells in stroke therapy: do exogenous EGF and FGF-2 stimulate
proliferation and differentiation of neural progenitors in the stem-cell
niches of adult rats following stroke? The experimental model with
transient middle cerebral artery occlusion is relevant for the addressed
problem, and they have also controlled the level of ischemia using
laser Doppler flowmetry.

The authors found that the growth factor infusion increased prolif-
eration (5-bromodeoxyuridine [BrdU] positive cells) in both regions at
day 5 of reperfusion, but this was not evident (and vaguely presented
in the abstract) in the DG after 3 weeks. The latter finding could, of
course, be explained by increased migration out of the niche. Inter-
estingly, the growth factor treatment also seemingly diverted the fate
of the stem/progenitor cells as early as 5 days after focal ischemia, as
cells positive for doublecortin (immature neuronal marker) and BrdU
were increased in both regions, while no GFAP (astrocytes)/BrdU
positive cells were found. This is interesting as astrocytes are known
to provide the scaffold for neuronal growth, migration, and matura-
tion. However, the results based on neuronal nuclear protein as the
only marker of mature neurons are not conclusive. Positive staining
for neuronal nuclear protein only suggests terminally differentiated
neurons, and the only incontrovertible identification of functional
neurons is via electrophysiological recordings. Thus, further studies
revealing how simultaneous or individual application of these growth
factors influence and promote proliferation, migration and functional
differentiation of stem/progenitor cells after focal ischemia are cru-
cial.

Morten C. Moe
Mercy Varghese
Iver A. Langmoen
Oslo, Norway
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OBJECTIVE: Malignant gliomas are prominent targets for cancer gene therapy
approaches because of their poor prognosis despite all available therapies. Endo-
thelial cells (ECs) are considered attractive vehicles for cell-based gene therapy
because of their tropism to the tumor vasculature. In this study, we investigated the
potential of ECs to incorporate into glioma vessels after intra-arterial or local
application to establish whether ECs can be used as cellular vectors for gene
therapy in gliomas.
METHODS: Immortalized rat brain endothelial cells (BECs) were modified to
express either �-galactosidase or green fluorescent protein (GFP). The ability of
transduced BECs to integrate into tumor vessels after interstitial implantation was
evaluated in C6 and 9L glioma models. The fate of GFP-BECs was investigated after
selective intracarotid injection into C6 tumor-bearing animals.
RESULTS: The interstitially grafted BECs organized themselves into vascular-like
structures and integrated into the tumor vasculature. Transgene expression was
limited to 10 days after injection. After selective intra-arterial injection, numerous
GFP-BECs were adherent to the vascular lumen at least 7 days after injection. These
cells were evenly distributed within small vessels and capillaries of the injected
hemisphere and did not home selectively to the tumor vessels.
CONCLUSION: Cell-based therapy approaches to brain tumor treatment using
BECs as cellular vectors might be hampered by the rapid downregulation of
transgene expression and by the fact that these cells do not home specifically to
tumor vessels after intra-arterial injection. Nevertheless, locoregional administra-
tion of BECs might be an interesting approach for delivering molecules to brain
tumors when short-term expression of transgene in the perivascular space is
desirable.

KEY WORDS: Angiogenesis, Brain tumors, Delivery system, Endothelial cells, Gene therapy, Glioma
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The use of endothelial cells (ECs) as cell-based vehicles for
antitumor strategies has been pursued in the literature
for many years (4). In this scenario, ECs were success-

fully used as cellular vehicles for the delivery of cytotoxic
genes (12) and cytokines (8) for the treatment of carcinoma of
the ovary or for experimental glioma. Ojeifo et al. (10) re-
ported that intravenously administered endothelial cells can
selectively accumulate, survive, and incorporate into sites of
active angiogenesis. Recently, Koizumi et al. (3) found that
human aortic and umbilical vein ECs (HUVECs) administered
into murine tumors possess the potential to form vascular
networks in various tissues. Roni et al. (13) described that
�-galactosidase-transduced HUVECs coinjected with human

ovarian carcinoma cells scattered throughout the tumor tissue
and that more than 50% of the vasculature contained �-gal-
positive cells.

Although these studies provided substantial evidence that
endothelial cells are able to home into sites of angiogenesis in
different settings, it still remains to be elucidated whether
intracerebral growing tumors can also be targeted by systemic
injection of endothelial cells. The goal of this study was to
evaluate the feasibility of the use of immortalized brain ECs
(BECs) for tumor vascular targeting gene therapy. To this end,
we investigate the fate of intra-arterially injected BECs in
animals bearing an intracerebral brain tumor. Taking advan-
tage of the confocal laser imaging, we further examined the
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localization of interstitially implanted BECs relative to the
tumor vasculature to determine whether transplanted ECs
have the capacity to integrate with the host-derived endothe-
lial cells.

MATERIALS AND METHODS

Cells

Cell Lines

The C6 rat glioma cell line was obtained from the American
Type Culture Collection (Manassas, VA) and grown in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. GS9L rat gliosarcoma cells were a gift from
Tom Budd (St. Lawrence University, Canton, NY) and were
grown in Roswell Park Memorial Institute and were supple-
mented with 10% fetal calf serum. The GP�E86 (3T3)-based
retroviral packaging cell line was grown in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen Corp., Carlsbad, CA) con-
taining 10% fetal calf serum (Invitrogen Corp.).

Immortalized Endothelial Cells

Immortalized rat BECs were provided by Dr. Marion
Schneider (Department of Anesthesiology, Section of Experi-
mental Anesthesiology, University of Ulm, Germany). BECs
were isolated from adult Sprague-Dawley rats by use of me-
chanical and enzymatic digestion. Endothelial cells were im-
mortalized by exposing the cells to a low dose of 5-azacytosine
(10�8 mol/L) for 5 days as described previously (7). The
resulting parent cell line was grown to confluence and char-
acterized by flow cytometry. Accordingly, this cell line ex-
pressed receptors for Ulex europaeus lectin �30%, Dil-Ac-LDL
�70%, EN7/44 (endothelial and proliferation marker) �80%,
and factor VIII �40%. These cells maintained EC phenotype
and in vitro proliferation characteristics after at least 30 pas-
sages, showing no signs of cell senescence.

Transfection of Immortalized Endothelial Cells

We established BEC-LacZ by transducing the rat immortal-
ized BECs with retrovirus supernatants, which express the
reporter gene LacZ (provided by Professor Seppo Ylä-
Herttualla, A.I. Virtanen Institute and Department of Medi-
cine, University of Kuopio, Finland). Cells were grown in
medium containing 0.4 mg/ml G418. Once expanded, LacZ-
transfected BECs were harvested as a mixed population,
labeled with the fluorescent �-gal substrate fluorescein di-�-
d-galactopyranoside (FDG), and selected by fluorescence-
activated cell sorting (FACS) (9). After two cycles of FACS
sorting, approximately 98% were positive for �-galactosidase.

For confocal analysis, we transfected BECs with a plasmid
encoding the enhanced green fluorescent protein (pEGFP-N1,
Clontech Laboratories, Inc., Palo Alto, CA). Once expanded,
BECs were harvested as a mixed population and submitted to
the FACS sorter. To achieve a high expression of GFP, we
repeated this procedure at least twice. After the second FACS

sorter step, a uniform and intense expression of GFP in nearly
100% of the cells was achieved. To obtain a stable expression,
transfected BECs were cultured further in medium containing
0.4 mg/ml G418.

The mock transfectant (BEC-LXNull) was generated by in-
fecting BECs with a virus supernatant of ecotrophic retrovirus
producer cells transfected with a retroviral vector plasmid
without transgene as described previously (6). Medium sup-
plemented with 0.4 mg/ml G418 was used to select resistant
clones. Positive clones were confirmed by Northern blot for
neomycin resistance.

Characterization of the Phenotype of Immortalized
Endothelial Cells

After transfection, immortalized endothelial cells were ex-
amined for maintenance of endothelial cell phenotype as
follows.

Uptake of Ac-LDL

Cells evaluated for uptake of Ac-LDL were incubated with
5 �g/ml of DiI-Ac-LDL (Harbor Bio-Products, Norwood, MA)
at 37°C for 4 hours. At the end of incubation, cells were
washed twice with serum-free medium and visualized with
standard rhodamine excitation/emission filters.

Immunofluorescence Analysis

For evaluation of the expression of the endothelial specific
marker von Willebrand factor (vWF), cells were fixed with
acetone-methanol for 7 minutes at �20°C, followed by incu-
bation with 1% BSA in phosphate-buffered saline (PBS) and
incubation with the following primary antibodies: anti-vWF
(Dako, Glostrup, Denmark), dilution 1:100, and anti-smooth
muscle actin (Dako), dilution 1:50, for 1 hour at room temper-
ature. Subsequently, cells were incubated with Cy3- or FITC-
labeled secondary antibodies, counterstained with DAPI, and
examined under a Zeiss Axiophot microscope (Carl Zeiss, Inc.,
Göttingen, Germany).

Tubulogenesis In Vitro Assay

A 24-well plate that had been prechilled was carefully filled
with Matrigel basement membrane matrix (Becton-Dickinson,
Bedford, MA) (200 �l/cm2 of growth surface) with a cold
pipette. The Matrigel was allowed to polymerize for 1 hour at
37°C. Transfected and untransfected BECs were layered (105

cells/well) on top of the gel. The wells were visualized and
photographed after 6 hours and 24 hours by use of an inverted
microscope (Axiovert 200 MAT, Zeiss).

Northern Blot Analysis

Ten micrograms of total ribonucleic acid (RNA) was elec-
trophoresed on a 1% agarose/formaldehyde gel, photo-
graphed, capillary-blotted onto nylon membranes, and UV
cross-linked. The murine cDNA fragments encoding for the
endothelial receptors Tie-2, Flk-1, and Flt-1 genes were labeled
with random primer labeling kit (Stratagene, La Jolla, CA)
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using 32P-labeled deoxycytidine triphosphate. The filters were
hybridized in Quick-Hyb (Stratagene) for 1 hour at 68°C and
washed extensively at high stringency. Filters were exposed to
Biomax R (Amersham Biosciences, Freiburg, Germany).

Animal Model

Tumor and Endothelial Cell Implantation

All animal experimental procedures were performed in
strict accordance with protocols approved by the local insti-
tutional animal care and ethics committee. Adult Sprague-
Dawley or Fischer 344 rats (weighing 200–250 g) were ster-
eotactically grafted (Kopf stereotactic frame, Tujunga, CA)
under anesthesia with ketamine (10 mg/kg) and xylazine (100
mg/kg).

Confluent cells were trypsinized and resuspended in appro-
priate volumes of 0.1 mol/L phosphate buffer, pH 7.4 (PBS),
immediately before implantation. Before grafting, BEC-
LXNull were labeled with CM-DiI (Molecular Probes, Eugene,
OR) according the manufacturer’s instructions.

For intracranial tumor implantation, GS-9L (105, in Fischer
344 rats) or C6 (105, in Sprague-Dawley rats) glioma cells alone
or together with BEC-LacZ or BEC-GFP were coimplanted
stereotactically into the right caudate in a ratio of 1:2 (tumor
cells to endothelial cells). For X-gal staining controls, the mock
transfectant BEC-LXNull or BEC-WT and tumor cells were
implanted into the contralateral hemisphere. Three animals
were analyzed per group. Animals were sacrificed at varying
intervals (7, 10, and 14–18 d).

For �-galactosidase detection, rats were anesthetized and
perfused transcardially with PBS. Brains were removed and
immediately frozen in prechilled methylbutane. For detection
of GFP and CM-DiI, rats were perfused with PBS followed by
perfusion with 4% paraformaldehyde, and the brains were
postfixed in 4% paraformaldehyde (for GFP and CM-DiI de-
tection) for 24 hours.

Selective Intra-arterial Injection

To evaluate whether incorporation of BECs into the tumor
microvascular bed occurs after selective intra-arterial injec-
tion, C6 cells (105) were implanted stereotactically into the
right caudate from Sprague-Dawley rats. Five days later, rats
were reanesthetized, and the right common carotid artery
(CCA), the external carotid artery (ECA), the internal carotid
artery (ICA), the pterygopalatine carotid artery, and the thy-
roid artery were dissected free by use of microsurgical tech-
niques. After temporary clipping of the CCA and ICA, the
pterygopalatine carotid artery and ECA were ligated, and a
catheter (0.025 mm inner diameter, Braintree Science, Brain-
tree, MA) was introduced from the stump of the ECA until the
bifurcation of CCA. The clips were removed to test the free
passage of the fluid, and the catheter was secured with 7-0 silk
sutures. BEC-GFPs (5�105) were injected in 1 ml of pre-
warmed PBS containing 5 IU heparin. Before injection, cells
were filtered through a cell strainer (30 �m). After injection,
the catheter was flushed with saline, and after temporary

clipping of the CCA and the ICA, the catheter was removed
and the ECA stump was coagulated. Soft tissues were closed
with absorbable sutures. Rats (three per group) were sacrificed
at different intervals after intra-arterial injection (4, 24, and
72 h and 7 d).

Tissue Preparation, Histochemistry,
and Immunohistochemistry

Detection and Localization of BEC-LacZ

Cryosections (15 �m) were fixed in 2% paraformaldehyde in
PIPES buffer (pH 6.9), rinsed three times in PBS, and incubated in
PBS containing 5-bromo-4-chloro-3-indolyl-�-d-galactosidase (X-
Gal) at 0.5 mg/ml, 20 mmol/L potassium ferricyanide, 20
mmol/L potassium ferrocyanide, and 2 mmol/L MgCl2. Sections
from animals implanted with BEC-WT or BEC-LXNull were
used as negative control. After X-gal reactions, sections were
blocked for nonspecific antibody binding with 2% normal goat
serum followed by incubation with rabbit anti-laminin (1:4000)
(Sigma, Diesenhofen, Germany), rabbit anti-Ki-67 (1:50) (Dako),
mouse anti-rat CD31 (1:100) (Serotec, Oxford, UK), and rabbit
anti-human vWF (1:200) (Dako). After three washes with PBS,
sections were incubated with biotinylated goat anti-rabbit or
biotinylated goat anti-mouse antibodies (Vector Laboratories,
Burlingame, CA) and avidin-biotin complex reagent (Vector
Laboratories) followed by 3,3-diaminobenzidine (Vector
Laboratories) according to the manufacturer’s instructions. The
specificity of peroxidase reaction was confirmed by the absence
of staining when the primary antibodies were omitted or by
incubation with unspecific immunoglobulins. Photomicrographs
were taken with Axioplan 2 Imaging and Axion Vision 3 Soft-
ware (Zeiss).

Detection and Localization of BEC-GFP and CM-DiI
Labeled BECs

Coronal sections (60 �m) were cut on a Vibratome (Leica
VT100OS, Wetzlar, Germany). Free-floating sections were in-
cubated with the following antibodies and dilutions: rabbit
anti-vWF, Dako (1:200); rabbit anti-laminin, Sigma (1:4000);
rabbit anti-Ki-67, Dako (1:50); and rabbit anti-GFP, Clontech
(1:100). Sections were then incubated with Cy3-labeled goat
anti-rabbit (Jackson ImmunoResearch, West Grove, PA) (for
tissue implanted with BEC-GFP) or Cy2-labeled goat anti-
rabbit (Jackson ImmunoResearch) (for tissues implanted with
CM-DiI–labeled BECs), mounted, and analyzed with krypton-
argon laser scanning confocal imaging system (Leica TCS NT).
CM-DiI and Cy3 fluorescence was imaged with excitation at
547 nm and emission above 572 nm. GFP and Cy2 staining
were imaged with excitation at 495 nm and emission at 510
nm. Microscopic data were acquired with an �20 objective or
with an �40 oil-immersion objective lens.
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RESULTS

Integration of Transduced Immortalized Endothelial
Cells into Host Vasculature

In this study, immortalized endothelial cells were geneti-
cally modified to express GFP or LacZ. Having established
that after transfection, immortalized endothelial cells retained
the endothelial cell phenotype, including the expression of
vWF and uptake of Ac-LDL (Fig. 1A), the ability to form
vascular structures in three-dimensional matrix (Fig. 1B), and
the expression of the endothelial receptors Flk-1, Flt-1, and
Tie-2 (Fig. 1C), we used these cells to explore endothelial cell

engraftment after interstitial application in GS9L and C6 rat
glioma models in vivo.

The �-gal reaction product was identified in glioma coin-
jected with BEC-LacZ collected at Day 7 and at Day 10 after
implantation. We found BEC-LacZ cells in clusters or distrib-
uted diffusely throughout the tumor, including the infiltrating
margins, but transfected cells did not migrate out of the tumor
border (Fig. 2, B and E). Interestingly, LacZ-positive cells
showed no detectable or only very faint immunostaining for
vWF or CD31 in comparison with host endothelial cells. Light
microscopic examination of tumors stained with either anti-
laminin or anti-vWF revealed numerous engrafted LacZ-
positive cells closely associated with small tumor vessels lying
outside the vessel lumen (Fig. 2, B and D). Importantly, control
tumors completely lacked �-gal staining (Fig. 2, A and D). To
further characterize the relationship between engrafted BECs
and tumor vascular elements, we performed confocal laser

FIGURE 1. In vitro characterization of rat BECs. A, the phenotype BEC
after transfection was confirmed by the presence of receptors for the acety-
lated form of low-density lipoprotein (Ac-LDL) as judged by the uptake of
fluorescent Ac-LDL (left) and by the expression of the endothelial cell–spe-
cific marker vWF (right) (original magnification, �160 and �100). B,
BECs formed tube-like structures in vitro. BECs were plated in 24-well
plates coated with Matrigel basement membrane and visualized with an
inverse microscope after 6 hours (left) and 24 hours (right). C, northern
blot analysis of endothelial cell receptor expression (Flk1, Flt-1, and Tie-2)
in BECs. Total RNA (10 �g each lane) was electrophoresed, transferred to
nylon membrane, and hybridized with 32P-labeled cDNA. Lane 1, NIH-
3T3 cell RNA (negative control); lane 2, primary rat BEC RNA (positive
control); lane 3, untransfected BEC RNA; lane 4, BEC-LacZ RNA.
Hybridization to the actin probe demonstrates loading of the lanes.

FIGURE 2. Histochemical analysis of rat tumors implanted with BEC-
LacZ harvested 7 days after transplantation. Intracerebral tumor sections
were stained either with X-gal and vWF (A–C) or with X-gal and laminin
(D–F). A and D, control tumors implanted with BEC-WT completely lack
X-gal staining. B and E, numerous blue cells interspersed with tumor cells
were found in clusters or scattered throughout the tumor, including the
infiltrating margins, but did not migrate out of the tumor border (red
line). C and F, high magnification of boxed areas showing �-gal–express-
ing cells closely associated with tumor vessels.
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microscopy using endothelial cells transfected with the en-
hanced GFP (BEC-GFP).

Of particular interest was the appearance of capillary-like
structures consisting of linearized GFP-expressing cells (Fig.
3A). The majority of GFP-expressing endothelial cells were
associated with tumor vessels (Fig. 3, B and C). The grafted
BECs were seen to interact closely with perivascular elements,
the majority lying outside the basal membrane, which was
stained with an anti-laminin antibody (Fig. 3D). Very few
GFP-expressing cells intercalated with the host endothelium
(Fig. 3, E and F).

In Vivo Survival, Proliferation, and Transgene
Expression of Transfected BECs in Brain Tumors

After engraftment with tumor cells, we detected X-gal–
stained cells in all grafted animals killed at Day 7 and at Day
10 after implantation. Neither GFP nor LacZ transgene expres-
sion was seen at later time points (Table 1). To find out whether
the loss of transgene expression was because of cell death or

because of transgene inactivation, we coinjected tumor cells
with the mock-transfected BECs (BEC-LXNull) labeled with
CM-DiI (Table 1). We found numerous fluorescent cells
throughout the tumor at the time point at which animals
developed symptoms related to tumor growth (between Days
14 and 18 after implantation) (Fig. 4A), indicating that the
failure to detect GFP or LacZ expression was not because of
cell death but rather of transgene expression inactivation.

To investigate the ability of endothelial cells to proliferate in
a growing tumor, Vibratome sections were stained with an
antibody against the proliferation antigen Ki-67. The colocal-

FIGURE 3. Confocal microscopic localization of BEC-GFP in rat gliomas
in vivo. A, BEC-GFP forming vascular structures (7 d after implanta-
tion). B and C, immunostaining for vWF (red) showing BEC-GFP
(green) lining outside tumor blood vessel. D, longitudinal section of a
blood vessel stained for laminin (red) showing BEC-GFP (green) apposed
to the basal membrane of tumor capillaries. L, capillary lumen. E, immu-
nostaining for vWF (red) showing few GFP-expressing cells (green)
intercalated with the host endothelium. F, high magnification of the boxed
area in E.

TABLE 1. �-Galactosidase and GFP transgene detection at
varying intervals after interstitial applicationa

BEC-
LacZ�C6

Detection of the transgene after interstitial
injection

7 d 10 d 14–18 d 6 wk
8 and 16

wk

BEC-GFP�C6 � � � n.e. n.e.

BEC-LacZ�9L � � � n.e. n.e.

BEC-GFP�9L � � � n.e. n.e.

BEC-WT�9L � � � n.e. n.e.

BEC-LXNull-
CM-Dil�9L

� � � n.e. n.e.

BEC-LacZ � � � � �

a n.e., not evaluated. BEC-LacZ, BEC-GFF, BEC-LXNull-CM-Dil, and
BEC-WT were interstitially coimplanted with tumor cells (C6 or 9L). BEC-
LacZ was implanted alone into the normal brain to evaluate the tumori-
genic potential of these cells.

FIGURE 4. A, identification of CM-DiI–labeled BEC-LXNull (red) in
tumor removed 14 days after implantation. Immunostaining for vWF
using a Cy2-labeled secondary antibody (green). Labeled cells were lying
outside the basal membrane and closely related to perivascular elements. B,
immunofluorescence with anti-Ki-67 (red) demonstrated that BEC-GFP
(green) implanted with glioma tumor cells proliferate as demonstrated by
the coexpression of the proliferation antigen Ki-67 and GFP (yellow).
Note GFP-expressing cells forming a lumen with some erythrocytes inside
(arrowheads).
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ization of GFP and the antigen Ki-67 suggested that implanted
endothelial cells are able to proliferate in tumors (Fig. 4B).

To exclude the possibility that immortalized endothelial
cells can be tumorigenic, we implanted BEC-LacZ into the
caudatus of Sprague-Dawley rats. Histological examination of
brain sections collected 6 weeks after implantation revealed
clusters of LacZ-positive cells that were negative for the pro-
liferation marker Ki-67 (data not shown). Two and 4 months
after implantation, we could not detect LacZ-expressing cells,
suggesting that these cells did not survive periods longer than
6 weeks. No tumor formation was observed during this ob-
servation period (data not shown).

Immunostaining detection of GFP in tumor tissues was
reported to be more sensitive and equally specific compared
with direct tissue fluorescence in demonstrating GFP expres-
sion. For this purpose, we used a rabbit anti-GFP antibody. We
found that immunostaining for GFP overlapped with GFP-
expressed fluorescence and that detection could not be en-
hanced by use of immunocytochemical procedures (data not
shown).

Selective Intra-arterial Injection of BEC-GFP

We further evaluated the fate of GFP-transfected BECs after
selective intracarotid injection in the C6 glioma model. We
sought to determine whether this application method would
bypass the lung retention that occurred after intravenous in-
jection and allow transfected cells to incorporate into the
microvascular bed of established intracranial gliomas. Injected
cells localized in tumor capillaries at the periphery of tumor,
but they also accumulated equally in the normal small brain
capillaries. This finding suggests that attachment of injected
cells to the tumor and brain vasculature appears to be me-
chanically determined. In this setting, we did not find a spe-
cific tropism of injected endothelial cells to tumor vessels (Fig.
5, A and B). After 7 days after injection (the longer time point
after injection evaluated in this study), a few GFP-expressing
cells remained within the capillary lumen and seemed healthy
and viable, forming strings of adherent cells to the host endo-
thelium (Fig. 5, C and D). Histological examination of the
lungs revealed several GFP-positive cells entrapped in the
lung vasculature (data not shown). After injection of high
amounts of BECs (2 � 106), animals developed cerebral infarc-
tion and respiratory distress and were sacrificed after recovery
from the anesthesia.

DISCUSSION

The delivery of therapeutic molecules that interfere with
tumor vascularization and growth might be feasible using
cellular vectors. Genetically manipulated endothelial cells
may represent a promising cell-based approach for drug de-
livery because of their strategic location within the vascular
compartment. The aim of this study was to determine the
feasibility of the use of endothelial cells as cell-based therapy
for intracerebral gliomas. Immortalized BECs were engineered

to express reporter genes to examine their localization and
transgene expression in vivo after different application
methods.

Localization and Survival of Interstitial Implanted BECs

We show here by means of confocal laser imaging that
intracerebral implanted immortalized endothelial cells to-
gether with tumor cells assemble as solid cords having the
capacity to organize in capillary-like structures. In addition,
numerous cells were found interacting with the perivascular
elements, lining the abluminal side or forming multilayers
with host endothelial cells. In a previous study, Lal et al. (5)
reported that implanted allogeneic immortalized endothelial
cells expressing the LacZ gene survive, proliferate, and take
part in the vascularization induced in gliomas after intracra-
nial and subcutaneous inoculation. Furthermore, Quinonero
et al. (11) found that syngeneic immortalized BECs implanted
into normal brain were associated with vascular structures but
did not localize within the host endothelium. Consistent with
this finding, we detected the transduced endothelial cells
closely associated with the vascular wall, but they rarely in-
tercalated within the tumor endothelium. It cannot be ex-
cluded that the immortalization of endothelial cells affects the
expression of genes that normally would mediate the interac-
tion with the host endothelium. In this study, the immortal-
ized endothelial cells did not stain in vivo for endothelial cell
markers such as vWF or CD31 and therefore might have lost

FIGURE 5. Confocal analysis of sections from rats injected intra-
arterially with BEC-GFP. vWF staining (red) shows BEC-GFP (green)
localized in small capillaries in normal brain (A) as well as in tumor tis-
sue (B). Injected BEC-GFP remained in the vascular lumen and seemed
viable (C), forming contacts with the host endothelium (D) on Day 7 after
intra-arterial injection.
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the ability to behave like their nonimmortalized counterparts
with regard to their in vivo behavior, including incorporation
into existing vessels.

Syngeneic nonimmortalized primary endothelial cells might
be more relevant as a tool for studying their homing and inte-
gration ability; however, for therapeutic purposes, immortalized
allogeneic endothelial cells would provide a more uniform and
accessible source of these cells (2). Furthermore, one major hurdle
to the stable genetic manipulation of primary endothelial cells is
their failure to divide readily in culture. Certainly, a possible
disadvantage of the use of transformed cells is the potential
tumorigenicity. In this study, we investigated the tumorigenic
potential of BECs by implanting these cells without tumor cells in
the caudatus of Sprague-Dawley rats. BECs survived for 6 weeks
and were not tumorigenic in vivo.

In tumors, we could not detect transgene expression after 10
days after implantation. Considering that the fluorescence
CM-DiI–labeled cells were detected until animals became ill
(approximately Day 18), the loss of transgene expression was
probably a result of transgene inactivation rather than cell
death or an immunological rejection. Immune privilege in
brain tissues and reduced expression of Class I and II major
histocompatibility complex molecules by immortalized cells
might contribute to the long survival of these cells in this
experimental setting. Thus, although the immunological inac-
tivation of these cells might be negatively interpreted in some
approaches, allogenic systems may be desirable in certain
cytokine-secreting cellular vehicles, because secretion of high
concentrations of cytokines for long periods may lead to sig-
nificant toxic effects (1).

Homing and Survival of Intra-arterial Implanted BECs

In an experimental setting aimed to study the fate of intra-
arterially administered BECs, we injected GFP-expressing
BECs into Sprague-Dawley rats bearing established C6 glio-
mas. Injected BECs accumulated in brain tumor vessels, but
they were found equally in normal brain capillaries. Cells
survived within the capillary bed several days after injection.
The preferential localization of BECs in capillaries in the tu-
mor periphery may reflect the perfusion pattern of the tumor,
because in the hypoperfused tumor core, GFP-expressing
BECs were not found. Injected endothelial cells were detected
particularly in small lumen capillaries and in areas with cap-
illary branching. These findings suggest that injected endothe-
lial cells might be “trapped” in intracerebral tumors or in the
normal brain capillary bed rather than being actively recruited
in response to angiogenic factors elaborated by tumor cells.
The relatively large diameter of rat BECs may substantially
obstruct their transit through the brain vascular bed, thus
favoring mechanical trapping in certain vascular regions. Re-
cently, Roni et al. (13) did not find specific incorporation of
transduced HUVECs into intraperitoneal ovarian carcinomas
when HUVECs were injected systemically. Most of the cells
were retained in the lungs, which caused the death of most
animals early after inoculation. Therefore, the retention of

systemic injected endothelial cells in glioma tumor vessels
seemed to be mechanical and not recruited in response to
angiogenic factors. In the future, approaches using vascular
targeting molecules combined with immortalized endothelial
cells as cellular vehicles may overcome this problem and help
to deliver an effector agent specifically to tumor blood vessels
after systemic application.

In summary, we demonstrate that immortalized endothelial
cells were able to integrate into the abluminal vascular wall of
glioma microvessels after interstitial application; however, si-
lencing of transgene expression occurred in vivo shortly after
implantation. The therapeutic use of endothelial cells for de-
livering molecules to brain tumors might be an interesting
approach when short-term expression and secretion of trans-
gene in the perivascular space are desirable.
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genetic targets, effective and safe routes of administration, appropri-
ate expression vectors, maximal cytotoxicity, and an efficacious deliv-
ery system. To this end, a variety of cells have been used to deliver
gene therapy to malignant brain tumors. There are several advantages
to using the patient’s own cells (i.e., syngeneic cells), but the problems
in harvesting, culturing, genetic modification, and sterilization testing
for each individual patient makes this system expensive and time
consuming, and, therefore, often difficult, if not impossible, to trans-
late into a clinical trial. We and others have advocated the use of
allogeneic cells (e.g., a cell line obtained from other cell sources) as a
means of developing gene therapy that is more readily available,
reproducible, less costly, and, most importantly, less toxic, as allo-
grafts are rejected by patients within several weeks. In addition, a
variety of cell types have been studied as a means of delivering gene
therapy including tumor cells, fibroblasts, dendritic cells, neural stem
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allogeneic endothelial cells as cellular vehicles for the delivery of
various cytotoxic genes and cytokines for the treatment of a variety of
experimental tumors. The rationale for this treatment strategy is that
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genesis. The goal of this study was to evaluate the feasibility of the use

of endothelial cells for tumor vascular targeting gene therapy in rats
bearing either C6 or 9L gliomas. The results indicate that intracarotid
injection of endothelial cells into rats bearing a glioma integrated into
the tumor vasculature. The endothelial cells were also modified to
express either greater than or equal galactosidase or green fluores-
cence protein as a means of identifying the presence of the cells in the
tumor and gene expression. However, the transgene expression was
limited to only 10 days after injection. Furthermore, there was evi-
dence that the endothelial cells were distributed within the small
vessels and capillaries of the injected hemisphere and were not selec-
tive for the tumor vessels. Although the cells are considered to be
immortalized endothelial, the fact that they are allogeneic will also
limit their presence in the host.

Thus, this treatment strategy might be of benefit in delivering
molecules to brain tumors when short-term expression of a particular
gene in the perivascular space is desirable. This is an important and
timely study in the field of neuro-oncology. Perhaps these cells can be
used for therapy when combined with a targeting gene such as a
monoclonal antibody directed at one of the tumor receptors. We look
forward to further studies using this interesting system.
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gene expression is limited to approximately 7 days in vivo. Impor-
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fluorescence protein cells were only on lumen of the cerebral blood
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intracerebral-injected endothelial cells into blood vessels of 9L and C6
gliomas with limited transgene expression. The authors have, in gen-
eral, discussed the limitations of using immortalized cells.
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OBJECTIVE: Nitric oxide (NO) and oxygen free radicals are implicated in the patho-
physiology of traumatic brain injury (TBI). Peroxynitrite formation from NO and
superoxide contributes to secondary neuronal injury but the neuroprotective effects of
nitric oxide synthase (NOS)-inhibitors have been contradictory. This study was under-
taken to examine whether PTtic administration of the (NOS)-inhibitor NG-nitro-L-
arginine methyl ester (L-NAME), and a combination of L-NAME and the nitrone radical
scavenger 2-sulfo-phenyl-N-tert-butyl nitrone (S-PBN) favorable affects neuronal in-
jury in a model of TBI.
METHODS: A weight-drop model of TBI was used. The animals received L-NAME,
S-PBN or a combination of the drugs 15 minutes prothrombin time (PT) and sacrificed
after 24 hours or six days. NOS activity was measured by the conversion of L-[U-
14C]arginine to L-[U-14C]citrulline. Peroxynitrite formation, cellular apoptosis, neuro-
nal degeneration and survival were assessed by nitrotyrosine-, TUNEL-, Fluoro-Jade-
and NeuN–stainings.
RESULTS: eNOS and nNOS activity was significantly reduced in animals that received
L-NAME alone or the combination with S-PBN. iNOS activity or iNOS immunoreac-
tivity was not affected. All treatments significantly reduced neuronal degeneration and
nitrotyrosine immunoreactivity at 24 hours and increased neuronal survival at six days
PT. No differences were detected between L-NAME and L-NAME � S-PBN groups.
CONCLUSION: NO from NOS contributes to secondary neuronal injury in this
TBI-model. PTtic treatment does not inhibit early beneficial NO-related effects.
L-NAME and S-PBN limit peroxynitrite formation, promoting neuronal survival. The
combination of L-NAME and S-PBN was neuroprotective; surprisingly no additive
effects were found on nitrotyrosine formation, apoptosis or neuronal survival.

KEY WORDS: Apoptosis, Brain injury, L-NAME, Neuronal injury, Nitric oxide, Nitrotyrosine, S-PBN

Neurosurgery 57:1272-1281, 2005 DOI: 10.1227/01.NEU.0000187317.32529.06 www.neurosurgery-online.com

Nitric oxide (NO) and reactive oxygen
species (ROS) are implicated in the
pathophysiology of secondary injury

in traumatic brain injury (TBI) (52). NO is
synthesized from L-arginine by three different
nitric oxide synthase (NOS) isoenzymes; en-
dothelial NOS (eNOS), neuronal NOS (nNOS)
and inducible NOS (iNOS) (5, 58, 90) and all
three isoforms are abundant following exper-
imental and clinical TBI (eNOS, nNOS and
iNOS) (10, 9, 85) and in patients with brain
contusions (iNOS) (20). It has been suggested

that NO derived from eNOS is beneficial for
the injured brain (34) whereas effects of
nNOS- and iNOS-derived NO are mainly det-
rimental (28, 35, 37, 38), although recent stud-
ies have contradicted this notion (1, 22, 79).
The pathogenic role of NO produced from
different sources is thus not clear and the ce-
rebral effects of NOS-inhibitors following TBI
may be dependent on NOS isoenzymes and
the time of administration (51, 50, 61, 83, 85,
86). The increased production of reactive oxy-
gen species, ROS, causes widespread oxida-
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tive damage (15, 24, 29, 47, 46, 77) and is an important patho-
logical event following TBI (14). The neurotoxic oxidant
peroxynitrite (ONOO�) is formed by NO and ROS and is
important in the pathophysiology of TBI (26, 87). The present
study was undertaken to further examine neuronal injury and
its relation to peroxynitrite formation in a model of focal TBI,
by treatment with the NOS-inhibitor NG-nitro-l-arginine
methyl ester (L-NAME), the nitrone spin trap agent 2-sulfo-
phenyl-N-tert-butyl nitrone (S-PBN) and the two drugs in
combination. We wanted to determine the effect of L-NAME
inhibition on peroxynitrite formation, cellular apoptosis, neu-
ronal degeneration and neuronal survival, and also assess a
possible additive effect by a combination with L-NAME and a
nitrone radical scavenger (S-PBN) on the same variables. In
order to allow for positive NO-related effects on the cerebral
vessels during the acute ischemic phase, administration of
L-NAME started 15 minutes PT. Finally, the cellular sources of
nitrotyrosine immunoreactivity were examined to assess cel-
lular targets for peroxynitrite related effects.

MATERIALS AND METHODS

Sixty male Sprague-Dawley rats, weighing 250 to 300 g,
were anesthetized by intramuscular injection of 0.2 ml of
Hypnorm (10 mg/ml fluanisone and 0.315 mg/ml fentanyl
citrate) and 0.2 ml Midazolam (1 mg/ml midazolam). In ad-
dition, 0.05 ml of Xylocain (5 mg/ml lidocaine) was injected
subcutaneously in the sagittal midline of the skull before the
skin incision was made. The rats were placed in a stereotactic
frame and a craniotomy (2 mm in diameter) was drilled under
microscopic guidance at a point 2 mm posterior and 2 mm
lateral and left to bregma. The bone was stored in saline
during the procedure. A small, standardized parietal contu-
sion was produced with a weight-drop model modified after
Feeney (17, 32). The skull bone from the craniotomy was
replaced and fixed with dental cement (The Bosworth Com-
pany, Belmont Industrial Estate, Durham, England). Four rats
were sham-operated. The NOS-inhibitor NG-nitro-l-arginine
methyl ester (L-NAME) is biologically stabile for 16 days (66).
Osmotic minipumps (Azlet model 2004) were used to infuse
100 mmol/L L-NAME (Sigma), diluted in sterile phosphate
buffered saline (PBS) into the lateral ventricle. The dosage was
optimized from experimental studies on CNS (66). The tip of
the infusion kit was placed into the right lateral ventricle
according to following stereotactical coordinates: 0.9 mm pos-
terior, 1.4 mm lateral to bregma, and 3.6 mm below dura
mater. The infusion started 15 minutes PT. The pumping rate
of the osmotic minipump was 0.25 �l/h. 2-sulfo-phenyl-N-
tert-butyl nitrone (S-PBN) was administrated intraperitoneally
100 mg/kg 15 minutes, two and four hours PT, a dose which
was found neuroprotective in studies of focal cerebral injury
(76,88). The animals were divided into five different groups;
Group 1 (n � 14), serving as control group, received PBS.
Group 2 (n � 14) received L-NAME 100 mmol/L (0.025 �mol/
h), Group 3 (n � 14) received S-PBN and Group 4 (n � 14)
received L-NAME 100 mmol/L and S-PBN. The animals were

sacrificed at 24 hours (n � 38) or six days (n � 22) after trauma
by decapitation after anesthesia by intramuscular injection of
0.2ml of Hypnorm (10 mg/ml fluanisone and 0.315 mg/ml
fentanyl citrate) and 0.2 ml Midazolam (1mg/ml midazolam).
The brains for immunohistochemical analysis (n � 40) were
removed, snap frozen in isopentane and stored in �70°C, and
14 �m coronal cryosections were cut through the center of the
traumatized area, dried at room temperature for 1 to 2 hours
and stored at �20°C. Prior to immunohistochemical staining,
the sections were dried at room temperature for 30 minutes,
rehydrated in diluted PBS and fixed in 4% buffered parafor-
maldehyde at room temperature for 10 minutes. Brains for
citrulline assay (n � 16) were quickly removed and frozen in
cold iso-pentane. The contused area was easily recognized and
well-defined in all rats. The contused area and adjacent
grossly normal cortex was dissected out and stored in �20°C.
An equally large piece from the same anatomic area was
dissected from normal brain (n � 4) to serve as control in the
citrulline assay. The local ethics committee approved all ex-
periments.

Citrulline Assay

NOS activity was measured by the conversion of L-[U-14C]
arginine to L-[U- 14 C]citrulline as described (73). Briefly, the
frozen tissue was homogenized in two volumes of ice-cold
buffer containing 320 mmol/L sucrose, 10 mmol/L Hepes, 0.1
mmol/L EGTA, 1 mmol/L DL-dithiothreitol, 10 �g/ml tryp-
sin inhibitor, 10 �g/ml leupeptin, 100 �g/ml phenylmethyl-
sulfonyl fluoride and 2 �g/ml aprotinin (adjusted to pH 7.2 at
20°C with 1 mol/L HCl). The homogenate was centrifuged at
10,000 g for 30 minutes at 4°C and the supernatants were
collected and stored on ice before analysis. To measure the
NOS activity in the supernatants, 20 �l was added to tubes
pre-warmed to 37°C and containing 100 �l of a buffer consist-
ing of 50 mmol/L potassium phosphate (pH 7.2), 50 mmol/L
L-valine, 100 micro M NADPH, 1 mmol/L L-citrulline, 20
�mol/L l-arginine and L-[U-14C] arginine (150,000 dpm) and
1.2 mmol/L CaCl2. Duplicate incubations of each sample were
done for 10 minutes at 37°C in the presence or absence of
either EGTA (2 mmol/L) or EGTA plus N�́-monomethyl-l-
arginine (2 mmol/L each) to determine the levels of the
calcium-independent and the calcium-dependent activities.
The reaction was terminated by removal of the substrate and
dilution with 1.5 ml of 1:1 (v/v) water/Dowex AF 50W-�8
(pH 7.5). Five ml of water was added to the incubation mix
and 2 ml of the supernatant was removed and examined for
presence of L-[U-14C]citrulline by liquid scintillation counting.
The level of citrulline was expressed as pmol per gram of
tissue (wet weight) per minute.

Immunohistochemistry

The sections were fixed in 4% formaldehyde, washed and
incubated in 0.3% hydrogen peroxide to quench endogenous
peroxidase. All primary and secondary antibodies were di-
luted in 1% and 4% bovine serum albumine (BSA), respec-
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tively. The indirect peroxidase method was used for iNOS
stainings. Sections were incubated over night with polyclonal
rabbit anti-iNOS (1/800, Transduction Laboratories, Lexing-
ton, KY). Peroxidase conjugated goat anti-rabbit Ig (Jackson
ImmunoResearch Lab. Inc., West Grove, PA) dilution 1:250
was used as conjugate. Normal goat serum (NGS) was used to
prevent nonspecific conjugate binding. All conjugates were
absorbed with normal rat serum to minimize cross reactivity
with rat Ig. After washing, the bound peroxidase was visual-
ized by incubation for five minutes with a diaminobezidine
(DAB) substrate kit (brown) (SK-4100, Vector Laboratories
Inc., CA). Sections were counterstained with Meyer’s hema-
toxylin (blue), dehydrated and mounted with DPX (Distrene
80, dibutyl phthalate, xylene, BDH Laboratory Supplies Poole,
UK).

For NeuN stainings, a Vectastain Elite avidin-biotinylated
enzyme complex (ABC) peroxidase kit (Vector Laboratories)
was used. In brief, before the sections were incubated with the
polyclonal NeuN primary antibody (1/500, Chemicon Inter-
national, Temecula, CA), blocking serum (PBS plus 0.3% Tri-
ton plus 1% BSA) was used to prevent nonspecific conjugate
binding to the primary antibodies. An avidin-biotin blocking
step was then performed with ABC, to prevent nonspecific
conjugate binding to endogenous biotinylated proteins. The
sections were then incubated with the primary antibody
NeuN overnight at � 4°C. The indirect peroxidase method
was used for detection of the primary antibodies. Biotin-
conjugated goat anti-rabbit immunoglobulin (dilution 1:200;
Jackson ImmunoResearch Laboratories) was used as conju-
gate. The sections were incubated with the ABC standard kit.
The bound peroxidase was detected via incubation with a
DAB substrate kit. Finally, the sections were dehydrated and
mounted with DPX.

Nitrotyrosine is a specific biomarker for peroxynitrite-
induced cellular damage (2), as nitration of the ortho position
of tyrosine is a major product of peroxynitrite (ONOO�) attack
on proteins (41), c (NT) immunoreactivity was assessed at 24
hours PT using immunohistochemistry with NT-specific anti-
bodies (1/200, Upstate Biotechnology, Lake Placid, NY). Sec-
tions were fixed in 4% formaldehyde and the staining proce-
dure was performed according to the immunohistochemisty
protocol from the company, using the indirect peroxidase
method with DAB substrate. Positive and negative controls
were chosen according to the company recommendations. The
sections were counterstained with Meyer’s hematoxylin, de-
hydrated and mounted with DPX.

For double labeling, immunofluorescence technique was
performed. NGS was used to prevent nonspecific conjugate
binding. The sections were incubated over night (�4°C) in a
mixture of NT and primary antibodies for cellular markers
(ED-1; 1:4000, Serotec. W3/13; 1:1000, Sera-Lab. NeuN 1:500,
Chemicon. GFAP 1:500 provided by Professor V. Peter Collins,
Dept. of Pathology, Karolinska Hospital), produced in differ-
ent species. After washing, a mixture of fluorescein
isothiocyanate-(FITC) and indocarbocyanine-(Cy3) conjugated
Fab2 fragments, with appropriate species reactivity, was ap-

plied for 1 hour. After washing, the slides were mounted with
Glycerol:PBS. Appropriate positive controls were chosen for
all primary antibodies, BSA 1% instead of primary antibody
was used as negative control.

Fluoro-Jade Staining

Fluoro-Jade is a fluorochrome capable of selectively stain-
ing degenerating neurons (75). Stainings for Fluoro-Jade were
performed to detect neuronal degeneration in the experimen-
tal groups after trauma. Prior to staining, the sections were
dried at room temperature for one hour, fixed in 4% buffered
proformaldehyde for 10 minutes at room temperature. After
washing in PBS, the sections were rinsed in distilled water and
incubated with 0.00002% Fluoro-Jade in 0.1% acetic acid for 30
minutes in room temperature in coplin jar on shaker. After
washing in distilled water, sections were dried on hot plate
(approximately 50°C) and mounted with DPX.

TUNEL Staining

The sections were prepared the same way as described for
immunohistochemistry except that they were post-fixed in
ethanol: acetic acid 2:1 for five minutes at �20°C prior to the
staining procedure. The TUNEL reaction was carried out with
the �In situ cell death detection kit, fluorescein� (Boehringer
Mannheim, Bromma, Sweden) at 37°C for 30 minutes. The
slides were washed in PBS and mounted with Glycerol: PBS
(2:1) and stored at � 4°C. Fluorescence double labeling for
TUNEL and neuronal cell marker NeuN was performed. The
same TUNEL procedure was followed, but before mounting,
the sections were incubated with NGS for 30 minutes and the
primary antibody for NeuN was applied and incubated over
night at � 4°C. After washing, an indocarbocyanine (Cy3)-
conjugated donkey anti-mouse Fab2 fragments (Jackson Im-
munoResearch Lab. Inc., West Grove, PA) dilution 1:800 was
applied for one hour. The sections were thereafter washed and
mounted with Glycerol: PBS.

Evaluation of iNOS and NT Staining

iNOS- and NT-positive cells were analyzed in light micros-
copy (Leica DM400B™) under high power (40�) in the area
illustrated in Figure 1. Four consecutive sections from each
animal were stained for iNOS or NT, respectively, analyzed
and averaged to constitute one observation. Morphological
criteria were used when counting iNOS-positive cells. Evalu-
ation for NT staining was performed only within the contu-
sion and the penumbral zone. The level of NT staining was
thereafter scored as described by Hooper et al. (33); 0 � none;
1 � �10 positive discrete loci of staining in a brain coronal
cross section; 2 � �10 � 50 scattered discrete loci or areas of
weak staining; 3 � extensive areas of strong staining. For
evaluation of the proportion of NT and coexpression with
W3/13 or NeuN, a total of 50 NT positive cells, randomly
chosen from the penumbra, per treatment group and respec-
tive cellular marker double stained for NT were counted.
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Evaluation of Fluoro-Jade and TUNEL Staining

Evaluation of Fluoro-Jade and TUNEL staining was per-
formed using a Leica DMRB™ fluorescence microscope with
Leica filter cube L4 (excitation filter: 450-490 nm, suppression
filter: 515-560 nm). Cells positive for Fluoro-Jade and TUNEL,
respectively, was analyzed under high power (40�) in the area
illustrated in Figure 1. Two consecutive sections from each
animal stained for Fluoro-Jade and TUNEL, respectively, were
analyzed and averaged to constitute one observation. Two
consecutive sections from each animal stained for TUNEL
were analyzed and averaged to constitute one observation.
Similar to earlier observations following experimental TBI (12,
71), TUNEL-positive cells exhibited both apoptotic and non-
apoptotic morphologies. Cells were differentiated as being
apoptotic and non-apoptotic based on TUNEL-positive stain-
ing together with specific histological determination of two or
more of the classic morphological hallmarks of apoptosis;
membrane webbing, chromatin condensation, nuclear shrink-
age and cytoplasm condensation and disintegration. Conse-
quently, apoptotic cells exhibit intense nuclear staining and
breakdown of the cell surface into spherical apoptotic bodies.
Swollen, diffusely TUNEL-stained cells not exhibiting apopto-
tic morphology were considered to be non-apoptotic. Only
TUNEL-positive cells with apoptotic morphology were
counted.

Evaluation of NeuN-staining

Residual neurons were calculated at the final end-point 6
days after trauma. Evaluation of NeuN-positive cells was
performed using a Leica DM4000B™ light microscopy and
KODAK 1D Image Analysis Software (Eastman Kodak Com-
pany, Scientific Imaging Systems Rochester, NY). Photomicro-
graphs of an area of 1.03 � 1.03 mm were taken under low
power (5�) of the medial and the lateral perilesional cortex,
(including the penumbra) (Fig. 1A) using a Leica DFC 320
camera and Adobe Photoshop 7.0. Photomicrographs (1.03 �
1.03 mm) were also taken in the contra lateral hemisphere to
detect differences of NeuN-expression between the treatment

groups in uninjured tissue (i.e., biological variation or meth-
odological variations in tissue density on the slides from the
cryosectioning procedure). Image analysis of NeuN-positive
cells was performed in KODAK 1D Image Analysis Software
by Regions of Interest (ROI). The number of detected ROIs
from the medial and the lateral penumbral zone were sum-
marized to represent the penumbral zone in general. Three
sections from each animal with an interval of 40�m, at the
same localization in the contusion, were analyzed and aver-
aged to constitute one observation, giving a representative
total number of neurons in the region within each brain.

Evaluation of NeuN and TUNEL Co-Labeled Cells

Double immunofluorescent staining was analyzed using a
laser scanning confocal microscope (LSCM) Leica TCP II.
High-resolution images were taken under a 20� (N/A 0.7)
and 63�-oil-immersion objective lens (N/A � 1.40). The im-
ages were stored at a size of 1024 � 1024 pixels. Sequential
scans were performed to generate Z-stack for 3D-
reconstitution. Alexa 488 fluorophores were exited at 488 nm
and detected in band pass 500–550 nm; Cy3 was exited at 552
nm and detected at 580 to 659 nm. For detection of co-localized
fluorophores, optical sections (0.8 �m or thinner) and/or Z
stacks of images were acquired. Images were assembled with
Adobe Photoshop 8.0.

Statistical Analysis

Data are presented as means standard deviation (SD).
Dunnett’s (one-way analysis of variance [ANOVA]) test was
used for evaluation of calcium dependent- and calcium inde-
pendent NOS activity and morphological data for Fluoro-Jade,
NeuN, TUNEL, NT and iNOS stainings. P � 0.05 was consid-
ered significant.

RESULTS

There was no mortality from the surgical procedure or
differences between the groups in weight at 1 or 6 days PT
(not shown).

NOS Activity and iNOS Immunoreactivity

The levels of citrulline converted from L-Arginine by
calcium-dependent NOS (eNOS � nNOS) at 24 hours after
trauma was significantly reduced in animals treated with
L-NAME or and L-NAME � S-PBN compared to animals
treated with PBS (controls) (Fig. 2A). The levels of citrulline
converted from L-Arginine by calcium-independent NOS
(iNOS) at 24 hours appeared reduced in animals treated with
L-NAME and L-NAME � S-PBN compared to controls but did
not reach statistical significance (Fig. 2A). Single treatment
with S-PBN did not affect average levels of citrulline from
calcium dependent or calcium independent NOS. No signifi-
cant differences were detected between L-NAME and
L-NAME � S-PBN groups. The mean values for citrulline
produced in normal brain from calcium dependent and cal-

FIGURE 1. A schematic coronal section through the brain illustrating the
site of the contusion (gray), the analyzed area for Fluoro-Jade, TUNEL,
iNOS and Nitrotyrosine stainings (striped) and the areas analyzed for
NeuN positive cells in the perilesional cortex (light gray).
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cium independent NOS were 809.3 � 343.3 and 1.5 � 3.0
pmol/g/min, respectively (not shown). The average number
of iNOS-positive cells in coronal brain sections through the
contusion was not significantly different between controls or
treatment groups at 24 hours (Fig. 2C). At six days after

trauma, the number of iNOS-positive cells was low and no
significant differences were detected (data not shown).

Nitrotyrosine

The level of nitrotyrosine (NT) staining at 24 hours after
trauma was significantly reduced for all treatment groups
compared to controls (Fig. 2B). No significant differences were
detected between L-NAME and L-NAME � S-PBN groups.

Cells with strong immunoreactivity for NT were present as
single or clustered cells only in the area of the contusion and
in the penumbral zone and had the morphology of monocytes,
polymorphonuclear cells and neurons. A weak NT labeling
was also seen in cells in the ipsilateral hemisphere, adjacent to
the penumbra. These cells exclusively had the morphology of
neurons or astrocytes. In addition to the traditional cellular
sources for NT monocytes/macrophages and neutrophiles
(ED-1 and W3/13, not shown), NT was also expressed in
astrocytes (GFAP) and neurons (NeuN) (Fig. 3 A and B).
NT-positive cells with neuronal morphology coexpressed
nNOS (Fig. 3C) whereas cells positive for NT with morphol-
ogy of monocytes/PMN’s coexpressed iNOS (not shown). The
proportions (%) of NT-positive cells that coexpressed W3/13
or NeuN respectively in 50 NT-positive cells per group is
presented in Table 1. No statistical analysis was performed due
to the small number of observations.

Neuronal Degeneration (Fluoro-Jade), - Survival
(NeuN) and Cellular Apoptosis (TUNEL)

At 24 hours PT, the number of Fluoro-Jade (FJ)-positive cells
in the traumatized area was significantly reduced in all treat-
ment groups compared to controls (Fig. 2D). L-NAME in
single treatment also reduced the number of TUNEL-positive
apoptotic cells and increased number of remaining NeuN-
positive cells at 24 hours, whereas no differences were de-
tected for S-PBN or the combination of the two drugs (Fig. 2F).
Representative images of the decreased cellular apoptosis

FIGURE 2. (A) Calcium-dependent NOS (eNOS � nNOS) activity was
reduced in all animals that received L-NAME compared to controls.
Calcium-independent NOS (iNOS) activity was reduced compared to con-
trols (PBS) following administration of L-NAME and L-NAME � S-PBN
but however not significant. (B) The levels of nitrotyrosine staining in the
injured area were reduced in animals treated with L-NAME, S-PBN or
the combination of L-NAME and S-PBN at 24 hours after TBI. (C) The
number of iNOS-positive cells was not significantly affected in treatment
groups compared to controls. (D) At 24 hours PT, the number of Fluoro-
Jade (FJ)-positive cells in the traumatized area was significantly reduced in
all treatment groups compared to controls. L-NAME treatment alone also
reduced the number of TUNEL-positive apoptotic cells. (E) At six days
PT, the number of FJ-positive cells was reduced only for the treatment
with combination of L-NAME � S-PBN. (F) L-NAME treatment alone
increased the number of remaining NeuN-positive cells at 24 hours PT,
whereas no differences were detected for S-PBN or the combination of the
two drugs. At six days, increased neuronal survival (NeuN-positivity)
was seen in all treatment groups compared to controls. No significant dif-
ferences were detected between L-NAME and L-NAME � S-PBN groups
for NOS activity, iNOS-, NT-, FJ-, TUNEL-, or NeuN-expression at 24
hours or six days PT (A–F). Data are presented as means � standard
deviation. Dunnett’s (one-way analysis of variance [ANOVA]) test was
used for statistical analysis. P � 0.05 was considered significant. * � P �
0.05; ** � P � 0.01.

FIGURE 3. (A-C) Illustrative fluo-
rescence photomicrographs from the in-
jured area 24 hours after contusion
showing immunohistochemical double
labeling for NT (red), cellular markers
(green) and nNOS (green). NT-
positive cells co-expressing GFAP (as-
trocytes) (A), NeuN (neurons) (B) and
nNOS (C). Scale bars A–C 20 m.
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(TUNEL) and increased neuronal survival (NeuN) seen for
L-NAME compared to controls at 24 hours PT is illustrated in
Figure 4B and 4A, respectively. At six days PT, only the com-
bination of L-NAME � S-PBN, in contrast to single treatment
with L-NAME or S-PBN, reduced the number of FJ-positive

cells (Fig. 2E) whereas increased neuronal survival (NeuN-
positive cells) was seen in all treatment groups compared to
controls (Fig. 2F). The number of TUNEL-positive apoptotic cells
was equal in all groups at six days PT (Fig. 2E). No significant
differences were detected between L-NAME and L-NAME �
S-PBN groups for FJ, TUNEL, or NeuN-expression at 24 hours or
six days PT but the treatment-combination caused a significant
reduction in the number of FJ-labeled neurons when compared
to controls at the six-day time point. No significant differences
were detected in the average number of NeuN-positive cells in
the contralateral hemisphere (un-injured tissue) within controls
or treatment groups except for S-PBN-treated animals at 24
hours, where the number of NeuN-positive cells was slightly
lower (data not shown).

DISCUSSION

In this study we demonstrated neuroprotection by PTtic
treatment with the NOS-inhibitor NG-nitro-l-arginine methyl
ester (L-NAME) and the nitrone radical scavenger 2-sulfo-
phenyl-N-tert-butyl nitrone (S-PBN) in a model of brain con-
tusion. Neuronal degeneration and cellular apoptosis de-
creased whereas neuronal survival increased. L-NAME and
S-PBN reduced the expression of nitrotyrosine. To our knowl-
edge, we are the first to study neuronal effects of PTtic treat-
ment with a combination of a NOS-inhibitor and a nitrone
radical scavenger in experimental TBI. The rationale to com-
bine the two drugs was that limiting both NO- and ROS
production, which are separately implicated in secondary in-
jury involvement following TBI (67, 83) may extend an addi-
tive effect. Surprisingly, we did not find an additional effect
for the combination.

Nitric Oxide and Nitrogen Reactive Oxygen Species in
Brain Injury

NO is involved in the pathogenesis of neuronal damage
after cerebral ischemia and traumatic brain injury (TBI) (83),
Immediately after brain injury, production of NO by eNOS in
the endothelial cells and nNOS in perivascular neurons is
thought to be neuroprotective due to a cerebral blood flow
(CBF) increase from vasodilatation, decreased platelet aggre-
gation and diminished leukocyte adhesion (30, 36). A few
hours after injury, however, excessive amounts of NO pro-
duced by nNOS in parenchymal neurons and by iNOS in
infiltrating leukocytes contribute to secondary neuronal loss in
the injured brain (36, 83, 84). On the other hand, iNOS also
appears to potentiate beneficial effects in TBI (79), while
eNOS-derived NO may increase microvascular damage dur-
ing reperfusion injury (22, 64).

Another important pathological event in the pathophysiol-
ogy of TBI is generation of reactive oxygen species (ROS) (14,
25). ROS causes widespread oxidative damage due to their
ability to induce pathological changes in lipids, proteins,
DNA, membranes and mitochondria (15, 24, 29, 47, 46, 77).
After TBI, increased levels of intracellular calcium and inter-

TABLE 1. Proportion of co-localization of nitrotyrosine and
W3/13 and NeuN at 24 hours in 50 nitrotyrosinepositive cells
per group a

Treatment NT/W3/13 NT/NeuN

PBS 20% 16%
L-NAME 100 mM 18% 7%
S-PBN 16% 18%
L-NAME 100 mM � S-PBN 20% 10%

aData is presented as percentage of 50 NT-positive cell. L-NAME, G-nitro-
L-arginine methyl ester, NT, nitrotyrosine, PBS, phosphate buffered saline,
S-PBN, 2-sulfo-phenyl-N-tert-butyl nitrone.

FIGURE 4. (A-D) Representative confocal images of TUNEL (green) and
NeuN (red) co-labeled cells from the perilesional cortex (penumbral zone)
at 24 hours PT in animals treated with L-NAME (B) and vehicle (PBS)
(A, C, D). The number of TUNEL-positive cells with apoptotic morphol-
ogy was higher in controls (PBS) (A) compared to animals treated with
L-NAME (B). Furthermore, the number of residual neurons was lower in
control animals (A) compared to animals treated with L-NAME alone (B).
Number of apoptotic neurons in the penumbra area was considerably
lower in animals treated with L-NAME (B) compared to PBS treated (A).
(C) High resolution images of apoptotic neurons [NeuN (red) and
TUNEL (green)] from A. (D) Orthogonal projection of cell co-labeled for
neuronal (NeuN, red) and apoptotic (TUNEL, green) markers. Scale bars:
A, B �150m, C, D �35m.
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stitial glutamate (16, 42, 89), may generate ROS (53, 76). Other
potential sources for ROS are free iron from extravasated
hemoglobin, membrane phospholipids, dysfunctional mito-
chondria and infiltrating neutrophiles (27, 56, 57).

One of the most neurotoxic NO- and ROS-related products
is peroxynitrite (ONOO�). Peroxynitrite is formed by rapid
reaction of NO and superoxide anion (O2

�) radicals in a
process limited only by the diffusion rates of the molecules
(69), and the compound is a powerful oxidant that causes
pathological cellular effects through protein tyrosine nitration,
lipid peroxidation, DNA-damage and mitochondrial dysfunc-
tion (31, 40, 70, 72). In neurons, peroxynitrite causes necrosis
and apoptosis (4, 13, 49) and its neurotoxic effects are impor-
tant also in TBI (3, 25, 26, 87). Peroxynitrite in microvessels and
astrocytic end-feet may be implicated in the disruption of
microvascular integrity, and thus contribute to blood-brain
barrier dysfunction and cerebral edema in reperfusion injury
in focal cerebral ischemia (23, 64). One important potential
neuroprotective mechanism of ROS scavengers and NOS in-
hibitors is to reduce peroxynitrite formation by limitation of
one of the substrates (25, 60). A major product from the
reaction of peroxynitrite with proteins is nitrotyrosine (NT)
(41). We used immunoreactivity for NT as a marker for per-
oxynitrite formation. The formation of peroxynitrite cannot be
determined directly due to its short half-life, but the detection
of NT provides evidence of its formation (2). Moreover, NT
has been documented as peroxynitrite marker in experimental
cerebral ischemia (11), and as an indirect indicator of
peroxynitrite-induced damage after TBI in mice and in rat
brain following carbon monoxide poisoning (39, 60).

Pharmacological Modulation of NOS and ROS in Brain
Injury

The arginine analogue L-NAME is a non-selective, competi-
tive NOS-inhibitor acting on the substrate-binding site of the
NOS enzyme (63). L-NAME has been widely used as a pharma-
cological modulator of NOS activity after cerebral ischemia (36)
and penetrates well into the brain parenchyma following intra-
ventricular administration (21). In this study, we initiated the
administration of L-NAME 15 minutes after the trauma, based
on findings from previous experimental studies of cerebral injury
where the neuroprotective properties of L-NAME were related to
the timing of L-NAME administration; Pre- or per-injury-
administration of L-NAME had detrimental effects (9, 68, 83, 84,
91), whereas post-injury-administration of L-NAME had benefi-
cial properties (61, 91). To our knowledge, the effects on neuronal
degeneration, cellular apoptosis and neuronal survival following
PTtic treatment with L-NAME have not been analyzed in exper-
imental TBI.

ROS-scavengers and nitrone spin traps have neuroprotec-
tive properties in experimental brain TBI and focal ischemia
(6, 44, 48, 54, 55, 59). The nitrone spin traps form stabile
adducts with carbon and oxygen centered radicals (7). Re-
cently, soluble nitrones such as NXY-059 and 2-sulfo-phenyl-
N-tert-butyl nitrone (S-PBN), despite their poor blood-brain

barrier (BBB) penetration, have shown robust neuroprotection
in focal cerebral ischemia and experimental TBI (45, 55). This
may reflect that they act on the endothelium or reach brain
parenchyma via a disrupted BBB. BBB-disturbance is a patho-
physiological feature of experimental TBI (81, 82).

NOS Inhibition and Related Neuronal Effects

As expected, citrulline derived from calcium-dependent
NOS (eNOS and nNOS) was reduced in all animals that re-
ceived L-NAME, indicating an inhibitory effect on enzymatic
activity. The citrulline levels from calcium independent NOS
(iNOS) were also lowered but not significantly; L-NAME has
higher affinity for the constitutive isoforms eNOS and nNOS
than iNOS (80). The number of iNOS positive cells was also
unchanged, indicating that L-NAME did not affect iNOS
mRNA expression, which corresponds to the view that
L-NAME acts inhibitory on iNOS activity due to substrate
competition with arginine rather than on transcriptional level
(78, 80). The nitrone PBN (phenyl-butyl-nitrone) was recently
shown to reduce NO production in iron-induced PTtic epi-
lepsy (74). In this study, S-PBN treatment did not, however,
change citrulline levels from calcium dependent or indepen-
dent NOS, which suggest that the S-PBN action on iNOS is
due to a reduced iNOS-mRNA expression (62) rather than
reduced iNOS catalytic activity (43). However, the average
number of iNOS-positive cells was not significantly different
from controls, indicating that S-PBN does not decrease iNOS
expression as efficiently as PBN.

The final end-point for this study was set to six days to
include the peak of parenchymal inflammation (32) which is a
significant source for ROS and iNOS-derived NO thought to
contribute to secondary neuronal injury. Single administration
of L-NAME reduced neuronal injury and cellular apoptosis at
24 hours PT with no effect at six days. However, the number
of surviving neurons in the perilesional cortex was increased
at both time-points. Nitrotyrosine immunoreactivity was also
reduced following L-NAME treatment, which corroborates
similar earlier findings in mice (60). We also demonstrated an
early reduction of neuronal degeneration and increased neu-
ronal survival at six days PT following S-PBN treatment,
which is in agreement with recent studies on experimental TBI
(55). The finding that S-PBN also reduced NT immunoreactiv-
ity was new but not surprising since PBN has this effect in
colitis (65). The combined treatment with L-NAME and S-PBN
did not result in additive effects on NT-immunoreactivity
compared to L-NAME or S-PBN alone. This is, to some extent,
expected since both compounds reduce peroxynitrite forma-
tion and lack of substrate from either side of the pathway may
give the same reduction of peroxynitrite formation. As both
L-NAME and S-PBN may have other mechanisms of action
than limiting peroxynitrite formation, it was unexpected that
the combined treatment was not additive regarding neuronal
injury; the finding indicated a dominant pathogenic role for
peroxynitrite formation in experimental contusion. NT was
detected in activated microglia, infiltrating neutrophiles, neu-
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rons and astrocytes, which are in agreement with other find-
ings (8, 18, 25). Peroxynitrite was, however, not only formed in
the invading inflammatory cells but also within neurons
where co-expression of NT and nNOS was detected, and in
close vicinity to the neuronal sources of NO. Peroxynitrite
may thus act directly in the nNOS-positive neurons and also
diffuse to adjacent neurons.

In conclusion, our results support that post injury NO inhi-
bition after trauma (�15 min) under these experimental con-
ditions decreases neuronal injury, and increases neuronal sur-
vival. The same effect is achieved using the ROS scavenger
S-PBN. Both compounds reduce peroxynitrate formation. In
support of this notion, NT-immunoreactivity was decreased in
the traumatic lesions by both treatments. This study confirms
the formation of peroxynitrite as a therapeutic target in the
neuroprotection after TBI.
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with alpha-phenyl-N-tert-butyl nitrone (PBN) attenuates secondary mito-
chondrial dysfunction after transient focal cerebral ischemia in the rat.
Neurobiol Dis 3:149–157, 1996.

45. Kuroda S, Tsuchidate R, Smith ML, Maples KR, Siesjö BK: Neuroprotective
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OBJECTIVE: Radiosurgery is used to destroy a predetermined target within the brain,
with minimal radiation injury to the surrounding tissue. We hereby present our in vivo
model to study the effects of single-session, high-dose radiation on the cerebral vessels
that are targeted with radiosurgery using the Leksell Gamma Knife.
METHODS: The study was conducted in 29 adult male WT C57BL/6J mice weighing
21 to 28 g (6–8 wk old). The animals were exposed to 100 Gy single-session focused
gamma ray irradiation using the Leksell Gamma Knife, and subsequently underwent
intravital microscopy at different time intervals to study leukocytes and platelets
adhesion patterns to the endothelium of the irradiated cerebral micro-vessels.
RESULTS: The leukocyte adhesion response showed a bell-shaped curve upon quan-
titative analysis with a steady increase in the number of adherent cells during the first
four hours and a subsequent plateau response that was maintained during the next 24
hours. The platelet adhesion response did not demonstrate any particular pattern
similar to the leukocyte response.
CONCLUSION: The experiment was able to establish in vivo increased leukocyte
adhesion to the cerebral vascular endothelial cells in response to radiation injury and
elaborate the time frame within which the leukocyte adhesion response increases,
reaches a peak and then starts decreasing.

KEY WORDS: Brain, Leukocytes, Platelets, Radiosurgery, Vasculature
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Stereotactic radiosurgery is a procedure
whereby radiation is delivered to specific
locations within the brain using com-

puter assisted image guidance. This proce-
dure requires a multidisciplinary (neurosur-
gery, radiation oncology, physics) approach
and is used to destroy or to induce a desired
biological effect in a predetermined and lim-
ited target, with minimal radiation injury to
the surrounding tissue. It is accomplished
without opening the skull. Radiosurgery dif-
fers from conventional radiotherapy in that it
allows precise and complete destruction of a
chosen target containing healthy and/or
pathological cells without significant, concom-
itant, or later radiation damage to the sur-
rounding tissue (10). The technique utilizes
201 individual beams of gamma rays from
radioactive Cobalt (60Co) focused at a single

point to deliver a pre-determined radiation
dose to a specific target within the brain. Ste-
reotactic radiosurgery has been increasingly
used as a primary or adjuvant treatment of
various brain diseases, of which primary ma-
lignant tumors such as glioblastoma multi-
forme and secondary metastatic tumors are
the foremost. Although previous radiobiolog-
ical efficacy and tolerance studies help to
guide the administration of fractionated exter-
nal beam radiation therapy, radiation dose pa-
rameters for radiosurgery are mostly empiric.
There are certain important radiobiological
questions that remain unanswered. Increas-
ingly, recent studies are in agreement that the
radiobiological response of the tissue to a
large, single-fraction radiation exposure may
differ from the standard tissue responses elab-
orated in response to conventional fraction-
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ated radiation. A recent study reported that the molecular
response of the brain to single dose radiation is rapid as
compared to fractionated radiation (5). As the clinical indica-
tions of radiosurgery expand, adverse effects of the proce-
dures are also increasingly being reported (3). One event that
has been shown as directly related to post radiation brain
vascular damage, is acute, sub-acute or persistent edema (symp-
tomatic or radiological) of the surrounding brain tissue. This
event can cause major morbidity in patients requiring hospital-
ization, parenteral steroid therapy and even decompressive sur-
gery. It has been generally agreed that the edema is vasogenic in
nature and is related to radiation-induced injury within the
blood-brain-barrier formed by the cerebral vascular endothelial
cells (12). In our previously published in vitro work with human
cerebral vascular endothelial cells, we were able to establish the
increased expression of endothelial cell adhesive molecules
(ICAM-1, VCAM-1, E-Selectin) after exposure to single session
irradiation with focused gamma ray beams (18). The next logical
question that needed to be answered was, �Does increased ex-
pression of ECAMs on the surface of cerebral vascular endothe-
lial cell lining necessarily translate in changes within the dynam-
ics of cerebral blood flow within the exposed vessels?� Based on
the studies conducted by previous workers and the in vitro
studies at our own institution we conducted experiments using a
murine radiosurgery model to test the hypothesis that single,
high-dose Gamma ray irradiation of brain microvasculature in-
duces an acute inflammatory reaction mediated by increased
expression of specific endothelial cell adhesion molecules
(ECAMs) with increased leukocyte-endothelial cell interaction.

This reaction may possibly be responsible for initial brain
injury, blood-brain barrier disruption, brain edema and sub-
sequent tissue remodeling. In an attempt to test this hypoth-
esis, we hereby present our in vivo model to study the effects
of single-session, high-dose radiation on the cerebral vessels
that are targeted with radiosurgery using the Leksell Gamma
Knife.

MATERIALS AND METHODS

Choice of Animals

The Animal and Ethics Review Committee at Louisiana
State University Health Sciences Center-Shreveport evaluated
and approved the experimental procedures used in this study.
We chose an adult mouse brain model for studying the effect
of radiosurgery because mice have a size that conveniently fits
into the stereotactic frame with slight modifications. Addition-
ally, the mouse brain has been already mapped for stereotactic
purposes. Mice also are of such a size that allows relatively
easier radiological imaging, housing, observing and handling
for experimental purposes. We selected adult male WT
C57BL/6J mice weighing 21 to 28 g (6–8 wk old) for the
experiment. We anesthetized the animals with an intraperito-
neal injection of pentobarbital (50 mg/kg) and ketamine (50
mg/kg). The adequacy of anesthesia was checked by eliciting
the toe-pinch reflex. Using the current model and technique,

we were able to mathematically calculate the stereotactic co-
ordinates for either cerebral hemisphere of mice without sub-
jecting the experimental animals to radiological imaging.

Construction and Testing of the Mouse Gamma Knife
Irradiator

Working on the similar lines and based on previous animal
experiments with radiosurgery described in the literature (9)
we were able to overcome the difficulties encountered by
some previous investigators by designing a simple stereotactic
rodent brain gamma irradiator. The design consisted of com-
bining the commercially available stereotactic biopsy platform
(Stoelting) with a Leksell model �G� stereotactic human head
frame. Square holes were drilled and filed into the head frame
to center the mouse platform, inline with the stainless steel
earpins. The Plexiglas table was made and using the existing
mounting holes under the platform, both were connected with
spacers. Once the centers of head frame and the platform were
aligned, two screws were used to mount the platform onto the
table and the head frame was connected to the platform by
earpins (Fig. 1A). The cerebral hemisphere to be targeted was
marked on the skin of the scalp of the mice before placing
them in the irradiator. The anesthetized mice were then placed
in the irradiator and the heads immobilized with the help of
�ear bars� and a �nose clamp� to assure accurate targeting (Fig.
1B). A laser pointer was used to confirm the target of interest.
Directing the laser beam through various holes in the collima-
tor and making very fine millimetric adjustments in the ste-
reotactic frame enabled us to pinpoint the target area. Treat-
ment time and coordinates were calculated using the Leksell
Gamma Plan Wizard 5.34. To assess the target accuracy of this
animal irradiator, we irradiated randomly selected cerebral
hemispheres of five animals with 10,000 rads (100 Grays). A
single 4-mm collimator was utilized to deliver the desired
dose to the target. The treatment was divided into two con-
secutive sessions. This allowed us to check the animal’s re-
flexes and administer an additional dose of anesthesia if
needed. The animals were then placed in the housing and
subsequently euthanized 14 to 60 days after radiation. The
brains were isolated and the irradiated hemisphere was ob-
served for radiation related changes (effacement of sulci, no-
ticeable swelling, etc.). The contralateral hemispheres acted as
control for the purpose of comparison. We found that radia-
tion related changes like increased water content, effacement
of the sulci and edematous tissue could be observed in the
targeted hemispheres even with gross observation. This con-
firmed the accuracy of targeting the pre-selected cerebral
hemispheres in mice with our gamma irradiator.

Cerebral Blood Flow Studies

As the next step in this experiment, we decided to observe
leukocyte adhesion response in the cerebral vessels falling
within the brain tissue targeted with stereotactic radiosurgery
using similar experiments as described previously. Fifteen
mice were divided into three experimental groups (5 mice/
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group) to examine the cerebral vasculature at 4 hours, 6 hours
and 24 hours after irradiation. Three animals served as sham
controls. The sham groups were fixed in the stereotactic frame
in the same manner as the experimental groups but they did
not enter the gamma knife unit.

Animal Preparation

A cranial window system was constructed as previously de-
scribed (7, 19) to allow visualization of the cerebral vasculature.

Animals were re-anesthetized with an intraperitoneal injection of
pentobarbital (50mg/kg) and ketamine (50mg/kg), while 1%
lidocaine was used for local anesthesia. All mice underwent a
tracheotomy with a PE90 catheter (Intramedic, Clay Adams,
Sparks, MD) and artificially ventilated with a Harvard Rodent
Ventilator model 683 (Harvard Apparatus, South Natick, MA)
with room air during observation with intravital microscopy.
The left femoral artery was catheterized with PE50 tubing for
blood pressure monitoring and blood sampling for blood gas
analysis (ABL77, Radiometer America, Inc., Westlake, OH). The
femoral vein was cannulated with PE10 tubing for intravenous
administration of carboxyfluorescein succinimidyl ester (CFSE,
Molecular Probes, Eugene, OR)-labeled platelets and acridine
orange (Sigma, St. Louis, MO) for labeling of leukocytes in vivo.
Rectal temperature was monitored and core body temperature
was maintained at 35°C to 37°C with an infrared heat lamp
throughout the procedure. The head of each mouse was fixed in
a stereotactic frame made of Plexiglas, and a midline incision in
the skin exposed the parietal bone on the irradiated side. Two
PE50 tubes were fixed opposite each other along the midline
suture with alpha cyanoacrylate glue (Elmer’s Products Inc.,
Columbus, OH), and a cranial window was constructed using a
quick self-curing acrylic resin (GC Unifast, Japan). A rigid
doughnut shaped ring was formed around the area of interest.
After this ring was dry, a craniectomy was performed by using a
high-speed dental drill (Fine Science Tools, Foster City, CA). The
dura was carefully removed and a 7 mm cover slip was placed
over the window and fixed with an adhesive (Biobond, Japan) to
make an airtight seal (Fig. 1C). The catheterized femoral vein was
then injected with acridine orange (Sigma, St. Louis, MO) for
labeling of leukocytes in vivo. The irradiated vessels were then
observed for measuring the leukocyte adhesion at the predeter-
mined time-intervals. The adhesions were recorded as dynamic
flow through the vessels and were quantified as the number of
cells adherent every 50 �m within the observation field.

Platelet Preparation

Platelets were labeled ex vivo with 90 �mol/L CFSE fluo-
rescent dye. Autologous blood was collected in polypropylene
tubes containing 0.1 ml acid citrate dextrose buffer (Sigma)
and centrifuged at 1200 rpm for 8 minutes and 3 minutes.
Platelet rich plasma was removed between centrifugations
and placed in a new polypropylene tube. The platelet-rich
plasma was then centrifuged at 3000 rpm for 10 minutes to
form a pellet. The platelet pellet was resuspended in 500 �l
PBS (pH 7.4) and incubated with 9 �l of CFSE solution at room
temperature for 10 minutes. Incubated platelets were then
centrifuged at 3000 rpm for 10 minutes, resuspended in 500 �l
PBS, and protected from light. Leukocytes were manually
counted with the aid of a light microscope and hemocytometer
and yielded less than 0.05% contamination in the platelet
suspension. Platelets were derived from WT mice for all ex-
periments. For each mouse, 100 � 106 platelets were infused
over a five-minute period through the femoral vein, yielding
approximately 5% of total platelet count. The fluorescently-

FIGURE 1. (A) The mouse Gamma Knife irradiator. (B) Anesthetized
mouse secured in stereotactic frame fixed in the Gamma Knife. (C) Mouse
undergoing intravital microscopy.
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labeled platelets were al-
lowed to circulate for five
minutes before recording.

Intravital Fluorescence
Microscopy

CFSE-labeled platelets had
an excitation peak of 490 nm
and emission peak of 518 nm.
Leukocytes labeled with acri-
dine orange had an excitation
peak of 500 nm and an emis-
sion peak of 526 nm. Fluores-
cently labeled cells were vi-
sualized with a Nikon Xanophot upright microscope, a
mercury lamp, and a silicon intensified target camera (C-2400,
Hamamatsu Photonics). Imaging required two filter blocks
with an excitation filter (B-2A, Nikon) for 450 to 490 nm, a
barrier filter of 520 nm, and a dichroic mirror for 510 nm.
Cerebral venules were observed through a � 20 objective lens.
The images were displayed on a video monitor (PVM-2030,
Sony Trinitron) and recorded on a video recorder (JVC)
equipped with a video time/date generator. Three to five
venules in the cerebral vasculature were recorded in one-
minute segments.

Video Analysis

Leukocyte and platelet interactions with the cerebral endo-
thelium were evaluated during offline analysis of recorded
video images as previously described (2). Venular segments
300 �m in length and between 20 and 80 �m in diameter were
randomly selected for quantification of platelet and leukocyte
adhesion. Platelets and leukocytes that adhered to the vessel
wall for more than 2 seconds or 30 seconds, respectively, were
considered firmly adherent. Adherent cells were expressed as
the number of cells per square millimeter of venular surface,
calculated from length and diameter, assuming a cylindrical
vessel shape (13, 14).

Statistical Analysis

Physiological parameters were statistically analyzed with
one-way ANOVA with the Student-Newman-Keuls method
and are presented as mean � SD with statistical significance
set at P � 0.05 compared to sham. Leukocyte and platelet data
were analyzed with one-way ANOVA with the Fisher’s post
hoc test and are presented as mean � SE. The differences were
considered significant at P � 0.05.

RESULTS

Leukocyte Adhesion

The leukocyte adherence to the endothelial cells of the
irradiated small vessels was increased as compared to the
control group. The leukocyte adhesion response showed a bell

shaped curve upon quantitative analysis (Figure 2). The adhe-
sion observed in the control group (57 cells/mm2) (Fig. 3A)
represents physiological response to the stress of prolonged
anesthesia and craniotomy. In the experimental group ob-
served two hours after radiosurgery the mean number of
leukocytes found adherent was 70 to 75 cells/mm2. There was
a steep increase in the number of leukocytes (175-200 cells/
mm2; P � 0.001) adhering to the vessel wall (Fig. 3B) four
hours after radiosurgery. The adhesion response (100 cells/
mm2) showed a decline at six hours time-point (Fig. 3C) but
continued to be statistically significant (P � 0.03). No differ-
ence in the number of adhering leukocytes was observed
between 6 hours and 24 hours (Fig. 3D) after radiosurgery thus
causing the response curve to plateau.

Platelet Adhesion

Figure 4 shows the bar chart generated from the platelet
response data depicting the findings. It was marginally in-
creased in the irradiated groups when compared to the control
group but there was no statistically significant difference be-
tween the adhesion at different time intervals as well as be-
tween the sham group (210 per mm2) and the irradiated
groups. The adhesion was maximal in the group after 2 hours
(600 cells per mm2) and from then showed a steady decline at

TABLE 1. Physiological parameters in mice exposed to 100 Gy of gamma radiation

Category
No. of
animals

Mean blood
pressure
(mmHg)

Platelet
adhesions
(per mm2)

Leukocyte
adhesions
(per mm2)

Mean
pCO2

(mmHg)

Mean
pO2

(mmHg)
pH

2 hours 5 77.16 632.8 71.8 31.7a 130 7.33a

4 hours 6 71.6 527.4 175.5a 20.9 142.8 7.36
6 hours 6 71.6 565 104.9a 23.1 145.10 7.41
24 hours 6 62.5 422.2 111.8a 18.1 148.6 7.46
Sham 6 68.5 208.9 57.5 20.5 142.2 7.41

a Significant at P � 0.05 versus sham.

FIGURE 2. Bar graph showing leukocyte adhesions in cerebral venules of
gamma irradiated mice at 2 hours, 4 hours, 6 hours and 24 hours follow-
ing radiosurgery. Mean responses of fluorescently labeled leukocytes adher-
ent for �30 seconds in sham and gamma irradiated mice � SE. Statistical
difference: †P � 0.05 versus sham; ‡P � 0.05 versus 2 hours; *P � 0.05
versus 6 hours; #P � 0.05 versus 24 hours. One-way ANOVA and Fish-
er’s test.
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4 hours (527 per mm2), 6 hours (565 per mm2), 24-hours (422
cells per mm2). This data indicates that the platelet response
after gamma irradiation did not follow the pattern that is seen
in a non-specific inflammatory event after an insult to the
body. The body’s inflammatory response can show a signifi-
cant temporal rise in the platelet adhesion followed subse-
quently by the leukocyte adhesion response after the injury.
Ishikawa et al. (7) established the increased platelet-
endothelial cell adhesions at 4 hours following ischemic injury
due to middle cerebral artery occlusion in mice. In the current
experiments, we failed to observe such response of platelets.

DISCUSSION

Stereotactic radiosurgery has been increasingly used as a
primary or adjuvant treatment of various brain diseases. It
differs from conventional radiotherapy in that it allows pre-
cise and complete destruction of a chosen target containing

healthy and/or pathological cells via a single exposure to
high-dose, focused radiation (10). Considering the steady in-
crease in the indications of radiosurgery it is imminent that we
attempt to define, prevent and treat the various adverse effects
associated with the procedure. One of the important adverse
effects of radiosurgery that is increasingly noticed is the oc-
currence of brain edema and necrosis. Recent reports have
suggested the incidence of this edema to be up to 10% and
have implicated it to be a cause of morbidity and even mor-
tality in patients receiving radiosurgery (1). It has been gen-
erally agreed that the edema is vasogenic in nature and is
related to radiation-induced injury within the blood-brain bar-
rier formed by the cerebral vascular endothelial cells (12).
Attempts have been made in the past to elucidate the his-
topathological changes in the intracerebral vessels after radio-
surgery. The earliest change demonstrated was endothelial
damage as evident by a denuded endothelium or by disrup-
tion and separation of the endothelial lining from the under-
lying vessel wall. It has been demonstrated that a significant
cause of this disruption and separation is the induction of an
inflammatory reaction involving the infiltration of neutrophils
and other formed blood elements into the irradiated area (17).
Polymorphonuclear (PMN) leukocytes-adhesion to endothe-
lial cells is mediated by the induction/presentation of endo-
thelial cell adhesion molecules (ECAMs) such as intercellular
adhesion molecule-1 (ICAM-1), (vascular cell adhesion
molecule-1 (VCAM-1), E-selectin, and P-selectin (8). Further-
more, leukocyte recruitment after vascular injury involves
four established steps: 1) leukocytes rolling along the endo-
thelium; 2) leukocyte activation; 3) leukocyte adhesion to the
endothelium and 4) leukocyte transmigration into the tissue.
These four steps of leukocyte recruitment are mediated by the
ECAM complement at the surface of activated endothelial
cells (4,11). Gaber et al. (6) in a recent study utilized the
technique of intravital microscopy to study the leukocyte-
endothelial cell interactions in rat pia mater following radia-
tion. We, therefore, acknowledge that investigators have es-
tablished this sequence in response to vascular injury and
external beam radiation (16), but no published study has
attempted to investigate such a response within the cerebral
vasculature in response to high-dose irradiation in a single
session (as is administered in radiosurgery). Overall, the sci-
entific literature is generally lacking in studies highlighting
the molecular, cellular and physiological changes seen in ex-
perimental settings in response to stereotactic radiosurgery
(15). Through these experiments we established that there was
a significant increase in the leukocyte adherence to the endo-
thelial cells of the irradiated small vessels as compared to the
control group. The leukocyte adhesion response showed a
bell-shaped curve upon quantitative analysis with a steady
increase in the number of adherent cells during the first four
hours and a subsequent plateau response that was maintained
during the next 24 hours. Furthermore, contrary to our initial
expectations, platelet-endothelial cell interaction does not
seem to be affected by single, high-dose radiation exposure
thus reinforcing our belief that the leukocyte response ob-

FIGURE 3. Images depicting leukocyte adhesion in the cerebral microcir-
culation. (A) Sham control. (B) 4 hours post-radiation. (C) 6 hours post-
radiation. (D) 24 hours post-radiation.

FIGURE 4. Bar graph showing platelet adhesions in cerebral venules of
gamma irradiated mice at 2 hours, 4 hours, 6 hours and 24 hours follow-
ing radiosurgery. Mean responses of fluorescently labeled platelets adher-
ent for � 2 seconds in sham and gamma irradiated mice � SE. There was
no statistical difference among the five groups. One-way ANOVA and
Fisher’s test.
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served in the experiment was specific to single-session high-
dose radiation exposure rather than a non-specific inflamma-
tory response.

Future Studies

In the current study, we established that single, high-dose
Gamma ray irradiation of brain microvasculature induces an
acute inflammatory reaction with increased leukocyte-
endothelial cell interaction. Based upon the previous in vitro
studies (18) and the current experiments, we draw a conclu-
sion that this leukocyte response is mediated via increased
expression of ECAM on the endothelial cell surfaces. How-
ever, the role of specific adhesion molecules (ECAMs) and
their specific association with leukocyte adherence in response
to radiosurgery still needs to be further investigated. Finally,
whether or not this increased leukocyte adherence necessarily
translates to disrupted blood-brain barrier after a specific in-
terval following radiation exposure also needs to be ascer-
tained. Once we have established that the observed vascular
response is specific to single-session high-dose radiation ex-
posure rather than a non-specific inflammatory response, we
also intend to direct our future experiments towards identify-
ing crucial steps in this cascade of events that could potentially
be blocked or reverted (chemically or otherwise) to afford a
relative or complete radio-protection of the brain vasculature.

CONCLUSION

We conducted these studies with the intent to 1) establish a
small-animal model to study the vascular response to radio-
surgery; 2) establish in vivo increased leukocyte adhesion to
the cerebral vascular endothelial cells in response to radiation
injury; and 3) elaborate the time frame within which the
leukocyte adhesion response increases, reaches a peak and
then starts decreasing. We were able to achieve the objectives
by proving that exposure of brain to high-dose, focused
gamma ray irradiation produces increase in leukocyte-
adhesion and pavementing of small intracerebral blood ves-
sels within a few hours of exposure and this response is
maintained for the next several hours.
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COMMENTS

This is an important work that could be used to study pharmaco-
logic modifiers of the immediate radiosurgical effects on blood

vessels. The model is straightforward and well described. I think that
additional assessments at 24 or 72 hours would be of interest. The
authors should also test the effects of aspirin or Plavix on this leuko-
cyte effect. Could prevention of an initial response delay or inhibit
arteriovenous malformation obliteration? It would also be possible to
measure cytokines such as TGH-beta or FGF at the same time points
in additional rats to study that correlate of brain injury. We recently
completed a measurement of apoptosis in the first hours after radio-

RADIATION AND CEREBRAL VASCULATURE

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1287



surgery (1). We know that radiosurgery works. The next frontier is
modulation of this response to enhance the desired target effect or to
reduce further the incidence of regional adverse events.

Douglas Kondziolka
Pittsburgh, Pennsylvania

1. Witham TF, Okada H, Fellows W, Hamilton RL, Flickinger JC, Chambers
WH, Pollack IF, Watkins SC, Kondziolka D: The characterization of tumor
apoptosis after experimental radiosurgery. Stereotactic Funct Neurosurg
2005, 83:17–24, 2005.

The molecular response of the brain to single-dose radiosurgery has
not been clearly elucidated. The authors present a novel in vivo

study aimed at defining the physiological response of a single expo-
sure to high-dose, focused radiation. In the current study, the authors
show that a single high-dose Gamma ray exposure (100 Gy) of the
brain microvasculature induces an acute inflammatory reaction with
increased leukocyte-endothelial cell interaction. They developed a
reproducible small animal model and used intravital microscopy to
show in vivo increased leukocyte adhesion to the cerebral vascular
endothelium in response to radiation therapy. This finding is an
important step toward identifying the brain’s physiological response
to radiosurgery and lends insight into the mechanism of post-
radiation acute, subacute, and persistent edema. Future studies of
brain water content, breakdown of the blood-brain barrier, and ex-
pression of endothelial cell adhesion molecules will further clarify the
mechanism of post-radiation edema.

John Boockvarr
Philip H. Gutin
New York, New York

Nanda et al. report on their mouse model for exploring the radio-
biological effects of radiosurgery. They delivered 100 Gy through

a 4-mm collimator and documented changes in leukocyte adhesion,
but not platelet adhesion, during the subsequent 24-hour period. The
methods used are elegant and complex and the manuscript is well
written. However, I do have the following concerns regarding the
accuracy and relevance of this work:
1. The authors repeatedly mention glioblastoma as a major indica-

tion for stereotactic radiosurgery. The recently published RTOG
93-05 prospective randomized study showed absolutely no benefit
to radiosurgical boost (1). It’s questionable whether radiosurgical
boost should be done at all outside of an experimental protocol.

2. The dose the authors used in their experiment, 100 Gy, is five
times higher than that normally used in clinical radiosurgery. Any
conclusions they draw about radiology must reflect this differ-
ence.

3. The effects of radiosurgery are usually delayed. Arteriovenous
malformations take years to disappear. Benign tumors shrink very
slowly. Even medicines take days and weeks to respond. So why
are the authors focused on transient changes within the first 24
hours?

William A. Friedman
Gainesville, Florida

1. Souhami L, Seiferheld W, Brachman D, Podgorsak EB, Werner-Wasik M,
Lustig R, Schultz CJ, Sause W, Okunieff P, Buckner J, Zamorano L, Mehta
MP, Curran WJ Jr: Randomized comparison of stereotactic radiosurgery
followed by conventional radiotherapy with carmustine to conventional
radiotherapy with carmustine for patients with glioblastoma multiforme:
Report of Radiation Therapy Oncology Group 93-05 protocol. Int J Radiat
Oncol Biol Phys 60:853-860, 2004
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OBJECTIVE: Delayed repair of peripheral nerve injuries often results in poor motor
functional recovery. This may be a result of the deterioration or loss of endoneurial
pathways in the distal nerve stump before motor axons can regenerate into the stump.
METHODS: Using the rat femoral nerve, we protected distal endoneurial pathways of
the saphenous nerve with either cross-suture of the quadriceps motor nerve (Group A)
or resuture of the saphenous nerve (Group B) to compare later motor regeneration into
the “protected” saphenous nerve pathway to chronic denervation and “unprotected”
saphenous nerve (Group C). A total of 60 rats, 20 per group, were operated on. After
this protection (or lack thereof) for 8 weeks, the motor branch of the femoral nerve was
cut and sutured to the distal saphenous nerve to allow motor regeneration into
protected and unprotected saphenous nerve stumps. The quantitative assessment of
axonal regeneration was performed after 6 weeks by use of nerve sampling for axon
counts and retrogradely labeled motor neuron counts.
RESULTS: Significantly more myelinated axons innervated the motor (A) than the
sensory (B) and no-protection (C) groups. There were significantly more retrogradely
labeled femoral motor neurons in Group A than in the unprotected group (C).
CONCLUSION: We conclude that even 2 months of denervation of the distal nerve
pathway is deleterious to regeneration and that protection of the pathway improves
subsequent reinnervation and regeneration. Moreover, if the desired regeneration is
motor, protection of the distal nerve pathway by a motor nerve conditions is better than
a sensory nerve.

KEY WORDS: Babysitting technique, Delayed repair, Image analysis, Rat femoral nerve, Retrograde labeling
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It is well established that one of the most
important factors influencing outcome af-
ter repair of clinical nerve injuries is the

delay between injury and definitive nerve re-
pair (26, 54, 55, 57, 63, 64). Several recent clin-
ical series have convincingly demonstrated
that outcome is superior in patients who un-
dergo early nerve repair compared with those
repaired in precisely the same way but in a
more delayed manner (27, 54, 55). We have
been interested in investigating the mecha-
nisms underlying poor recovery after repair of
peripheral nerve injuries (14, 15, 46, 48, 60, 62).
Contributing biological factors to suboptimal
recovery are the effects (at the cell body level)
of chronic axotomy (15, 17, 37, 68). A second
set of factors relates to endoneurial pathway
changes, which occur in the denervated nerve
before the injured axons can regenerate dis-

tally (14, 22, 51, 60, 62, 71); this was also re-
viewed by Fu and Gordon (16). Finally, pro-
longed denervation of the muscle end-organ
downgrades functional recovery (4, 14, 24, 28,
34, 58, 65, 69).

Of the various factors listed above, well-
controlled studies have demonstrated that
quantitatively, the most significant contribu-
tor to poor muscle reinnervational outcome is
prolonged denervation of the distal nerve
stump (14, 15). After nerve injuries, Schwann
cells in the distal stump proliferate, change
their gene expression, and change phenotypi-
cally from myelinating to growth supportive
(49, 56). However, the growth-supportive en-
vironment of the distal nerve is not main-
tained unless axonal contact is reestablished
(51, 66, 71). These deleterious changes become
increasingly pronounced over time, coupled
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with a progressive decline in the number of reinnervated
motor units after chronic denervation (14). Although a short
duration of denervation of up to 4 weeks is not deleterious to
regeneration, regenerative capacity of motor neurons declines
to less than 10% within 6 months (60). Moreover, the de-
creased capacity of motor neurons to regenerate into a distal
pathway is the result of changes in the nerve pathway itself
and not a result of an inability of chronically denervated
muscles to accept innervation (60).

A recent study, using a model in which rat femoral motor
neurons were directed to regenerate their axons (via cross-
suture) into a saphenous nerve pathway, demonstrated pro-
found effects on motor regeneration. After 2 months of dener-
vation, the number of motor neurons that regenerated their
axons were reduced by approximately 20% (62). Strikingly, the
state of the distal nerve pathway greatly influenced regener-
ation. Simultaneous innervation of the pathway by motor
femoral nerve repair from the contralateral leg to the opposite
end of the graft conditioned the saphenous nerve to accept the
regeneration of 50% more motor neurons compared with a
sensory nerve repair (62). Although mechanistically interest-
ing, the paradigm of protecting a denervated nerve by insert-
ing a regenerating nerve from its distal end is not practical.
Moreover, the previous experiment used a strategy of assess-
ing nerve regeneration after an immediate nerve repair,
whereas in reality, clinical nerve repair is usually performed in
a chronically denervated condition several months after initial
injury (44). In the present study, we therefore developed and
tested a model of chronic denervation of a distal nerve stump,
which is either “protected” (by immediate reinnervation) or
“not protected” and then subjected to a secondary delayed
nerve repair. It was hypothesized that endoneurial pathways
distal to a nerve injury and protected by previous motor nerve
reinnervation are more conducive to motor nerve reinnerva-
tion than similar pathways protected by previous sensory
nerve reinnervation or unprotected (denervated) pathways.
The results of this study have been reported in abstract form
(43, 45, 50).

MATERIALS AND METHODS

Study Design

Male Lewis rats (250–300 g, Charles River Canada, St. Con-
stant, Quebec, Canada) were used in these experiments as an
animal model of nerve injury and repair (Table 1). The rats
were maintained in a standard animal facility with 12-hour
on-off light conditions. They were allowed to acclimatize to
the new environment before surgical procedures, housed in
flat-bottom Betacob-lined cages, and allowed standard rat
chow and water as desired. All surgical procedures were
performed in an aseptic manner, and standard microsurgical
techniques were used with an operating microscope (Wild
M651; Wild Leitz, Willowdale, ON, Canada). All experiments
and animal interventions adhered strictly to Canadian Council
on Animal Care guidelines. The experiments were multi-
staged, which required that each animal undergo three oper-
ations, as follows.

Stage I

Stage I involved the initial injury (denervation of the distal
sensory pathway) and initial innervation or chronic denerva-
tion (Figs. 1 and 2, A–C). In all groups, the left femoral nerve
was exposed at the level of the groin, and at the nerve’s
branching point, the saphenous sensory nerve was cut. The
saphenous nerve was cut very proximally to maintain a long
redundant distal sensory pathway. The motor (quadriceps)
branch was cut very distally, close to muscle, to maintain a
long length of the proximal stump for the initial and second
nerve repair.

In Group A, the femoral motor branch was cross-sutured to
the distal saphenous nerve stump (motor protection). In
Group B, the saphenous nerve was cut and re-repaired (sen-
sory protection), whereas the proximal motor branch was
sutured to a long graft (45 mm long) harvested from the right
saphenous nerve. The graft repair controls for motor neuron
axotomy, allowing the motor axons to regenerate, but keeps
the motor neuron target deprived (thus similar to Group A). In

TABLE 1. Study groups and sampling

Stage I surgery
Stage II surgery

(8 weeks after Stage I)
Stage III surgery

(6 weeks after Stage II)

Experiment 1 Experiment 2

Initial
no.

Final
no.

Initial
no.

Final
no.

Group A, motor
protection

Motor to saphenous Motor to saphenous Yes 15 15 5 5

Group B, sensory
protection

Sensory to saphenous
(motor to long graft)

Motor to saphenous Yes 15 11 5 5

Group C, no
protection

Saphenous cut, no repair
(motor to long graft)

Motor to saphenous Yes 15 12 5 5
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Group C, the saphenous nerve was cut, and both proximal and
distal stumps were ligated so that the distal saphenous nerve
was denied innervation (no protection). As in Group B, the
proximal motor branch in Group C was sutured to a long graft
from the right saphenous nerve to control for axotomy and to
allow for motor neuron regeneration.

Stage II

Stage II (8 wk after Stage I, Fig. 2D). This stage entailed a
second injury and repair to reinnervate the distal sensory
pathway. In all cases, the initial injury/repair site was reex-
posed to identify the proximal quadriceps motor branch and
the distal sensory pathway. The initial repair site was severed,
and samples of nerve just distal to the repair and/or chronic
denervation were collected in universal fixative for subse-
quent histomorphometric analysis. A second repair was then
performed so that the proximal femoral motor branch was
repaired to the distal saphenous nerve (which had previously
been innervated or denervated) in each case.

Stage III

In Stage III (6 wk after Stage II, Fig. 2E), retrograde tracer
was introduced to count the number of motor neurons that
regenerated their axons either 4 cm in Experiment 1 (Far) or
2.5 cm in Experiment 2 (Near) from the site of the femoral
motor to the saphenous nerve cross-suture site. The main
saphenous nerve was exposed either at the level of the knee
(approximately 4 cm distal to repair sites from Stage II; see Fig.
2) in Experiment 1 (Far) or 2.5 cm distal to the repair site (and
proximal to the fat branch; see Fig. 1) in Experiment 2 (Near)

and severed, and a sample of the nerve was collected in
Universal fixative for subsequent histomorphometric analysis.

The proximal nerve stump was then immersed in a 4%
solution of the retrograde tracer Fluorogold (FG; Fluoro-

FIGURE 1. Photograph and schematic overlay of normal rat femoral
nerve anatomy in the left groin and manipulations for repair. The main
sensory (saphenous) and motor (to quadriceps) branches of the nerve are of
approximately equal diameter, and a long length of dissection can be easily
achieved, allowing for tension-free surgical repairs. Note that the saphe-
nous nerve is cut very proximally to maintain a long distal pathway (the
target of innervation and denervation). The motor branch is cut very dis-
tally, close to muscle, to maintain a long proximal length for the initial
and second stages (see Fig. 2) repairs. Repairs were performed with a 9-0
microsuture, with stumps coapted within a Silastic tube. The sensory
nerve sends off a large branch to the thigh fat pad above the knee and then
continues as the distal (Dist.) saphenous nerve.

FIGURE 2. Schematic diagrams of
Stage I (A–C), II (D), and back-labeling
Stage III (E) surgery. A, In Group A
(motor protection of the nerve stump),
the proximal motor branch is directly
repaired to the distal sensory stump. B,
In Group B (sensory protection of the
nerve stump), the sensory branch is cut
and repaired, whereas the proximal mo-
tor branch is sutured to a 45-mm-long
saphenous graft (harvested from the
contralateral leg) to control for motor
axotomy. C, In Group C (no protection;
chronic denervation), the sensory
branch is cut and double-ligated at its proximal stump to prevent any reinnervation.
As in Group B, the proximal motor is sutured to a 45-mm-long graft to control for
motor axotomy and yet allow regeneration. D, Stage II surgery, 8 weeks after Stage
I. In all three groups, the proximal motor branch is severed just proximal to the initial
repair and sutured to a similarly freshened distal previously innervated or denervated
nerve stump. E, After 6 more weeks, the distal (Dist.) saphenous nerve is exposed at
knee level for retrograde labeling using FG in Experiment 1 (Far). In Experiment 2
(Near), the FG is introduced to the main sensory (saphenous nerve trunk) just
proximal to the fat pad branch (see also Fig. 1).
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chrome Inc., Denver, CO) using a Vaseline well for 1 hour. The
FG was then carefully removed from the well and the nerve
end extensively irrigated with sterile 0.9% saline. Note that the
branch of the saphenous nerve that goes to the fat pad was not
exposed to FG (see Fig. 2E) in Experiment 1 (Far), whereas in
Experiment 2 (Near), the main saphenous nerve trunk proxi-
mal to the fat pad branch was exposed to FG.

End Point

The end point was 6 d after Stage III. Six days after FG
application, the rats were transcardially perfused with ice-cold
saline followed by 4% paraformaldehyde. The thoracolumbar
spinal cord segment, which contains all the femoral motor
neurons (T11–L2), was removed and postfixed in 30% sucrose
in 4% paraformaldehyde solution overnight. Tissues were
then frozen in embedding medium (Cryomatrix; Shandon,
Pittsburgh, PA) in liquid nitrogen and stored at �80°C before
cryostat sectioning.

Experiment 2 (Near)

Once Experiment 1 (Far) had been completed, motor neu-
ron counts were much lower than expected. It was thought
that the distal location of the FG introduction (4 cm distal to
the repair) was responsible for this. To test this hypothesis, an
additional set of 15 animals were entered into the study as
Experiment 2 (Near) and treated identically to those in Exper-
iment 1 (Far), the only exception being that the FG was intro-
duced 2.5 cm distal to the repair site.

Anesthesia and Surgical Procedures

For the first stage and the end point of the experiment, the
anesthesia consisted of an intramuscular injection of 10 mg/kg
xylazine (20 mg/ml; Bayer Inc., Etobicoke, ON, Canada) and
100 mg/kg ketamine hydrochloride (0.1 ml/100 g; Rogarestic;
Rogra-STB, Montreal, QC, Canada) into the lumbar paraspinal
musculature. In all other surgeries (Stages II and III), inhala-
tional anesthesia was used (Halothane 4% with oxygen induc-
tion and 2% maintenance). After induction of anesthesia, sur-
gical sites were shaved and prepared with Betadine and 70%
surgical alcohol. Nerve repairs were performed microsurgi-
cally, with 9-0 microsutures (Dermalon; Davis and Geck,
American Cyanamid Company, Danbury, CT), with the prox-
imal and distal stumps co-opted within a Silastic tube
(0.76-mm inner diameter; Dow Corning, VWR Canlab, Missis-
sauga, On, Canada). Skin incisions were closed with continu-
ous 3-0 silk sutures (Autosuture, Norwalk, CT).

Motor Neuron Counts

Longitudinal sections of the collected spinal cords, 30 �m
thick, were serially mounted and immediately evaluated with
a fluorescent microscope (Olympus BX51; Carsen Group Inc.,
Markham, ON, Canada) linked to an image analysis system
(Image Pro Plus, Version 4.5 for Windows; Media Cybernetics
Inc., Silver Spring, MD). Each section was evaluated by ob-

servers (CM and SC) blinded to treatment groups for FG-
labeled cells at �40 to �400 magnification, and all the motor
neurons counted under ultraviolet fluorescence at barrier fil-
ters of 430 nmol/L. Only the motor neurons in which there
was a distinct nucleus and that could be visualized only under
the appropriate ultraviolet filter were counted; multiple
counting of split neurons was corrected for by the method of
Abercrombie and Johnson (1). Sections were then cover-
slipped with DPX (Sigma-Aldrich, Oakville, ON, Canada).

Histomorphometry

To assess the number of axons that had regenerated into the
nerve stumps and grafts, we collected saphenous nerve tissue
samples 5 mm long from the distal nerve stumps at the time of
the second-stage surgery as well as at the time of the intro-
duction of FG. Samples were immediately immersion-fixed in
Universal fixative. They were postfixed with osmium tetrox-
ide and embedded in Epon-Araldite and underwent section-
ing on an ultramicrotome (Sorvall MT6000; Kendro, Asheville,
NC). Toluidine blue was used to stain 1-�m-thick cross sec-
tions for light microscopy.

Toluidine blue sections were analyzed with a light microscope
linked to the image analysis system. Five to seven representative
fields of known area (3093 �m2) at �1000 magnification were
evaluated per nerve section by a blinded observer (QGX) for
myelinated fiber counts. The nerve fibers were also evaluated for
axon, myelin, and fiber area and axon, myelin, and fiber diameter
(smallest sieve diameter). Total nerve fibers present (an esti-
mated number) were derived from nerve fiber count, area sam-
pled, and fascicular area measured. To assess maturity of nerve
fibers, axon myelin ratios were also determined. All quantitative
data were analyzed by use of analysis of variance and post hoc t
tests (Statistica for Windows StatSoft, Inc. [1998], Tulsa, OK) to
determine significance.

In samples from three normal rats, we undertook detailed
histomorphometric analysis of the number and size distribution
of myelinated axons that reside in the normal femoral nerve and
its branches in which surgical manipulations were performed.
Briefly, the femoral nerve, just before bifurcation into the saphe-
nous and quadriceps nerves but just distal to a local motor
branch (see Fig. 1), contained a mean of 2100 myelinated axons.
The sensory saphenous nerve contained approximately 1300 fi-
bers, whereas its terminal sensory branches to the fat pad and
knee level saphenous (in which FG was introduced in Experi-
ment 1) had 700 and 650 myelinated axons, respectively. Finally,
the motor nerve, just before its division into branches, had a
mean of 832 myelinated axons. The myelinated axon counts are
slightly smaller overall, but the relative counts between the sen-
sory and motor femoral nerves are comparable to historical data
published by Brushart (6).

RESULTS

Experiment 1 (Far)

Of the 45 rats entered into the study, 42 survived to the
study end point. Of these 42, four were excluded from the final
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analysis because of technical problems (suture repair disrup-
tion, inadequate tissue fixation, or sampling of spinal cord).
This left a total of 38 rats (15, 11, and 12 in Groups A, B, and
C, respectively) in which FG motor neuron counts and histo-
morphometry sampling were available for analysis (Table 1).

Experiment 2 (Near)

All 15 rats entered into Experiment 2 (Near) survived to the
study end point and were included in the final analysis (Table 1).

Validation of Surgical Model

The hindlimb model of motor, sensory, and no protection of
denervated saphenous nerves was evaluated by examining
the explanted nerve stumps 8 weeks after Stage I surgery, in
which the ipsilateral distal saphenous nerve stumps were
either protected by regenerating motor or sensory axons (after
surgical reunion of the motor or sensory femoral nerve
branches to the saphenous nerve stump) or not protected (by
denying the saphenous nerve stump innervation) (Fig. 2, A–C).
The protected saphenous distal nerve stumps demonstrated a
diverse population of well-myelinated regenerated axons (Fig.
3, A and B). By contrast, the nonprotected saphenous nerve
stump that was denied innervation was devoid of axons (Fig.
3C), validating that the stump was indeed nonprotected
(Group C). We ensured that the axotomized femoral motor
neurons regenerated into a distal saphenous nerve in all cases
by use of contralateral saphenous nerve grafts to direct regen-
erating motor axons for the experimental conditions of sen-
sory protection and no protection (Fig. 2, B and C). The initial
repair of the motor nerve branch to a long saphenous nerve
graft in Groups B and C (Fig. 3, D and E) ensured that motor
neurons could regenerate axons into a distal pathway and
thus were not subjected to prolonged axotomy (15).

Regeneration Is Superior into Motor
Protected Pathways

Significantly more motor neurons regenerated axons into
the motor protected saphenous nerve pathway than the un-
protected pathways. Whether the FG was applied to the distal
nerve pathway at the knee (Experiment 1, Far) or more prox-
imal to the knee (Experiment 2, Near), significantly more
femoral motor neurons regenerated their axons into the motor
protected saphenous distal nerve stump (and were back-
labeled with FG) than in the saphenous nerve stump that was
chronically denervated for 2 months and was not protected by
either motor or sensory nerve regeneration (P � 0.05; Fig. 4A
and 4C). At the more distal site (Experimental 1, Far), rela-
tively few motoneurons regenerated their axons (Fig. 4A),
composing about 10% of the normal pool as determined by us
(mean of 381 motor neurons counted in several normal rats
after back-labeling from the quadriceps motor nerve) and
others (6, 39). At the more proximal location (Experiment 2,
Near), a mean of 150 motoneurons regenerated in the motor
protected saphenous pathways (Fig. 4C), representing approx-
imately 40% of the motor neuron pool.

Axonal regeneration was further assessed by qualitative
and histomorphometric evaluation of the myelinated axons

FIGURE 3. Histological assessment of
axonal regeneration into saphenous dis-
tal nerve stumps before (A–C) and after
(D and E) Stage II surgery to direct
regenerating axons from the proximal
nerve stump of the cut and cross-
sutured femoral motor nerve branch
into motor, sensory, or nonprotected sa-
phenous distal nerve stumps. Represen-
tative cross sections from the reinner-
vated saphenous nerve just distal to
motor (Group A) and sensory protec-
tion (Group B) illustrate good reinner-
vation of the distal sensory pathway
within the 2-month period of axon re-
generation. C, Conversely, the ligated
saphenous nerve (Group C; no protec-
tion) is denied regenerating axons, validating the model of chronic denervation.
The many myelinated axons within the saphenous nerve graft 2 months after
cross-suture of the proximal nerve stump of the femoral nerve to the graft (D and
E) (from sensory and no protections groups, respectively) demonstrate that the
axotomized motor and sensory femoral neurons mounted a robust regeneration
response after immediate nerve repair, thereby preventing a chronic axotomy
condition. Toluidine blue; original magnification, �1000.

PROTECTION FROM DENERVATION OF NERVE STUMPS

NEUROSURGERY VOLUME 57 | NUMBER 6 | DECEMBER 2005 | 1293



(Figs. 4, B and D, and 5). The relative paucity of regenerated
axons in the distal saphenous nerve at the level of the knee
was striking (Fig. 5; Experiment 1, Far), particularly in the
saphenous distal nerve stumps of Groups B and C that were
sensory protected and not protected, respectively. The motor-
protected saphenous nerve demonstrated myelinated axons
counts that were threefold and sixfold greater than the sensory
and nonprotected saphenous nerves (Fig. 4B), respectively (P
� 0.02). Histology samples were also assessed at 25 mm distal
to the repair site (the more proximal sampling; Experiment 2,
Near). As would be expected, the axon population was more
mature (axon size and myelination) and the axon counts were
higher overall. Again, there were significantly more axons in
the motor protected pathway at 25 mm distal to the repair site
than in the sensory protected or unprotected groups (P � 0.05;
Fig. 4D).

DISCUSSION

Our findings confirm that chronic denervation of distal
nerve stumps downgrades the ability of the nerve pathway to

accept reinnervation. A novel finding was that more motor
neurons regenerated axons into a distal nerve stump that was
protected by regeneration of motor nerve fibers for 2 months
than those that regenerated into a 2-month chronically dener-
vated or nonprotected nerve stump. These findings are dis-
cussed in the context of the reasons for the poor axonal regen-
eration into the chronically denervated nerve stumps and
mechanisms by which protection may mediate the positive
effects on the regenerative capacity of axotomized neurons.

Progressive Failure of Chronically Denervated Nerve
Stumps to Support Axonal Regeneration

Several factors that underlie the poor functional recovery
observed after human peripheral nerve injuries have recently
been identified (16), with the most important contribution
made by the duration of denervation of the distal nerve stump
(14, 60). Predegeneration of distal nerve stumps for periods of
up to 1 month before nerve repair did not affect the regener-
ative capacity of the motor neurons, in line with evidence that
the denervated Schwann cells sustain their growth-supportive
phenotype for up to 1 month (32, 74). However, for longer
periods of chronic denervation of the Schwann cells before
nerve repair, the numbers of freshly axotomized motor neu-
rons that regenerated their axons and that reinnervated de-

FIGURE 4. The number of retrogradely labeled motor neurons (MN) that
regenerated their axons into motor, sensory, and unprotected saphenous
nerve stumps and the number of myelinated axons in the distal nerve
stumps 6 weeks after cross-suture of the femoral motor and the saphenous
sensory nerves (mean � standard error of the mean). Significantly more
motor neurons regenerated axons into the motor protected distal stump
than the unprotected stump (A and C). The number of myelinated axons
was significantly greater in the motor protected saphenous nerve than
either the sensory or unprotected nerve (B and D). Comparing experimen-
tal conditions, the regeneration into the proximal nerve in Experiment 2
(Near) (C and D) was strikingly greater than into the distal nerve under
Experiment 1 (Far) (A and B). *P � 0.05.

FIGURE 5. End-point histomor-
phometric assessment. A–C, Repre-
sentative cross sections from the dis-
tal saphenous nerve (adjacent to and
harvested just before FG introduc-
tion) from the motor (A), sensory
(B), and no protection (C) groups in
Experiment 1 (Far). Toluidine blue;
original magnification, �1000.
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nervated muscles via the chronically denervated nerve stumps
declined in parallel to a value of approximately 10% within 6
months (14, 60). Our findings here of significantly lower num-
bers of motoneurons that regenerated their axons into
2-months chronically denervated distal nerve stumps corrob-
orate previous findings, supporting the contention that poor
axonal regeneration is a result of the progressive failure of
axons to regenerate in the atrophic nerve stump and not an
inability of chronically denervated muscle fibers to accept
reinnervation after long delays (14, 22, 51, 60, 62, 71). Indeed,
wet weights of reinnervated muscles, which are directly re-
lated to their isometric forces, demonstrated a very sluggish
rate of muscle atrophy compared with a drastic loss of the
trophic environment of the distal nerve stumps after long-
term denervation (60). Hence, progressive deterioration of the
growth-supportive capacity of the distal nerve stumps plays a
primary role in poor functional recovery after nerve injury,
and the role of muscle atrophy is secondary.

Previous Reinnervation of Distal Nerve Stumps
Provides Protection

The significantly higher number of motor neurons that
regenerate their axons into protected distal nerve stumps as
opposed to unprotected chronically denervated distal nerve
stumps (Fig. 4, A and C) may be explained either by the
sustenance of the Schwann cells in the growth pathway by the
regenerating axons and/or by the positive effects on axonal
regeneration that are mediated by the second phase of walle-
rian degeneration, induced when axons undergo a second
phase of degeneration when the motor or sensory nerve pro-
tecting the distal growth pathway is cut.

Classic observations suggested that the capacity of the de-
nervated distal nerve to support axonal regeneration depends
on proliferating denervated Schwann cells within the basal
lamina tube (8), which are essential for guiding regenerating
axons to their denervated targets (53). Axonal regeneration
fails when the distal nerve stumps lack either the Schwann
cells or basal lamina (20, 21, 74), because regenerating axons
extend along the surface of Schwann cells and/or the inner
surface of the basal lamina of the Schwann cell column (25). A
critical factor is that Schwann cell denervation results in the
up-regulation of neural cell adhesion molecule (40) and base-
ment membrane components (including laminin) (7, 10),
which are used for attachment and growth of the regenerating
axons. However, progressive regression of the capacity of the
denervated Schwann cells to sustain their growth-permissive
phenotype (32, 74) and the progressive decline in numbers of
Schwann cells in the chronically denervated distal nerve
stumps underlie the loss of capacity to support axonal regen-
eration (11).

Why does innervation of the distal nerve improve the ca-
pacity of the pathway to accept subsequent reinnervation? The
most straightforward explanation is that the Schwann cell and
basal lamina tubes are reinnervated and thereby supported,
providing an excellent trophic and haptotactic environment

for regeneration (16). Moreover, regenerating axons, when
contacting Schwann cells, elaborate neuregulins from their
growth cones, which bind to erbB receptors on the Schwann
cells to mediate a second phase of Schwann cell proliferation
(9, 51, 52). Proliferating Schwann cells, in turn, are a rich
source of neurotrophins, which support further axonal regen-
eration (16). Axons also elaborate inhibitors of matrix metal-
loproteinases (75), which attenuate the inhibitory proteogly-
cans in the distal nerve stump after injury (29). In addition to
the improved molecular environment provided in the pro-
tected distal pathway as opposed to the denervated one, the
presence of axons may simply better maintain endoneurial
pathways by physically occupying them (71).

The findings that more motor neurons regenerated their
axons into a 2-month motor protected saphenous nerve path-
way than a sensory protected saphenous nerve pathway are
consistent with the observations of Sulaiman et al. (62) that the
sensory nerve regeneration had an inhibitory effect on the
numbers of motor neurons that regenerated their axons into
the saphenous nerve pathway. The latter observations were
attributed to the capacity of regenerating motor axons to pro-
mote the expression of the HNK-1 carbohydrate moiety on the
Schwann cells in the sensory nerve (62). Normally, this carbo-
hydrate moiety is not expressed in the Schwann cells that
myelinate sensory axons, in contrast to its expression on the
Schwann cells that myelinate the motor axons in peripheral
nerves (41). Motor axons that regenerate into the saphenous
sensory nerve pathway in the motor protected group would
promote the expression of HNK-1 on the Schwann cells in that
nerve pathway within the 2 months of axon regeneration. As
a result, the sectioning and resuture of the femoral motor
nerve branch to the motor protected saphenous nerve path-
way would promote the regeneration of motor axons into a
distal nerve stump in which the Schwann cells have been
induced to express the HNK-1 moiety that is associated with
motor axons (41). Conversely, the Schwann cells in the sensory
protected saphenous nerve pathway would not express the
HNK-1 moiety. As a result, they would be considerably less
supportive to the regeneration of axons from the axotomized
femoral motor neurons. In the case of the unprotected saphe-
nous nerve stumps, the femoral motor neurons that send out
axonal sprouts into the pathway will encounter Schwann cells
that do not express the HNK-1 moiety that supports the re-
generation of motor axons. In addition, the axonal sprouts are
likely to be less able to promote Schwann cell proliferation
because of the reduced expression of the erb receptors for
neuregulin in the chronically denervated Schwann cells (33).

Strategies That Include Protection to Promote
Axonal Regeneration

The present experiment clearly demonstrates a positive con-
ditioning effect by providing initial innervation to a distal
nerve pathway that supports subsequent reinnervation, a
strategy that is being used clinically increasingly often. One
such tactic is a “babysitting” approach, in which a foreign,
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often sensory, nerve is used to innervate and maintain a
denervated nerve, which will later be innervated by its own
proximal nerve in a delayed manner because of the lengthy
duration of regeneration (42). A second approach is the side-
to-end nerve repair, in which an epineurial or perineurial
window is fashioned in an intact foreign nerve and the prox-
imal end of the denervated nerve is placed into the side of the
window (2). Although appealing, these strategies carry a
price, because a second intact nerve has to be injured to protect
the initially injured nerve element, making their application
possible only in select circumstances.

Other means of protecting the distal denervated nerve are
emerging. One strategy is the exogenous use of cytokines
(such as transforming growth factor-�), normally produced
during wallerian degeneration, to counteract the deleterious
effects of chronic denervation and to maintain the growth-
promoting denervated Schwann cell phenotype (70). In a re-
cent experiment, chronically denervated Schwann cells ex-
posed to transforming growth factor-� and forskolin, when
infused into a nerve regeneration chamber, dramatically in-
creased the number, size, and myelination of regenerating
axons compared with Schwann cells without pretreatment
(61).

The exogenous application of neurotrophic factors during
repair of the primary nerve injury at the injury site has been
extensively studied and found to be efficacious (12, 13, 31, 47,
67). Yet, the use of similar factors to support the chronically
axotomized motor neuron is perhaps an improved strategy (3,
5). On the basis of the results from the present study, the
provision of neurotrophic support to protect the chronically
denervated peripheral nerve stump may be yet more promis-
ing, as has been shown with the chronically denervated spinal
cord (73). An even more imaginative approach is to support
the distal denervated environment by the infusion of geneti-
cally altered Schwann cells or stem cells, either alone or as part
of a biohybrid construct (30, 59, 72). The recent demonstration
that neural precursor cells survive and extend axons within
the denervated nerve makes this approach a practical consid-
eration (38).

Regenerative Capacity after a Second Injury

The finding that the number of motoneurons regenerating
their axons in Experiment 1 (Far) to beyond the branch of the
nerve to the fat pad were considerably smaller than in Exper-
iment 2 (Near) (see Fig. 4, A and C) are readily explained by
two factors: first, the longer distance of regeneration (40 mm)
within the same 6-week period, and second, the regeneration
of axons into the fat pad, in which as many as 50% of the
motoneurons that regenerated their axons (in the Far condi-
tion) were not exposed to the retrograde dye.

A striking finding in the present study is that at best (motor
protection condition with Near sampling; Fig. 4C), only ap-
proximately 40% of the motor neuron pool will regenerate into
a distal nerve pathway after two nerve injuries. We previously
reported that after one nerve injury and surgical repair, sig-

nificantly smaller numbers of motoneurons (50%) regenerated
their axons into a blind ended contralateral saphenous nerve
graft compared with all the femoral motoneurons that regen-
erated their axons successfully into the ipsilateral saphenous
distal nerve stump that sustained its normal position in the
limb (62). In the present study, the same smaller number of
femoral motor neurons (approximately 150 motor neurons) in
Experiment 2 (Near) regenerated their axons over the same
distance of 20 to 25 mm into the ipsilateral saphenous nerve
stump after two nerve injuries and surgical repair of the
femoral motor branch and the ipsilateral saphenous distal
nerve stump (Fig. 3, A and D, and 4C). It is conceivable that the
surgical reunion of the femoral nerve branch with the saphe-
nous nerve graft compromised the crossing of regenerating
axons across the one surgical site in the former study, explain-
ing the reduced regenerative success. In the present study, a
second injury to regenerated axons of the axotomized femoral
motor neurons could likewise compromise the capacity of the
neurons to regenerate their axons a second time.

Alternatively, a second axotomy of motor neurons whose
regenerating axons have not made target connections may
promote the death of the neurons (35). Whether or not the
motor neurons (which do not regenerate axons) survive, the
high number of myelinated axons in the distal nerve stump is
indicative of extensive branching of regenerating axons as the
axon sprouts cross the surgical site of union of the femoral
proximal nerve and the motor protected distal saphenous
sensory nerve branches (Fig. 4D).

Sequential nerve injuries could exhaust the regenerative
capacity of motor neurons, especially if the neuron has already
down-regulated its repertoire of regeneration-associated
genes (15, 16). On a related note, might a second injury result
in motor neuron death? Although the death of sensory neu-
rons after peripheral axotomy in adult rats is well documented
(23), recent and emerging evidence suggests that a subset of
motor neurons may also succumb, especially if the injury is
close to the cell body (18, 19, 36, 37). Generally, peripheral
axotomy far distal in the limb, as performed in the present
study, has not been observed to produce motor neuron death,
but a rigorous evaluation of the spinal cord motor neurons for
survival after sequential peripheral axotomy has not been
performed. Whatever the mechanism, the loss of regenerative
capacity has profound clinical implications, given that repair
of almost all nerve injuries requires a “second” delayed nerve
injury when the neuroma in continuity is resected and the
nerve is repaired with grafts (44). Further evaluation of the
motor neuron population for cell death and its regenerative
potential after a second injury is therefore warranted.
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This is a complex study by an experienced, collaborative group of
scientists who have studied nerve regeneration at a basic level for

many years. At the heart of this paper is the concept of “babysitting”
a distal axon stump after transection injury until a regenerating prox-
imal stump can be reattached. The paper has two main conclusions: 1)
it confirms earlier studies that found that distal stumps after transec-
tion injury (in the absence of structural and trophic support) will
degenerate to the point that they will be poor hosts for regenerating
axons; and 2) it is better to preserve, or baby-sit, distal stumps with
motor nerve contact (for trophic support, etc) if you intend to use
them as hosts for regenerating motor axons. Neither of these points
seems revolutionary, although the second is certainly more novel than
the first. The point that motor protection is better for motor regener-
ation is actually based on a previously published paper (1) in which
the first author of this paper was a co-author. There were some design
issues with the first study that made it less relevant clinically, but the
fundamental assertion of a motor/sensory-specific protection prefer-
ence was established. The precise mechanisms of this motor-specific
protection have not been entirely elucidated, but further studies by
collaborative groups such as these will undoubtedly result in a better
understanding of nerve regeneration. Ultimately, specific trophic sup-
port will be identified that will allow motor regeneration to occur
down to the intrinsic muscles of the hand following proximal limb or
plexus-level nerve injuries.

Jason H. Huang
Eric L. Zager
Philadelphia, Pennsylvania

1. Sulaiman OA, Midha R, Munro CA, Matsuyama T, Al Majed A, Gordon T:
Chronic Schwann cell denervation and the presence of a sensory nerve
reduce motor axonal regeneration. Exp Neurol 176:342–354, 2002.

Midha et al. have conducted a well designed study using Lewis
rats to investigate factors that favor axonal sprouting in the

distal stump after an injury to the femoral nerve. The basis of this
study was the finding that distal stumps of severed nerves undergo
Wallerian degeneration and thus become progressively less accom-
modating for elongating axons. To slow this irreversible change, it
was believed that reinnervating these distal stumps with temporary
(“babysitting”) motor axons would lead to better maintenance of the
Schwann cell micro milieu than would be the case with sensory axons,
or even worse, no axons (chronic denervational state). The study was
set up to investigate this finding in which the study was subdivided
in three stages:

1. Primary injury to the saphenous nerve with/without primary
repair.

At the groin level, the saphenous nerve (sensory) branch of the fem-
oral nerve and the quadriceps (motor) branch were cut. In Group A,
the motor branch was coapted with the distal sensory stump, in
Group B, a primary repair of the sensory nerve was performed, and,
in Group C, no input was lead into the distal sensory stump.
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2. Coaptation of a motor branch to the distal saphenous nerve,
regardless of the prior operation.

These animals were reoperated after 6 weeks, and, in Group A, the
motor branch to sensory (saphenous) coaptation was cut and again
coapted, in Group B, the sensory (saphenous to saphenous) repair was
cut and a motor branch to sensory repair performed, and, in Group C,
the motor branch was coapted with the chronically denervated distal
stump of the sensory branch.

3. Injection of tracer and sacrifice of the rats.

All animals were sacrificed after 15 weeks and nerves studied with
tracers injected prior to sacrifice.

With statistical validity, they found more axons in Group A than in
the other two groups, providing evidence for better ability of motor
axons than sensory axons to maintain distal nerve stump hospitality
for future regeneration.

This study was well conducted and should stimulate interest on the
part of neurosurgeons and researchers working in the field of nerve
surgery. However, despite these interesting results, the fact remains
that these were obtained in a rat model. Rats have classically shown
much better regenerative ability than humans, thereby questioning
the validity of an extrapolation to human care. Even so, within this rat
model relative differences between motor and sensory axons remain
striking. It is hard to construct a similar model that can be used in
humans: sacrificing an intact motor nerve to support the distal stump
of another motor nerve with impunity is an obstacle. It may be
possible for placing sensory-to-sensory or mixed motor-sensory
nerves (for example, using medial antebrachial cutaneous nerve as a
babysitting nerve for blunt/crush injuries of an ulnar nerve).

Midha et al. are to be commended for their effort. It is hoped that
further studies with clinical applicability will be forthcoming.

Rashid M. Janjua
David G. Kline
New Orleans, Louisiana

In this interesting study, the authors use an experimental paradigm
to evaluate potential mechanisms of denervation and reinnervation

of peripheral nerve injury in a rodent model. Their model compares
creating a peripheral nerve graft/conduit for motor reinnervation or
“motor protection” versus “sensory protection” to no protection.
Their results show that significantly more motor fibers containing
myelinated axons reinnervated the injured motor protected nerves
than either the sensory protected or no protection groups. It was clear
that extended denervation or no protection of the distal nerve path-
way was deleterious to regeneration. This important data reveals a
number of concerns with regard to our present operative management
and timing of repair and grafting but also the possibility of novel
types of intervention that may eventually improve outcome. In most
cases of peripheral nerve injury, unless there is a mechanism of a
sharp transection, there is an interval of time between injury and
surgical repair for potential recovery. Even in cases of sharp transec-
tion, exploration is usually followed only by a tagging of the nerve
stumps for later intervention for reconnection or grafting. This data
would suggest that this recovery time period may be a lost opportu-
nity for a good motor outcome, that injured nerves should be explored
sooner rather than later, and that a paradigm of “motor protection”
needs to be developed in order to optimize the long-term motor
outcome.

One difficulty in taking their findings and extending this to a potential
treatment intervention is being able to diagnose adequately those nerves

that are injured and will likely recover versus those that will not likely
recover and thus would benefit from an earlier intervention. Further
study is clearly needed to not only develop new approaches and inter-
ventions, but also better diagnostic tools for decision-making and timing
of surgical exploration and repair. I applaud the authors on developing
and pursuing this important line of research for peripheral nerve injury,
appropriately at present, with rodent models, but further study with
higher level animal models (e.g., non-human primates), will be necessary
to determine not only the applicability of these models to the clinical
situation but any potential efficacy of new therapeutic interventions
based on their work.

P. David Adelson
Pittsburgh, Pennsylvania

It has become clearer over the past few years that the principal reason for
the failure of late nerve repair to produce good clinical functional results is

owing to changes in the distal nerve beyond the site of nerve injury. This, in
turn, leads to fewer regenerating axons and thus less robust reinnervention
of the target muscles. The authors have presented an interesting model to
examine the regrowth of axons down a distal nerve after injury. The rat
femoral nerve and its saphenous branch have been used as a model. The
authors have used a “babysitting” technique to maintain axon growth in the
distal stump after nerve injury. They have endeavored to determine whether
or not provision of regrowing the axons immediately after injury may
maintain the distal nerve in such a state as to enhance the growth of axons
done at a secondary repair after 8 weeks. The nerve distal to a transsection
was sutured to either the proximal stump of a motor nerve or to a sensory
nerve, or the distal nerve was not reinnervated in any way. Eight weeks later,
the repairs were taken down and the motor branch of the femoral nerve was
resewn to the distal saphenous anastomosis nerve. The motor branch to
saphenous nerve clearly showed significantly improved growth of the motor
fibers down the saphenous nerve after the second repair. The distal saphe-
nous nerves, which had been reinnervated by sensory axons, did less well,
but both did considerably better than the nerve that had not had any
reinnervention provided.

This experiment seems to support the concept that there is a sort of
degeneration occurring in the distal nerve after nerve injury, which proceeds
after a short delay, and which will significantly limit the axonal growth
down that nerve after a delayed nerve repair. “Babysitting” by a motor nerve
seems to provide the best results and is, as shown by the number of growing
motor neurons, as demonstrated by retrograde uptake of Fluorogold. The
axon counts and the distal myelinization also show better regrowth with a
motor babysitter. Although this is a significant finding in terms of the basic
processes of nerve regrowth, the technique itself has little applicability in the
clinical situation because motor nerves are not generally available for baby-
sitting duty. However, as the authors point out, the use of cytokines such as
prostaglandin-� for forskolin may eventually be applied to the distal cut end
and may preserve the nerve in better condition until a nerve repair can be
done.

The authors put forward a most interesting and thorough discus-
sion of the basic processes of nerve regrowth and the reason why
previous reinnervation may improve axonal regrowth. The idea that
axonal regrowth somehow “protects” the distal nerve is most com-
pelling. The authors have been involved in the investigation of basic
processes of nerve growth and this study is one of many attempting to
understand the factors involved. We may all hope that investigations
along these lines lead to better outcomes in our nerve repairs, which
still, unfortunately, are far less than ideal.

John E. McGillicuddy
Ann Arbor, Michigan
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Publication of the first results of the CRASH
(Corticosteroid Randomization after Signif-
icant Head Injury Trial) trial (11) represents

a landmark for head injury research but also a red
flag warning of stormy days ahead for clinical
trials in American academic neurosurgery.

CRASH, a trial funded by the British Medical
Research Council (MRC), tested whether high
dose methylprednisolone sodium succinate
(MPSS), administered within 8 hours of injury, (2 g
loading dose over 1 hr followed by 0.4 g/hr for 48
hr in a 20 ml/h infusion) would improve survival
after head injury. This dose closely followed the
NASCIS3 regimen of MPPS tested in acute spinal
cord injury (4). CRASH was based on some 16
head injury trials of steroids (of varying formula-
tions, dose and regimen) which had produced in-
conclusive and inconsistent results (1). Meta-
analysis of these trials estimated a �4% (95% CI
�15%, � 8%) reduction in mortality risk was con-
sistent with the available RCT evidence (2).

CRASH planned to randomize 20,000 patients,
and was powered to detect a drop in mortality
from 15% to 13% into a trial design that has been
called a �simple� large trial, whose intent is to
document relatively small but important improve-
ments in outcome. CRASH randomized more
than the number of patients entered into all previ-
ous head injury steroid trials combined. Prior trials
suffered from being so small that only implausibly
large differences in events (as much as a 50% im-
provement in survival) could be detected with any
degree of confidence (5). Null results from these
trials left open the question of whether smaller but
important differences in survival could have been
missed. Only 4% of 203 trials for all head injury
interventions would have detected improvement
in survival of 10% or less (5).

The CRASH data safety monitoring board
asked that the trial be stopped after 10,008 patients
from 239 hospitals in 49 countries had been ran-
domized. CRASH found no evidence that MPSS

improved survival. Indeed, mortality was greater
in the MPSS treated patients, 21.1% versus 17.9%.
The number of patients needed to be treated to
cause one death was 31. This is reported with such
a high degree of precision (P � 0.0001) that it is
unlikely to be a false negative. This should lay to
rest the question of whether MPSS therapy im-
proves survival for head injury, it doesn’t. Indeed,
trials of any steroids will need to marshal a very
strong rationale why they should improve sur-
vival when MPSS doesn’t.

The results of CRASH have drawn attention to
the use of MPSS in spinal cord injury. Importantly,
the current published CRASH results provide no
information about neurological recovery. Neuro-
logical recovery in CRASH was assessed by a sim-
plified version of the Glasgow outcome scale at six
months and these data are currently being ana-
lyzed. Moreover, because of uncertainty about the
value of steroids in head injury, the majority of
patients entered in CRASH would have been ex-
cluded from the NASCIS trials (3, 4). It is possible
that a few patients with very minor head injuries
were randomized to NASCIS but patients with
mild head injuries were not at significantly in-
creased risk of death in CRASH (4.2% v 4.1%, a
difference that could be due to chance). Most spi-
nal cord injured patients do not have head injuries
and the CRASH result for mild head injury agrees
with the NASCIS trials that reported no significant
differential effect of MPSS on mortality, a result
also observed in a meta-analysis of other trials of
high dose steroids (11). The most relevant safety
data from the new CRASH report for spinal cord
injured patients is that CRASH reported �no evi-
dence of a large rise in risk of infectious complica-
tions or gastrointestinal bleeding� from MPSS
treatment. The generalizability, if any, of the mor-
tality data in the CRASH trial to non-head injured
patients will not be known until the causes of case
fatality in CRASH are explored in detail.
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CRASH was criticized early on in the United States because it
tested such a small effect. It was argued that a 2% differential in
mortality was too small to be important, and that such a large trial
would make patients unavailable for other head injury trials. It was
also believed that the trial was testing too broad a range of injury
and should have focused on severe injury. However, in CRASH
there were 3,944 patients with severe injury—making it the largest
trial of severe head injury.

There will be some five million head injuries in the United
States during the next decade, and 30 million worldwide. A 2%
improvement in mortality would result in saving 100,000 and
600,000 lives respectively. Calculating survival over a decade is
reasonable, given the pace of research in this area, as any suc-
cessful therapy for head injury is likely to be used for that length
of time before being supplanted. Avoiding this number of deaths
would appear to be worthwhile. By analogous argument, the
current CRASH findings will lead to avoiding substantial mor-
tality if steroid use is stopped. The large number of head injuries
implies that, even if all of the CRASH patients had been entered
from the U.S. in one year, this would only represent 4% of the
total number of patients. This leaves plenty of head injured
patients available for other studies (8).

In fact, CRASH randomized no patients from the United
States, reflecting the critical nature of clinical trial investigations
in the United States. Early efforts to organize CRASH in the US
through NIH grant support failed and no US Centers joined
independently through the CRASH web site. The US CRASH
proposal did not pass NIH peer review when the protocol (which
was essentially identical to the MRC protocol) was criticized for
reasons discussed above. There is clearly some education needed
to inform doctors about the importance of large scale random-
ized trials (9).

It is becoming increasingly difficult to conduct trials of any
kind in United States academic centers. Trials are very expensive,
often ranging from $10,000 to $20,000 per subject. (In contrast,
CRASH costs $450 per subject). These excessive costs are driven
by high institutional overheads, the demands by academic de-
partments that substantial salary support be added for trial par-
ticipation by faculty and staff, and often by an excessive zeal to
collect volumes of data on every patient entered into a trial. This
data is known to be almost never fully analyzed and, worse, can
jeopardize answering the primary research question (8). In the
current research environment, research funded by pharmaceuti-
cal companies is often all that can be afforded. Unfortunately,
industry supported research is also known to be at greater risk of
bias in finding positive results and publishing them (7).

CRASH has convincingly answered the question about survival
after MPSS, facilitating research into new therapeutic areas of head
injury. The CRASH investigators have maintained their organiza-
tional structure and are planning a new large trial (www.crash.lsht-
m.ac.uk). CRASH2 will test whether the antifibrinolytic, tranexamic
acid, in patients with significant hemorrhage, improves survival. It
will be encouraging if more American academic centers choose to
participate in this next trial.

ADDENDUM

The 6-month results of the CRASH trial continue to demon-
strate no evidence for an improvement in survival with MPSS
therapy (25.7%) versus placebo (22.3%, P � 0.0001) or any reduc-
tion in risk from death or severe disability, respectively, 38.1%
and 36.3%, P � 0.079 (7).
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Dr. Bracken appropriately summarizes the Corticosteroid Ran-
domization after Significant Head Injury Trial (CRASH) trial and

results in his commentary. His role on the CRASH steering committee
and the contributions he made to the design and execution of this
landmark trial in conjunction with the work of many hundreds of
other individuals deserves both recognition and respect. That so many
patients could be treated within the study protocol at 239 hospitals in
49 countries under the constraints of a very modest budget is a
testimony to the ingenuity and determination of these investigators.

Two important questions are generated from the CRASH publication: 1)
was there any difference in clinical outcome (Glasgow Outcome Scale)
amongst the survivors, and 2) what led to the higher death rate observed in
those head-injured patients receiving methylprednisolone sodium succinate
(MPSS)? The first question will be answered within the next few months as
study patients progress through their 6-month follow-up. Unfortunately, the
answer to the second question will likely never be known, at least within the
context of the CRASH protocol. The cause of death in patients who have
sustained multi-system trauma is difficult to precisely identify in our own
institutions, let alone in a standardized manner from across almost 50 coun-
tries, many in which no English is spoken.

Nonetheless, CRASH has effectively proven that MPSS in head-
injured patients leads to a 3% higher mortality in the first 2 weeks of
hospitalization compared to controls. In other words, one person will
die as a result of MPSS administration for every 33 patients treated.
Inferences with respect to the use of MPSS in acute spinal cord injury
are not only unavoidable, but also very important. The dosage and
timing of steroids in CRASH was analogous to the 48-hour MPSS
protocol published in NASCIS III. The mortality rate from pulmonary
complications for patients with spinal cord injuries receiving 48 hours
of MPSS in NASCIS III was 6 times higher compared to those receiv-
ing 24 hours of therapy (P � 0.056). It is likely that high-dose MPSS
provokes the same local CNS and systemic side effects in patients
irrespective of whether they have a brain or spinal cord injury. For
those who still use them, clinicians must now weigh the new data
from CRASH very carefully before continuing to administer steroids
in the setting of acute spinal cord injury. The need for detailed
discussions with the patient and their family of the benefit/risk ratio
(including death) has never been more important. Issues of liability in
causing death from the off-label use of MPSS are now very real.

I share Dr. Bracken’s concern with respect to the peer review
process and funding of clinical trials both in the United States and in
North America as a whole. At a federal level, it often seems that either
the bar has been set too high or our peers have lost touch with what
is truly clinically relevant. Unrealistic expectations in the peer review
process need to be tempered by greater engagement of medical spe-
cialties specific to the research proposal being judged. While it may be
appropriate to construct review panels from individuals with a wide
variety of backgrounds, it is not intuitive (for example) that internal
medicine or even epidemiology specialists should have the final word
on a neurosurgical clinical research initiative or vice versa. It may
behoove organizations such as the National Institutes of Health (NIH)
and the Canadian Institutes of Health Research to retain external
consultant advocates with clinical experience germane to a given
research proposal to oversee and direct the peer review process.

At an institutional level (private and academic alike) greed generated by
the cash cow of externally funded clinical research has obscured the more
important mandate to promote excellence in medical science. Our universi-
ties have established huge financial barriers to external peer-review clinical
research, largely abandoning their role as facilitator in an attempt to garner
funding for their own non-peer-review initiatives. These barriers must be
consciously dismantled.

Unlike Dr. Bracken, I believe that it will take more than simply educating
doctors about the importance of large-scale randomized trials to improve
North America’s role in evidence-based medicine. The CRASH study is a
significant and envious contribution to medical science. For those of us on
the western side of the Atlantic Ocean, it serves as two wake-up calls in one.

R. John Hurlbert
Calgary, Alberta, Canada

In this commentary on the two-week outcomes of the CRASH trial
(2), Bracken discusses the success of this trial in enrolling a very

large number of patients, at a low cost, to investigate a very small
effect size (2%, in the case of this trial) through the collection of
relatively small amounts of outcome data on each patient. The success
of this study design can be seen by the fact that the differences in
outcome were so pronounced that the safety monitors decided to halt
the trial after accrual of only half of the planned 20,000 patients.
Bracken speculates that the degree of precision of the increased mor-
tality rate in the steroid-treated group is so high (P � 0.0001) that it is
unlikely to represent a false-negative result. This supposition was
proven correct by the recently published six-month outcome data (1).
He also cautions against extrapolating these results to the trials of
high-dose steroids in spinal cord injury.

Bracken criticizes the lack of participation of any United States
centers in this study, a phenomenon that may be due in part to the
study protocol not passing NIH peer review. However, he encourages
American investigators to recognize that these large-scale, inexpen-
sive trials that eliminate collection of superfluous data may represent
the wave of the future. Otherwise, the high expense of the more
traditional studies may represent such an obstacle that only those who
tend to be biased, such as large pharmaceutical and device companies,
may be able to afford them. The question becomes whether individual
investigators will opt to participate in smaller and cheaper studies or
whether they will prefer larger, privately funded trials that also fre-
quently fulfill a need for investigator and institutional revenue.

Alex B. Valadka
Houston, Texas
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HIPPOCRATIC WORKS LEND themselves still today to the modern physician for
further analysis of his approach to the diagnosis and treatment of various pathological
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Hippocrates is considered to be the fa-
ther of modern medicine. Although as
with most paternal figures of history,

it has often been difficult to separate myth
from reality, it is well recognized that Hip-
pocrates, son of a physician himself, was the
first to release the healing art from demons,
superstition and magic (5). Hippocrates was
born on the Greek island of Kos and was
considered to be the eighteenth descendant of
the Greek God of health, Asclepias (Fig. 1).
Celsus wrote about him: �Hippocrates first
gave the physician an independent standing,
separating him from the cosmological specu-
lator or nature philosopher� (2). Indeed, Hip-
pocrates separated the medical practice from
the rhetoric of philosophy as well as the dog-
matism of religion.

Hippocrates recognized disease as an entity
governed by natural rules. His works are char-
acterized by a detailed and accurate descrip-
tion of the diseases’ course and treatment. He
noted that there were differences in the pre-
sentation, severity and outcome of a disease
among different individuals. In many cases, it
becomes apparent that Hippocrates consis-
tently adjusted his treatment regimen accord-
ing to the precise nature and severity of the
patients’ symptoms, in the same way that a
physician of the modern era would carefully
follow the guidelines for the management of a
disease. In our current communication, we
attempted to extract the Hippocratic sugges-
tions for the treatment of head trauma, de-
pending on the nature and the extent of the
injury, and present them in a modern-format
of a therapeutic algorithm. This would allow
for a better understanding of the Hippocratic

approach to head injuries and the similarities
and differences with the modern neurosurgi-
cal practice.

MATERIALS AND METHODS

We examined one of Hippocrates surgical
books, named ����� ��� �� ���	
��
����	����; �Peri Ton En Cephali Traumaton,�
which can be translated in English as: �About
the head trauma.� This is considered to be a
genuine book of Hippocrates. The ancient
Greek text was studied, along with two Mod-
ern Greek translations (4) and one English
translation (1). We tried to summarize the
Hippocratic �guidelines� for the treatment of
head injuries in a modern-format algorithm
(Fig. 2).

RESULTS

In the introduction of his book, Hippocrates
referred to the correlation between the config-
uration of the sutures (’�		�’ “raphe” in
Greek) and the shape of the skull. He also
defined bregma to be the most vulnerable site
of the skull, followed by the temporal and
occipital regions.

Hippocrates suggested that the physician
should start with an accurate history and a
detailed physical examination. While taking
the patient’s history, the physician was re-
quired to assess the risk of injury from the
patient’s symptoms, such as lost of conscious-
ness, dizziness, amaurosis or from the severity
of impact as described by the weapon type,
the intention, the direction of the impact or the
details of a possible fall. The physician should
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also perform a detailed examination including inspection and
palpation of the wound. If these revealed a simple skin lacer-
ation, he advocated that no bandage was necessary, unless the

wound involved the forehead, eye
or eyebrow. This may reflect either
some understanding of the impor-
tance of this anatomic region and
the frequently observed extension
of the wound infection through
collateral blood circulation or some
cosmetic concern, although it is not
clear if cosmetic results were taken
into consideration in the Hippo-
cratic era. He further suggested
that the use of bandage in the area
of the forehead and around the
eyes should be discontinued as
soon as inflammation subsided.

If significant bone trauma, or
head injury were diagnosed, then
taking into consideration the indi-
cations and contraindications, the
physician should perform trephi-
nation of the skull within the first
three days. If the wound size was
insufficient for an accurate diagno-
sis, extension of the wound inci-
sion should be performed. Hip-
pocrates clearly warned against
performing an incision over the
temporal area since that could lead
to the development of contralateral
seizures/spasms. If significant in-
jury was diagnosed, then trephina-
tion should be considered. If no
significant injury was appreciated,
but there was a high index of sus-
picion, scraping of the bone with a
raspatory should be performed.

If trauma was evident, then the
mentioned algorithm should be
followed. If the suspicion was
strong, but no apparent trauma
was present, Hippocrates advo-
cated the use of a copper based dye
in order to identify fine small frac-
ture lines that were not visible to
the naked eye. If such a fracture
line was present, the physician
should scrape the bone until the
fracture line disappears, otherwise
trephination should be considered.

Furthermore, Hippocrates pro-
vided specific indications for the
trephination of the skull. Specifi-
cally, he advocated trephination

when the following diagnoses were made: bone contusion
(obvious or not), bone fracture (obvious or not), hedra (inden-
tation in bone) when combined with contusion alone or frac-

FIGURE 1. 3rd century AD mosaic exhibited in Museum of Kos depicting the arrival of Asclepios, the god
of health, to the Island of Kos. Asclepios is welcomed by Hippocrates on the left and a local citizen of Kos on
the right.

FIGURE 2. Hippocratic suggestions formatted in a modern algorithm.
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ture and contusion. In case of depressed skull fracture, treph-
ination was rarely indicated with the most depressed and
comminuted fractures requiring trepanning the least. Regard-
ing the timing of trephination, Hippocrates suggested early
intervention and especially within the first three days. Treph-
ination should be avoided on skull sutures. Additionally, tre-
panning should not expose the dura (meninges), but instead a
thin, mobile layer of bone should be left in place. The physi-
cian should avoid dura necrosis and penetration. Caution
should be exercised during trepanning and the trepan should
be frequently withdrawn and plunged in cold water as heated
trepan dries the bone and causes larger pieces of bone to drop
off. In cases of delayed treatment, trepanning should be per-
formed at once; and the track of the trepan should be fre-
quently examined in these cases by removing the trepan and
using percussion with a dull instrument in order to avoid
injury to the underlying meninges and the brain. It is men-
tioned that suppurated bone was drilled faster and that atten-
tion should be paid to the fact that bone may be thinner in
certain anatomic areas.

Particularly in the pediatric population, trephination should
be performed with great precautions using a small-sized spe-
cially designed trepan, as it was known, based on careful
observation and not through anatomic knowledge, that chil-
dren’s skull bones were thinner and softer than adults’. Hip-
pocrates advocated that the physician should perform treph-
ination in order to provide exit of the blood (hematoma).

CONCLUSION

Hippocrates’ contribution to medicine is indisputable; med-
ical practice was, for the first time, based on observation and
logic, and the symptoms of many diseases were classified (3).
Many of the principles of modern medicine, and in particular
modern neurosurgery, can be identified in his texts, such as
the attention to history and physical examination, as well as,
the importance of accurate diagnosis and early intervention in
the case of head trauma. Depending on the extent of the head
injury as well as the presence or not of fracture, Hippocrates
advocated early and prompt diagnostic and therapeutic inter-
vention. Even today, the same principles such as development
of specific methodology and classification, establishment of
indications/contraindications, detailed technique instructions,
meticulous attention to wound care and prevention of com-
plications, are considered of paramount importance for a good
outcome of the head-injured patient.
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COMMENTS

This article presents a part of the Hippocratic literary corpus that
helps to substantiate the lofty position Hippocrates has enjoyed

over the past two millennia. The authors’ algorithm is an interesting
way of emphasizing the objectivity and accuracy of information that
formed the basis of his treatments that, more than the treatment itself,
represents the modernity of his prescriptions.

Lycurgus M. Davey
New Haven, Connecticut

It is informative, and a bit humbling, to reflect on what was recom-
mended for the treatment of head injuries more than 2000 years ago

and note that many of the same principles still apply. Hippocrates is
often thought of as advocating a conservative approach to medicine
and treatment of diseases with diet and hygienic measures. So, it is
particularly interesting that he had such specific recommendations for
the surgical treatment of traumatic brain injury.

Donald W. Marion
Boston, Massachusetts

When reviewing this paper on Hippocrates and the management
of head trauma, one is reminded again why Hippocrates is

referred to as the father of modern medicine. It is clear that Hip-
pocrates and his school had a remarkably clear understanding of
medical and surgical management for the time. Many of the concepts
introduced by this great school remain the same today. As the authors
nicely point out in the algorithm, there was a very systematized
approach to dealing with head injury. Certain cases were done while
others were considered too risky to undertake. In an era with minimal
antisepsis, minimal anesthesia, and rather primitive instrumentation,
their results appear to have been quite good. One must also not forget
that a pre-surgical history and physical examination were absolutely
essential in the work-up and eventual surgical planning, which is
being forgotten more and more in this modern day of imaging where
the MR is often ordered first with only the most rudimentary physical
examination being done before hand.

James Tait Goodrich
Bronx, New York

This paper is fascinating. It reminds us of the paradox of how far
we’ve come in some areas and how little things have changed in

others. The authors deserve our thanks for bringing this bit of history
to our attention.

Alex B. Valadka
Houston, Texas
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The Renaissance not only reached the
height of arts, with its accomplishments
in the field of painting, sculpture, archi-

tecture, and poetry, it also corresponds to a
profound change in the art of warfare, because
of the development of firearms. The progress
in the systems of ignition, from the lighted
fuse to the wheel lock, as well as the introduc-
tion of barrels provided with sights, allowed
the evolution of the former cumbersome and
inaccurate guns toward the much more reli-
able and precise weapons of the end of the
16th century. Gunshot wounds raised new
problems for the physician-surgeons of the
time, whose primary sources were the works
of Hippocrates and Galen, still dominant in
the contemporary medicine and surgery. This
particularly affected the management of head
injuries caused by gunshots, since the main
reference, the Hippocratic treatise known as
“De capitis vulneribus” (“On head injuries”),
provided only indirect assistance.

The great handbooks written by the most
celebrated surgeons of the 16th century might
create in the reader of today the persuasion
that lesions inflicted by missiles to the head
were commonly believed to be unsuitable for
treatment. Such an assumption, however,
would be incorrect, as it results from a num-
ber of contemporary works, unfortunately not
very well-known at the present time.

The library of Demetrio Canevari (Genoa,
1559–Rome, 1625), archiater appointed to the
pope Urban VII Castagna, reflects the state of
medical knowledge at the turn of the 16th

century, being representative of the technical
and cultural learning of physicians who had
attained the highest positions in the society of
the time. This estate, consisting of more than
two thousand books almost entirely preserved
in the Berio Civic Library of Genoa, represents
a unique opportunity to find assembled to-
gether rare works otherwise difficult to con-
sult.

The report based on these writings follows
the progress in treatment of head wounds in-
flicted by missiles, over a century in which
both advances in firearms and changes in mil-
itary tactics challenged the traditional ap-
proach to injuries suffered in battle.

The Wounds

In the fighting style of mounted knights of
the Middle Ages, lance thrusts were mainly
directed to the torso of the opponent, because
it provided the largest target. The impact
strength could penetrate the armor of the ad-
versary, or at least unsaddle him. At short
range, however, strokes to the head could
more easily result in lethal blows. Therefore,
by managing the sword, the axe, or the mace,
on horseback, or on foot, the warrior aimed at
the head.

Examination of the skeletons of soldiers
fallen in battles of the 14th and 15th century
revealed that half of the crania had lesions,
inflicted mainly by cutting and thrusting
weapons and occasionally by bolts of cross-
bows (2). This condition changed at the begin-
ning of the 16th century, owing to the innova-
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tions in the battle array. However, the practice of surgery did
not follow this evolution. The treatise of the renowned French
surgeon Guy De Chauliac, appointed in Avignon to the popes
Innocent VI Aubert and Urban V Grimoard, which had been
composed in 1363, was still in use 200 years later. A specimen
of a late edition of this work, printed in 1499 in Venice (8), has
been studied by the author of the present report. It bears
handwritten notes in the margins that suggest a dating around
the half of the 16th century (Fig. 1). This documents the per-
sisting actuality of the old book at that time, although injuries
inflicted by firearms are ignored.

Scant information on gunshot wounds to the head are re-
ported in the treatises of the most renowned surgeons of the
16th century. On the contrary, several contemporary writings,
currently neglected to a great extent, are rich in insights into
this matter.

A book published in 1535 by Jacopo Berengario da Carpi,
professor of surgery at the University of Bologna, as a revised

edition of a former monograph written in 1518, deals entirely
with head injuries (3). Gunshot wounds were regarded as
worse compared with those inflicted by sidearms, because
they usually were compound lesions. However, only a few
notes were devoted to this subject, possibly in relation to the
rarity of missile head wounds at the beginning of the century,
owing to the use of weapons fired by lighted fuse and lacking
sights.

Even the handbook published in 1569 as a point of reference
in surgery by André Vesale, born in Brussels, professor of
anatomy at the University of Padua and afterwards surgeon
appointed to the emperor Charles V, limits its interest to
sparse mentions of gunshot wounds (26).

Detailed descriptions of injuries inflicted by firearms are
reported in the monumental work of Ambroise Paré, surgeon
appointed to the kings of France, which represents an ad-
vanced state of surgical knowledge in the second half of the
16th century, particularly in its Latin version elaborated from
the previous French draft and intended for an academic au-
dience (17). Although an entire treatise was mainly devoted to
this matter (“De vulneribus, sclopo, aliis ignariis machinis, &
telorum omni genere illisis” – “On injuries inflicted by the
arquebus, other firearms and throwing arms of all types”),
head wounds were ignored. On the other hand, the Paré’s
treatise devoted to the fractures of the cranium did not deal
with lesions caused by missiles.

Likewise, at the end of the century, the comprehensive hand-
book of the Venetian surgeon Giovanni Andrea Dalla Croce,
though including a specific chapter (“De sclopetorum vulneri-
bus” – “On injuries inflicted by arquebuses”), gives only a few
accounts on these wounds (7). Even more elusive in this regard
is the contemporary academic teaching of the highly estimated
Paduan master Gerolamo Fabrizio d’Acquapendente, who did
mention injuries inflicted by leaden bullets without, however,
any report as to their features (4).

A better account was given in a treatise written in 1552 by
Bartolomeo Maggi, a surgeon attached to the papal army of
Julius III Del Monte (15). In that book, specifically devoted to
gunshot wounds, the author refers to several surgeons skilled
in the treatment of injuries inflicted by missiles attended at his
time the armies were involved in open battles and sieges in
those turbulent years in Italy (Fig. 2). The troops bore heavy
guns, with a caliber averaging 15 to 18 mm, whose bullets
were usually cast in lead or tin, rarely in iron. Therefore, they
had the tendency to break up within the wounds. Further-
more, they dragged along fragments of clothes and armor (14,
15). Maggi did not mention missile head injuries. On the
contrary, injuries of the spine and the spinal cord were re-
ported. In this regard the description of a wound inflicted to
the medullary cone (“postrema pars spinalis medullae” – “the
lowest part of the spinal cord”) of a mounted soldier is para-
mount.

The high mortality rate following injuries inflicted by fire-
arms, even if they attained non-vital parts of the body, led to
the belief that they were poisonous because of the composition
of the gunpowder, consisting of sulfur, saltpeter, and charcoal.

FIGURE 1. First page of a late edition (1499) of the surgical treatise by
G. De Chauliac, dating back to 1363, with notes handwritten in the 16th

century (8) (courtesy, Demetrio Canevari Ancient Book Fund, Berio Civic
Library, Genoa).
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This was a firm belief during the first decades of the 16th

century, also on account of the assumed diabolical character of
firearms. A resolute rebuttal of this assumption was made in
1560 by Leonardo Botallo (5), a surgeon graduated at the
University of Pavia, who mainly practiced in Paris within the
circle of the royal court. Years later, several surgeons (6, 11, 14,
15) supported the Botallo’s thesis with the following argu-
ments. First of all, the components of the gun powder, being
simple elements (“simplicia”), were assumed to not be a poi-
son, that necessarily should result from a mixture of sub-
stances. On the contrary, these components were thought to be
“beneficial, because they disclose utmost power in contending
with the worst diseases” – (“adeo salutaria, summam vim in
maximis expellendis morbis habentia”). Furthermore, it was
stressed that gunpowder was usually employed by German
lansquenets to dress their sores. These soldiers even used to
drink wine mixed with gunpowder, without any after-effect.
On the other side, poison eventually added to the bullets
would be harmless, because it could not withstand the heat of
fusion and/or the shot. Finally, the alleged “occult power” of
the ammunition was identified as an abstraction without a
rational basis.

The mortality rate, whose highest values were assigned to
the 1st, 7th, 11th, 17th day after the wounding (11), actually was
the result of the devastating effects of the shots, that easily
caused gangrene according to contemporary reports (7, 11,
14).

Increased precision of the firearms in the second half of the
century, allowing aimed shots, more and more frequently
caused injuries to the head. Around the turn of the 16th cen-
tury, various types of missile head injuries were clearly rec-
ognized.

Extensive reports of progress made at that time are given by
authors reputed to be minor, such as Joseph Duchesne (11), a
surgeon appointed to the Duke d’Alençon, and Francesco
Piazzoni (20), a surgeon attached to the Venetian army. This
latter claimed responsibility for advances in knowledge of
gunshot head wounds (Fig. 3) and stressed that these injuries
always required a maximum of care (“ratione nobilitatis et
partis prestantiae vulnus in capite a scopleto inflictum, quan-
tanvis exiguum sit, maximi tamen est estimandum” – “a gun-
shot wound to the head, however minor, should be highly
considered, because of the nobility and the sphere of activity
of this part of the body”).

The most dangerous injuries were thought to be those af-
fecting the cranial sutures, as well as the cranial base (11). At
all events, “the prognosis should always be on the danger list
for prudential reasons, in order to avoid false accusations” –
(“semper cum prudentia prognosticum utendum erit ad ca-
lumnias vitandas”).

Oddly enough for lesions inflicted by firearms, closed head
injuries were the object of particular consideration. As early as
1514, either radiate or depressed fractures of the cranium had
been reported (9). These lesions typically occurred when a

FIGURE 2. Frontispiece of the work of B. Maggi, specifically devoted to
gunshot wounds (15) (courtesy, Demetrio Canevari Ancient Book Fund,
Berio Civic Library, Genoa).

FIGURE 3. Opening of the section dedicated to gunshot head wounds by
F. Piazzoni (20) (courtesy, Demetrio Canevari Ancient Book Fund, Berio
Civic Library, Genoa).
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soldier wearing a helmet was hit tangentially by a shot fired at
close range, or perpendicularly by a spent bullet (Fig. 4).
Localized depression of the helmet caused a contusion of the
scalp, usually associated to a cranial fracture. In the case of a
large contusion of the scalp, a corresponding contusion of the
underlying cerebral surface (“in ipsam cerebri substantiam”)
could occur and, according to Piazzoni (20), should always be
suspected. Furthermore, an epidural hematoma could de-
velop, owing to laceration of a dural vessel (“vena aliqua intus
in cerebri membrana” – “a vessel within a membrane of the
brain”), or an association of intracerebral and subdural hema-
toma could form, owing to rupture of cerebral or subarach-
noidal vessels (“intus vero in cerebro vena aut in membrana
aliqua rumpuntur” – “vessels within the brain or the other
membrane are teared”). Lesions could also occur on the side
contralateral to the impact (“in parte opposita inflammatio in
membranis, aut substantia cerebri oritur” – “on the contralat-
eral side an inflammation of the membranes, or the brain itself,
develops”).

Impairment of consciousness, delirium, vomiting, paralysis,
diplopia were assumed to be signs of intracranial lesions.
Livid discoloration of the skin, bad breath, weak pulse, and
blushed eyes were regarded as evidence of impending death.

Open wounds had common features: penetrating (“punc-
tim”), lacerating (“cesim”), contusing (“contusim”). In the case
of injuries that affected only the scalp, great care was taken to
ascertain whether the pericranium had been lesioned. In the
presence of discontinuation of the pericranium, inspection of
the bony surface was considered mandatory. As a matter of
fact, a “contusion” of the cranium could occur, with this
involvement being revealed by discoloration of the surface of
the bone, which rapidly turned into a bluish color. This was
regarded as a lesion prone to cause either contusion of the
underlying brain, or laceration of vessels with subsequent
onset as intracranial hematomas. These effects were judged

very similar to those resulting from closed injuries consequent
to shots to the helmet.

In the presence of an open injury a more relevant involve-
ment of the cranium usually occurred. This involvement typ-
ically consisted of: 1) contusion and fracture; 2) contusion and
depression; 3) retention of the bullet within the fractured bone;
4) penetration of the bullet into the brain, with possible dehis-
cence of cerebral matter. In the presence of a comminute
fracture bony fragment could “prick” the dura mater; with the
consequence that the patient experienced “great pain.” De-
pressed fracture could also be comminute, with the outer
surface of bony fragments being eventually driven into a
depth equivalent to the width of the cranium (11, 20).

The Treatment

The limited progress in treatment of gunshot wounds over
the first half of the 16th century explains why Luis de Re-
quesens, Governor General of the Spanish Low Countries,
could write to his king, Philip II, as late as in 1575, that several
soldiers struck by pikes or swords would survive, while most
of those who had received gunshot wounds would die.

Injuries and diseases were treated by a relatively large num-
ber of surgeons and a few physicians. The former were often
barbers with a raw medical knowledge, while the latter
usually disdained to perform surgical operations, an attitude
that gave rise to bitter reproaches by academic surgeons.
Berengario painted a black picture of those physicians. He
wrote in 1535: “In the present times physicians refuse to be
named surgeons. However, when it is a question of extorting
money, they feign to master the art . . . They engage surgeons
of the lowest degree (“chirurguculi”) at a very low price, with
the consequence that a blind man guides another blind man
and both fall into the ravine . . . These fellows are not physi-
cians, because a real physician is experienced in both medicine
and surgery” (3). In his opinion, gunshot injuries were more
often fatal to soldiers than they were to civilians, with this
outcome being primarily the consequence of a bad treatment
(“miseri aegrotantes non tam ratione vulneris, quam chirur-
gorum imperitia succumbunt” – “the poor wounded men die
owing to the unskilfulness [sic] of the surgeons, rather than on
account of their wound”).

It can be remembered, in this regard, that Paré, who is
acknowledged as the founder of the modern French surgery,
did not receive an academic training and belonged to the
Parisian guild of barbers. His late admission to the surgical
College of Saint Cosme, when he had been already appointed
surgeon to the king of France, was strongly opposed by the
medical Faculty of the Sorbonne.

One must note that casualties among soldiers did not result
only from injuries inflicted in battle. As a matter of fact,
dysentery, meningitis, and relapsing fevers were plagues of
the campus, where these diseases took a heavy tall of victims,
because they had no cure.

As concerns surgery, this was performed without the ben-
efit of anesthesia. The variety of drugs that had been inherited

FIGURE 4. Etched Italian morion bearing a depression (arrow) caused
by a spent bullet fired perpendicularly, or by a proof shot, circa 1580 (pri-
vate collection).
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from antiquity were not very effective, with the level of con-
sciousness being hardly affected in the course of surgical
operations.

Berengario reported that surgery on the field was often
afflicted by shortage of equipment and was usually performed
in unsuitable conditions, compared with the common practice
(3). Civil operating rooms toward the end of the 16th century
are illustrated in the treatise written by Dalla Croce (7), prob-
ably the most comprehensive surgical handbook of that time.
It can be granted that the designer did lend color to the scenes,
according to a custom typical of the Mannerism, the artistic
age of the late 16th century. However, the realism of the
technical details, including reproductions of surgical instru-
ments, is unquestionable. The rooms where operations on the
cranium were performed were heated with braziers (“prodest
etiam totum cubiculum califacere” – “a well heated room is
also suited”), that also warmed dressings, according to a wide-
spread praxis dependent on the belief (11, 22), inherited from
classic authors, that cold was “very dangerous to the brain”
(“cerebro frigus inimicissimus”). The attendance of a number
of persons seemingly unrelated to the operating team, such as
a praying girl, as well as the presence of animals, such as a cat
catching a rat, strikes our mind (Fig. 5A–C). When these were
the actual references, though possibly mingled within fanciful
surroundings, one can imagine the environments of the neu-
rosurgical operations on the field.

The fate of the wounded persons was thought to be also
dependent on the climatic conditions, a belief possibly born
under the influence of the Hippocratic doctrine regarding the
relationships between environment and health. In this connec-
tion, the climate of Florence and Ferrara in Italy (11, 19), as
well as that of the Midy of France (14), were regarded as very
unfavorable (“pestiferum”).

There was general agreement in the first decades of the 16th

century that the bullets should be removed from the limbs within
the first day, owing to the assumed poisonous effect of the
wounds, which was thought to eventually affect the brain itself.
Ingenious instruments were developed for this purpose. The
wound was enlarged and explored by means of a probe, or the
middle finger, that was known in France either as the “medical”,
or the “infamous” finger, because of its essential role in the
diagnosis of the gravel stone (14). Various types of forceps were
then employed to remove any extraneous material (Fig. 6).

Careful scrutiny of surgical treatises of the 16th century in
their elaborate, and at times arduous, Latin construction re-
flects a vision that differs under several aspects from the
versions reported in most of the recent reviews. It is generally
assumed nowadays that dressings underwent a major change
in the second quarter of the century. One refers, in this regard,
to the experience gained by Paré in 1537, during his tour with
the French army engaged in the siege of Turin. As a young
surgeon approaching gunshot injuries for the first time, he
was acquainted with the treatment of these wounds with hot
elder oil mixed to “theriaca,” a compound believed to be a
powerful antidote, in an attempt to free them from poison and
prevent putrefaction. Shortage of this medication following a

bloody clash obliged Paré to treat some of the wounded sol-
diers with an ointment composed by oil of rose, egg yolk, and
turpentine, though he was afraid they were appointed to
death. To his great surprise, the day after their wounds were
plain and painless, while patients treated with hot oil pre-
sented with painful swelling and inflammation.

Cauterization of wounds in order to stop bleeding has been a
gift from Islamic medicine to the Western world since the Middle
Ages (13). Treatment of gunshot wounds, as well as bites of rabid
dogs or snakes, with hot elder oil and “theriaca” had been
popularized at the beginning of the 16th century by the Genoese
surgeon Giovanni Di Vigo, archiater appointed to the pope Julius
II Della Rovere. There is evidence that this treatment was em-
ployed by military surgeons until the late 16th century, when it
was still regarded as the best and safest cure for gunshot wounds

FIGURE 5. Operating rooms during elevation of depressed fractures (A,
B), or trepanation of the cranium (C), as reported by G. A. Dalla Croce
(7) (courtesy, Demetrio Canevari Ancient Book Fund, Berio Civic Library,
Genoa).
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(14). However, its drawbacks were soon recognized. In the same
years when the young Paré was with the French army in Pied-
mont, the twenty-year-old Milanese medical student Giovanni
Battista Carcano Leone, who was following on the field his tutor,
Antonio Da Raudo, surgeon appointed to the duke of Alba,
commander of the Spanish-Imperial army, could realize how
detrimental was the unquestioned adoption of general rules (6).
The Spanish surgeons, defined by Carcano Leone as unqualified
(“imperiti”), only took aim at blindly follow the Di Vigo’s pre-
cepts, with the consequence that soldiers attacked by missiles
were submitted to repeated, painful, and ineffective treatments
with hot oil.

However, when one goes back to the source (9, 10), he can
note that Di Vigo did prescribe cauterization in the case of
devastating lesions caused by firearms, however with further
treatment with different medications (“si vulnus fuerit cum
deperditione substantiae cum instrumento dicto lo scoppeto
membri tunc consecuta cauterizatione loci eorum cura

finienda est prout capitulo proprio plenarie locuti sumus” –
“in the presence of a wound with loss of tissues inflicted by
the instrument said lo scoppeto [the arquebus] the affected
parts of the body should be treated, following cauterization,
according to the rules that we have already exposed in detail
in a specific chapter”). To his surprise, the reader learns that
the medicine to be used following cauterization was a mixture
of oil of rose, egg yolk, and turpentine, just the ointment used
years later by Paré. To be right, that composition was largely
employed over the whole 16th century to dress wounds, in-
cluding those inflicted by firearms (11, 15, 16, 22, 24, 25). As
early as 1518, Berengario had stated that gunshot wounds to
the head should be treated in the same way as were lesions
inflicted by cold steel or blunt weapons. Furthermore, he had
already reported that oil of rose, mixed with egg yolk, bees-
wax, and elder extract, was the best cure for gunshot wounds
to the head, owing to its ability to relieve the burning effects of
the shots (3).

It has been forgotten that it is to Di Vigo’s credit (9) that his
was the first instruction to tie torn vessels by treating gunshot
wounds (“this is obtained by passing a needle under the vessel
in order to easily tighten the knot” – “efficit intromittendo
acum sub vena desuper filum stringendum cum facilitate”).
As concerns head injuries, once again we run into Di Vigo (10),
who prescribed that “in the presence of divarication of the
skin, the wound should be sutured on the first day, provided
than an opening is left on its lower part, in order to give
sufficient space to allow discharge of blood” – “cum cutis
elevatione tunc prima die administratur sutura partium, rel-
iquendo tamen in loco decliniori orificium satis conducens ad
purgandum sanguinem”).

Over decades, only lesions of the limbs or superficial
wounds of the torso were thought to be suitable for effective
surgical treatment. A meaningful representation of the actual
practice around the half of the century is given by almost
identical illustrations reported by both Vesale (26) and the
Parisian surgeon Jean Tagault (24), which reproduce extrac-
tion of a bullet from the breast (possibly thoracic muscles) of
a man apparently in fairly good health (Fig. 7). In this regard,
a statement of Maggi is paramount (15). “If an important part
of the body is struck by these bullets, that is brain, heart,
throat, lung, liver, intestine, abdomen, veins, bladder, or vulva
in women, and already appear unfavorable signs and in your
pondered opinion the bullet cannot be removed, then you
must refuse to set your hand, because by no means you can
give hope to the victim and indeed you jeopardize the repu-
tation of the art of surgery”.

The authority of the Hippocratic learning on head injuries
survived until the 17th century (18, 21). And yet experience
had challenged the traditional assumption that severe injuries
to the brain were invariably fatal. As a matter of fact, several
surgeons of the Renaissance had reported that dehiscence of
cerebral tissue through the wound was not necessarily fatal (7,
12, 22, 24). Moreover, Berengario (3) had stated that extensive
surgical removal of that tissue led to recovery in a number of
cases he treated (Fig. 8).

FIGURE 6. Forceps employed to remove bullets and estraneous material,
as reported by A. Vesale (26) (courtesy, Demetrio Canevari Ancient Book
Fund, Berio Civic Library, Genoa).
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However, involvement of the brain due to penetrating
wounds inflicted by missiles was regarded over the whole 16th

century as irreparable. When the bullet was thought to be
buried within the white matter, all hope of recovery was given
up (“nulla enim amplius spes salutis restat”).

Despite these assumptions, around the turn of the 16th

century, following significant progress in surgery of gunshot

wounds, new procedures of dealing with head injuries in-
flicted by missiles were already consolidated. The following
exposition is based on the writings of Carcano Leone, Duch-
esne, Joubert, and Piazzoni (6, 11, 14, 20).

First of all, the edges of the wound, or the surgical field,
were protected by pledgets (“linteoli”) soaked in wine and oil
of rose in order to either spare tissues by trepanning the
cranium, or to avoid their dryness due to exposition to air.

In the presence of large contusions of the scalp, examination
of the bony surface was performed following cruciate incision
of the lesioned skin. When fractures or “contusions” of the
cranium were found, trepanation was strongly advocated in
order to detect and evacuate possible epidural hematomas.
However, in the absence of clinical signs of deterioration,
craniotomy was postponed until the third day, because the
dura mater was thought to invariably adhere, in the first hours
after injury, to the inner surface of the cranium, with the
consequence that it could be easily perforated by trepanation.
Therefore, “one shall wait until the bone will spontaneously
be separated from the whole” – (“tandiu spectandum erit,
donec os sponte a toto separetur”).

Trepanation on sutures was still regarded as highly danger-
ous, according to the learning of the ancient medicine. There-
fore, in the presence of intersecting fractures, trepanation was
advocated on either sides of the suture. When the fractures
were comminuted the most disrupted bony fragments were
carefully removed, particularly if they compressed the dura.
However, fragments lacerating the meninges usually were not
extirpated, provided that enough space had been left to allow
escape of pus (“satis enim erit, si tanta sit ossis apertio, ut pus
per illam expurgari possit” – “as a matter of fact, it will be
sufficient to leave enough space in the bone for the sake of
discharging pus”).

By elevating depressed fractures, great care was devoted to
spare the dura (Fig. 9). Bony fragments were removed and one
or more gaps were left in the cranium to allow escape of
extradural pus. Once the poisonous feature of the wounds had
been excluded, there was general agreement on the need to
remove the bullet early after the injury only when it threat-
ened to deepen within head, thorax, or abdomen. Otherwise,
removal was postponed to the following days.

In the last quarter of the 16th century an effort was made to
face conditions that the traditional doctrine had reported to be
incurable. The vigorous appeal of Carcano Leone (6) to over-
come remainders from the antiquity, avoiding slavish subjec-
tion to unverified regulations, can be regarded as a true ex-
pression of the new times. The bold approach (6, 11) to injuries
inflicted by missiles to the supraorbital and the temporo-basal
regions, that had traditionally set beyond the reach of surgery,
shows how innovative surgical treatment could be. The sur-
geons had observed that lesions of the cranial base, with
fragmentation of bone and laceration of the dura, caused
herniation of cerebral tissue through the wound. To control
these situations, enlargement of the bony defect was per-
formed, with subsequent removal of necrotic brain and sealing
of the dural laceration with a piece of silk fabric, soaked in oil

FIGURE 7. Extraction of a bullet from the breast of a soldier, as reported
by A. Vesale (26) (courtesy, Demetrio Canevari Ancient Book Fund, Berio
Civic Library, Genoa).

FIGURE 8. Neurosurgical instruments employed by J. Berengario da
Carpi (3) (courtesy, Demetrio Canevari Ancient Book Fund, Berio Civic
Library, Genoa).

VIALE

1312 | VOLUME 57 | NUMBER 6 | DECEMBER 2005 www.neurosurgery-online.com



of rose, “in order to fill the whole cavity of the wound” – (“ut
tota vulneris cavitas impleatur”).

Though occurrence of acute subdural and intracerebral he-
matomas had been recognized and some of their signs had
been reported, evacuation of clots was only occasionally per-
formed in the presence of dural tears, with the intact dura
mater still thought to be an impassable barrier for the surgeon.

Contralateral intracranial hematomas could hardly be diag-
nosed in life (20). “In this case only the hand of God can save
[the patient], because it is not allowed to open the whole skull,
with trepanation on the affected site being the sole option” -
(“In tali casu sola Dei manus potest salvare, siquidem non licet
totum cranium aperire, sed eam partem tantu quae ictum
accepit”). As a matter of fact, surgeons were not in condition
to benefit in individual cases from signs suggesting the occur-
rence of intracranial lesions in zones not directly affected by
the blow, because the occasional onset of lateralized motor
impairments or seizures was puzzling (14), owing to its
chancy relation with anatomically well-defined lesions. Rec-
ognition of a contralateral subdural hematoma was missed
even in the case of the king of France, Henri II, who had been
struck by a lance in a tournament and was examined in
consultation by no lesser authorities than Paré and Vesale (2).

CONCLUSION

The heritage of traditional learning, hanging over the whole
16th century, strongly influenced the attitude toward a new
event, gunshot wounds to the head, which were initially ap-

proached in a rather reluctant way. However, the spirit of the
Renaissance with its innovative afflatus ultimately prevailed.
At the end of the century, significant progress had been
achieved in both acknowledgment of different types of inju-
ries inflicted to the head by firearms, and their treatment.
Surgery was still rather crude and unable to deal with most of
the intracranial lesions. However, on the whole, it laid down
rules that survived unchanged over the following centuries.

Taking into account today’s mortality rate in patients suf-
fering from gunshot head wounds, which is now much higher
in civilian (23) rather than in military (1) conditions, unlike the
ancient report of Berengario (3), one must acknowledge that
the fate of these patients has improved only to a limited extent
in the present times, despite spectacular advances in diagnos-
tics.

The approach to these lesions in the 16th century, though
influenced by old convictions and wrong interpretations, un-
derwent significant changes under the influence of the spirit of
the age, as well as under experience gained in the wars. It
finally became the best one allowed by the current knowledge
and technology, serving as a source of reference over a long
period to come.
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spectantes, dilucidè & exquisitè ad mentem Hippocratis describuntur, nec non &
eiusdemmet Hippocratis libellus de capitis vulneribus commentarijs illustratur.
Venezia, Evangelista Deluchino & Giovanni Battista Pulciano, 1608.

19. Passera JP: De causis mortis in vulneribus capitis, et recta eorum curatione.
Bergamo, Comin Ventura, 1590.

20. Piazzoni F: De vulneribus sclopetorum. Tractatus. Venezia, Giorgio Valentini &
Roberto Meietti, 1618.

21. Riolan J: Chirurgia. Leipzig, Heirs of Franz Schnellboltz and Johann Beyer &
Heinrich Osthausen, 1601.

22. Romani GB: De capitis vulneribus liber. Venezia, Giordano Ziletti & Soci, 1559.
23. Siccardi D, Cavaliere R, Pau A, Lubinu F, Turtas S, Viale GL: Penetrating

craniocerebral missile injuries in civilians: a retrospective analysis of 314 cases.
Surg Neurol 35:455–460, 1993.

24. Tagault J: De chirurgica institutione libri quinque. Paris, Chrétien Wechel, 1543.
25. Trono P: De ulceribus et vulneribus capitis. Pavia, Gerolamo Bartolo & Andrea

Viani, 1584.
26. Vesale A: Chirurgia magna in septem libros digesta. Venezia, Vincenzo Valgrisi,

1569.

Acknowledgments
This work was supported by a University of Genoa MURST infrastructure

grant. The author gratefully acknowledges Mr. Sergio Deseri and Mr. Marino
Costigliolo for their cooperation in editing the manuscript.

COMMENTS

This paper provides an excellent historical basis for the impact and
evolution of the care of patients treated for gunshot wounds of the

head. The initial history of the employment of firearms is well de-
scribed, and the activities of pioneers in surgical management of such
wounds are clearly presented. This very interesting and comprehen-
sive historical paper takes us through the Middle Ages to the end of
the sixteenth century and serves as a very good base for what has
occurred subsequently in the management of the sophisticated missile
injuries that are seen in modern day warfare.

Edward R. Laws
Charlottesville, Virginia

Dr. Viale has provided a most fascinating insight into the treat-
ment of head injuries by the sixteenth century surgeon. This era

was a benchmark time for neurosurgeons, or at least their brethren, for
little was available on the treatment on a head-injured patient due to
the discharge of an arquebus. The sixteenth century surgeon was
bridging two eras, the medieval, heavily invested in the writings of
antiquity, and the burgeoning new Renaissance period. Stuck in the
middle was the poor surgeon who did not have a clue how to treat
penetrating missile injuries of the head. To understand this period, Dr.
Viale has done the most remarkable review of contemporary writings
to see what a sixteenth century surgeon could access and learn from.
Reviewing the works of Berengario da Carpi, De La Croce, and others,
it was clear that they did not have much to learn from. The fear of the
these types of gunshot wounds were real, often thought to be poison-
ous as the outcome was often so bad. Certainly, reviewing the military
battle strategy reveals a major change had to take place. Archers could
not penetrate the armor of the soldiers but a arquebus certainly could.
The weapons were heavy, single-shot, yet, if the intended target was
hit, that was usually the end of that warrior. In reviewing this paper,
the sixteenth century surgeon clearly had to make a number of skill

changes in dealing with these injuries. The modern analogy is work-
ing in the Bronx. When I first started practicing in the Bronx area,
gunshot wounds were common, usually a daily admission. The weap-
ons used were typically from a small caliber, low velocity Saturday-
night special, which did not do much damage. In recent years, the
9mm has become much more common, and, as a result of rapid
discharge and multiple rounds, we are now rarely called to the emer-
gency room as the patient is often dead on arrival. The firearm march
continues, getting better everyday, but at the same time reducing our
time and commitment to the emergency room as our neurosurgical
skulls are not needed as often. So much for firearms development and
the ruining of our business! With all that said, a remarkable review of
what life was like as a sixteenth century surgeon—the question is do
we have it better now—I’m not really sure of that answer.

James Tait Goodrich
Bronx, New York

During the Middle Ages, surgery was largely operative and con-
cerned with the surface of the body; surgeons dealt with the

many accidents that were part of life in pre-industrial Europe, setting
fractured bones or treating burns and contusions. Surgery, however,
offered many problems, as far as pain, suppuration, and hemorrhage
were concerned.

This article offers an intriguing reconstruction of the development
of surgery through the evolution of weapons in the transition from
Middle Age to Renaissance.

As in the past, surgery in Middle Age increased, thanks to the
military experience and the casuistic of wounds changed deeply after
the introduction of gunshot in military equipment.

Starting from the examination of the literary sources of that time,
the author deals with the history of gunshot wounds, underlining
their importance in increasing surgery skills. Gunshot wounds, in fact,
whether suffered in tavern brawls or in warfare, were another source
of patients: since Teodorico Borgognoni’s description of head wounds,
surgery increased progressively. Particularly, Berengario from Carpi
wrote a short treatise, On Skull Fractures (Bologna 1518), illustrating
his surgical treatment on fractures on skull. His work was dedicated
to Lawrence de’ Medici, Duke of Urbino, who had been hit by a bullet
during the siege of Castel Mondolfo. He suggested how to operate on
his wound and Lawrence recovered very quickly. His treatise, as the
author strongly underlines, was considered a polar star in the field of
brain surgery.

During the following centuries, little has changed in terms of sur-
gical techniques. Paré abandoned the standard use of boiling oil to
cauterize gunshot wounds, substituting a salve instead. Indeed, boil-
ing oil, used to counteract the poisons which were commonly sup-
posed to be produced by gunpowder, fell progressively into gradual
disuse as patients increasingly objected to it; however, it continued to
be employed in cases of “putrefaction” or gangrene, until the early
twentieth century.

Other operations underwent refinement in the following ages: the
famous French surgeon J.L. Petit (1674–1750) developed new practices
with amputations at the thigh. Military surgery advanced markedly,
in particular, management of gunshot wounds and army surgeons
contributed much to investigation of the complaints that typically
followed wounds, including hospital gangrene, tetanus, and erysipe-
las. The military proved the best school of surgery, because warfare
and colonial expansion created insatiable demands for junior sur-
geons willing to serve abroad or aboard ship.

As a matter of fact, by 1800, surgery’s reputation had definitively
risen and the surgeon had distanced himself from the traditional
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barber and bleeder, achieving his own voice through such journals as
the Mémoires de l’Academie Royale de Chirurgie. Within a century, the
surgeon had further risen in status to become, perhaps, the most
fashionable of all the medical practitioners.

The author has rightly focused on the core of the article, i.e., the
change of the wounds treatment, due to the introduction of the fire
weapons in the battlefield, underlining how the experience gained on
the battle fields has had incredible results in the development of
surgery itself.

This issue offers an important contribution to the understanding of
the impact of new weapons on the development of surgical skills.

Donatella Lippi
Nicola Di Lorenzo
Florence, Italy

The development of firearms and the treatment of wounds sus-
tained by them is one of the most important historical progressions

of the last 500 years. The paper begins by looking at typical wounds
and their treatment during the age before personal firearms were
common in battle. We see that the cavalry was the dominant force in
battle for many centuries, only suffering major defeats at the hands of
archers and (seldom) pikemen. The wounds sustained during these
battles were similar to the wounds military surgeons had been dealing
with for centuries, and methods of treatment were reasonably sophis-
ticated. Large cannons were used in very large battles and sieges, but
were too cumbersome and costly to become a highly effective weapon
in conventional warfare.

Portable firearms, on the other hand, met with very quick success,
as soldiers bearing early rifles were deployed with troops of pikemen
and became quite efficient at dispersing cavalry charges. The progress
in either handguns or shoulder arms revolutionized the art of war.
Armies increasingly had to employ mercenary gunmen to provide
missile support to their ground troops and cavalry. As firearms
gained in accuracy and ease of firing, they were used by cavalry to
strengthen their charges, and their improved precision led to a change
in the distribution of wounds, with an increasing proliferation of
wounds to the head.

Early firearms were inaccurate and unwieldy, and tended to be
aimed more often at the body of the target in the mild hope of hitting
something. These wounds were seldom fatal; what was more likely to
cause death was infection of the wound while waiting for treatment.
These fatalities were attributed to the supposition that they were
poisonous, due to the composition of gun powder. Surgical knowl-

edge almost completely ignored head wounds by firearms until the
second half of the 16th century, when the use of sights and increased
accuracy dramatically increased the number of head wounds field
surgeons dealt with.

The paper cites specific surgical texts of the period, noting that until
at least the second half of the sixteenth century, gunshot wounds were
largely ignored as surgeons of the day were unsure how to treat them
and to what extent they could be treated. The paper points out that
most field surgeons were barbers or other non-professionals with only
a raw medical knowledge. Most physicians or academic surgeons
remained in town or at court. Early treatment of gunshot wounds was
with an ointment created by mixing “oil of rose, egg yolk, and tur-
pentine,” which had a somewhat positive effect and was used
throughout the sixteenth century. At other times, soldiers were treated
with hot oil, which was very painful and usually not effective.

By the turn of the seventieth century, surgical knowledge and
ability to treat head wounds had made surprising, although sporadic,
progress: most wounds could be identified and many were treated
effectively. The development of proper methods was hampered by the
adherence to traditional forms and convictions, which had no knowl-
edge of these types of wounds. The advancements made, however,
did not keep in step with technological advancements in the firearms
themselves or with the methods of modern warfare. So, while, in the
spirit of the Renaissance, progress had been made, “surgery was still
rather crude and unable to deal with most intracranial legions.”

The paper deals expertly with both the technological achievements
of the development of firearms and with the medical/surgical prac-
tices that developed during the period. The important historical de-
velopments are treated with care and aptitude, explaining the condi-
tions in both military and medical science that led to the increased use
of firearms, their importance to the development of warfare, and the
reluctant changes made by physicians and field surgeons to their
martial treatments. While not getting drawn too far afield, the paper
manages to touch on specific cases treated by surgeons and their
academic writing about those cases; specifics that serve to highlight
how advances or stagnations in medicine affected the soldiers and
surgeons in the field.

Rahul Jandial
Sam Hughes
Michael L. Levy
San Diego, California
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OBJECTIVE AND IMPORTANCE: Although non-aneurysmal vascular compression of
the oculomotor nerve is rare, it should be considered in the evaluation of unilateral
oculomotor palsy.
CLINICAL PRESENTATION: A 36-year-old non-diabetic man presented with two
months of intermittent retro-orbital headache and third nerve paresis caused by
compression of the oculomotor nerve between an ectatic, atherosclerotic posterior
communicating artery (PComA) and a small tentorial meningioma. At operation, the
subarachnoid portion of the nerve, prevented from migrating posteriorly and laterally
by the meningioma, was grooved by the apex of the artery’s loop.
INTERVENTION: Microvascular decompression (MVD) of the artery loop from the
nerve and resection of the meningioma were performed. Postoperatively, the patient’s
retro-orbital headache and oculomotor paresis, with the exception of mild anisocoria,
resolved. Tumor infiltrating the posterior tentorium and lateral cavernous sinus was
treated by Cyberknife radiosurgery five months later. One year after surgery, the patient
had improvement in his headaches, full extra-ocular movements, and minimal residual
anisocoria.
CONCLUSION: Only one other report describes MVD of the third nerve from PComA
compression. A review is presented of MVD carried out for similar cases of non-
aneurysmal vascular compression of the oculomotor nerve. By analogy from cases in
which an aneurysm is the compressing vascular structure, prompt surgical treatment is
advocated. Complete evaluation of an isolated third nerve palsy should include MRI
sequences designed to detect vascular compression of cranial nerves.

KEY WORDS: Microvascular decompression, Oculomotor paresis, Posterior communicating artery, Tentorial
meningioma, Third nerve palsy
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Oculomotor paresis with headache is a common pre-
sentation of enlarging or ruptured aneurysms at the
internal carotid artery–posterior communicating ar-

tery (PComA) junction; it may also be seen with posterior
fossa meningiomas. Oculomotor nerve dysfunction as a result
of non-aneurysmal vascular compression, on the other hand,
is likely very rare, given the small number of cases described
in the world’s literature.

We report a case of compression of the oculomotor nerve by
an atherosclerotic loop of the PComA in a patient with uni-
lateral retro-orbital headaches, sub-acute oculomotor paresis,
and a 7-mm diameter meningioma of the left tentorial inci-
sura. The patient also had a magnetic resonance imaging
(MRI) enhancement pattern consistent with tumor infiltration

of the dura along the lateral cavernous sinus wall and a 12-mm
long left optic nerve meningioma. Both were felt to be asymp-
tomatic at his initial presentation.

Although third nerve palsy is not a rare presentation of
posterior fossa meningiomas, in this case the tumor was quite
small and did not distort the third nerve. Rather, the nerve
was deeply invaginated along its anteromedial aspect by an
enlarged, atheromatous loop of the PComA.

CASE REPORT

Presentation

This 36-year-old non-diabetic man presented with two
months of progressively severe left retro-orbital headache. The
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headache had initially developed over two days. Attributed to
a sinus infection, it did not respond to antihistamine therapy.
The patient then developed a sharp, stinging sensation that
radiated to his nose and, sometimes, to the cranial vertex. On
the third day, he developed marked left ptosis, external oph-
thalmoplegia, and diplopia. His ophthalmoplegia was charac-
terized by loss of duction in all directions except abduction
and intorsion. At that point, nausea, vomiting, dizziness, pho-
tophobia, and phonophobia frequently accompanied his head-
aches. He was hospitalized at another institution and under-
went lumbar puncture and left carotid and vertebral
angiography. All were normal. Laboratory studies were all
unremarkable, including complete blood count, chemistry
panel, anti-nuclear antibodies, sedimentation rate, and cere-
brospinal fluid VDRL. At the time of his evaluation at our
institution, his eye pain was intolerable and his ptosis and
diplopia persisted.

A brain MRI showed a 7-mm diameter contrast-enhancing
mass in the left pre-pontine cistern along the tentorium (Fig.
1A and B). There was contiguous dural enhancement extend-
ing posteriorly, along the tentorium, and anteriorly, along the
lateral wall of the cavernous sinus. In addition, there was
multi-lobulated enlargement of the left optic nerve with a focal
area of enhancement measuring 12 � 8 mm. Magnetic reso-
nance angiography (MRA) suggested that the left posterior
cerebral artery (PCA) was of fetal origin, but this was not
evident on the catheter angiogram.

The patient’s history included an episode of severe right-
sided, peri-orbital headache one year previously. This initial
headache was so severe that he was admitted to a hospital and
underwent a lumbar puncture, CT scan, and MRI. These were
normal. His pain eventually resolved over several weeks. Two
years prior to his current presentation, he had a two-week
episode of right-sided Bell’s Palsy that completely resolved
with steroid therapy. In childhood he had blurry vision and
severe hyperopia of the left eye, which persisted through
adulthood and was corrected with eyeglasses.

Examination

When the patient initially presented to the referring neurol-
ogist, he had a complete left third nerve palsy and left V1

hypoesthesia. Treatment with high-dose steroids for two
weeks produced modest improvement in his eye signs but did
not reduce his retro-orbital headache. At the time of our
pre-operative evaluation, nine weeks after his headache onset,
he still had residual anisocoria (with a 4 mm pupil on the left
and a 2 mm pupil on the right; both round and reactive),
moderate ptosis, and abduction and extortion of his left eye on
neutral gaze. Despite full extraocular movements, he had dip-
lopia in all directions of gaze. His visual fields were full to
confrontation. His fundi were normal. He had hypoesthesia in
the left V1 distribution with a preserved corneal reflex. The
remainder of his examination was normal.

Operation

The evening before surgery, the patient underwent MRI
scanning with gadolinium for computer-assisted navigation.
A left temporal craniotomy for combined trans-Sylvian and
subtemporal exposure was performed. Microdissection of the
arachnoid of the Sylvian fissure exposed the middle cerebral
artery (MCA) trunk, carotid bifurcation, and supraclinoid ca-
rotid artery. The temporal lobe was elevated posteriorly to
expose the lateral wall of the cavernous sinus and the tentorial
incisura.

The supraclinoid carotid artery was traced back to the take-
off of the PComA. The PComA was enlarged, elongated, and
marked by atherosclerotic changes. As it passed posterolater-
ally, it formed a large loop, the apex of which deeply indented
the anteromedial aspect of the third cranial nerve just proxi-
mal to its entrance into the cavernous sinus (Fig. 2A and B).
The nerve was thin, gray, and adherent to the artery in the
region of its contact with the vessel. There was mild swelling
in the segment of the nerve proximal to the point of impinge-
ment. The nerve appeared to be displaced anteriorly, but not
indented, by a mass lying posterior to it. The arachnoidal
adhesions about the nerve and artery were sharply divided
and the anteromedial aspect of the nerve was freed from the
PComA loop. The residual indentation from the enlarged
PComA was more than half of the nerve’s diameter (Fig. 3). To
maintain separation of the artery from the nerve, the entire
PComA was dissected free of arachnoidal adhesions from its
carotid origin to the P1 segment of the PCA, with careful
attention to preservation of all perforators. The P1 segment
was also marked by atherosclerosis. The loop, thus freed, was
allowed to pass superiorly and laterally such that it no longer
invaginated the third nerve.

Inspection of the tentorial incisura posterior to the nerve
identified tumor extending from the inferior surface of the
tentorium (Fig. 4A and B). Using care to avoid injury to the
trochlear nerve, the tentorium was dissected away from the
oculomotor nerve and divided along the margin of the tumor
from the incisura medially, toward the superior petrosal sinus
laterally. A similar incision was made just posterior to the
attachment of the superior aspect of the tumor to the under-
surface of the tentorium. The lateral attachment of the tumor

FIGURE 1. A, pre-operative T1W and B, gadolinium-enhanced T1W
MRIs showing the small, nodular area of enhancement in the left prepon-
tine cistern indicative of the 7-mm subtentorial meningioma.

SOURCES OF OCULOMOTOR PALSY
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was then divided, and the tumor mobilized out of the subten-
torial posterior fossa.

The inferior dome of the tumor was dissected free of
branches of the PCA and superior cerebellar artery (SCA), and
from the lateral brain stem. In this manner, the tumor was
removed as a single specimen and small tags of the tumor
along the tentorium were sharply resected. The tumor base
was coagulated extensively. Although no gross residual was
evident, there was a sense of microscopic infiltration of tumor
along the remaining tentorium and lateral wall of the cavern-
ous sinus.

Pathological Findings

Pathological evaluation of the firm, yellow, 7-mm diameter
tumor showed a benign meningothelial meningioma. There
was minimal mitotic activity.

Postoperative Course

The patient had rapid resolution of his left retro-orbital head-
ache, ptosis, and diplopia. By postoperative Day 8, he was free of
headache, and his ptosis and diplopia had resolved completely.
Approximately three months after his operation, he began to
have stabbing pain in the V1 and V2 distributions of the left
trigeminal nerve. MRI showed persistent thickening of the lateral
wall of the left cavernous sinus but no recurrent tentorial tumor.
The cavernous sinus lesion and the tentorial resection bed were
treated one month later with three fractions of Cyberknife fra-
meless stereotactic radiosurgery (1–7, 23, 26, 32, 33, 37, 38). Each
identical fraction consisted of 7 Gy to the tumor margin corre-
sponding to the 85th percentile isodose line.

One month following radiosurgical treatment, the patient’s
lancinating left trigeminal pain had resolved. Seven months
following his operation (3 mo after radiosurgery) he was
having right-sided atypical facial pain refractory to multiple
migraine medications. MRI at the time revealed neither abnor-
mal enhancement on the right side nor any changes in the left
lateral cavernous sinus wall or tentorium. He had neither
ptosis nor diplopia. At his most recent clinical visit 11 months
postoperatively (7 mo after radiosurgery), his headaches were
significantly improved and his vision unchanged. MRI
showed no evidence of tumor recurrence.

DISCUSSION

The surgical findings in this case suggest that the primary
cause of the patient’s oculomotor paresis was vascular com-
pression of the third nerve by the ipsilateral PComA. This is
only the second report in the literature to describe microvas-
cular decompression of the third nerve from PComA compres-
sion. There are only six prior reports in the literature describ-
ing non-aneurysmal vascular compression of the oculomotor

FIGURE 2. A, exposure of the vascular compression site and adhesions
on the third nerve. B, dissection of arachnoidal adhesions from the third
nerve-PComA complex. Note the focal region of neural compression. The
bright red hue on the nerve is from the laser pointer of the image-guided
microscope.

FIGURE 3. Focal compression of the oculomotor nerve reduced its diame-
ter to 50% of the normal diameter and caused significant proximal swell-
ing.
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nerve (Table 1). Five of these six reports noted the presence of
vascular anomalies ranging from aneurysms to duplicated
PComAs. In three of those five anomalies, a cerebral artery
(PCA or PComA) was the compressive entity (8, 22, 28), while
in the other two cases, the anomaly itself was the offending
agent (19, 43).

Non-Aneurysmal Vascular Compression and
Extraocular Motor Function

MVD of the Third Nerve-PComA

We identified only one prior case in the literature involving
MVD of the third nerve-PComA. Kojo et al. (22) described a
non-diabetic 47 year-old woman with a history of occasional
migraine headaches since age 30 who presented with one day
of pulsatile, left temporal headache, nausea, and emesis. These
symptoms resolved spontaneously, but recurred five days
later. The results of lumbar puncture, head CT, and complete

blood cell count (CBC) were all normal. After nearly two
weeks, she suffered a similar headache and developed new
left ptosis and anisocoria.

Upon examination, her left pupil was 5 mm and sluggishly
reactive, while her right was 2 mm and reacted normally. She
had paresis of her left medial, superior, and inferior rectus
muscles. Her evaluation again included a lumbar puncture,
head CT, and CBC, whose results were also normal. Cerebral
angiography revealed an “aneurysmal shadow” involving the
left ICA-PComA complex.

At operation, the arachnoid appeared normal; no inflamma-
tory changes were seen. The aneurysm arose from the ICA just
distal to the take-off of the PComA. The diameter of the
aneurysm was only 2 mm, the neck was wide, there was no
evidence of aneurysm rupture, and the third nerve was not
compressed by the aneurysm. Instead, a large caliber PComA
compressed and widely indented the oculomotor nerve 1 to 2
mm distal to its origin from the brainstem. The ipsilateral P1
was hypoplastic. The ICA aneurysm was wrapped and a
sponge was placed between the nerve and the PComA.

The patient had improvement of her ptosis and diplopia by
postoperative day five. She improved to the point that by Day 28,
she had only slight anisocoria. Two years after her surgery she
had neither migraine headache nor oculomotor symptoms.

MVD of the Third Nerve-PCA

Nakagawa et al. (28) described MVD of the third nerve in a
59-year-old man with acute oculomotor paresis and a left fetal
PComA and 3-mm ICA aneurysm proximal to the take-off of
the PComA. At operation, he was found to have a 3-mm
junctional dilatation at the take-off of the PComA from the left
ICA, which was too small to compress the third nerve. A
duplicated PComA extended from the top of the dilatation to
a curved portion of the P2. The curved P2 severely com-
pressed the third nerve. The nerve was depressed and discol-
ored at the compression site and edematous distally. Arach-
noid was adherent at the point of compression. This was
dissected, and a sponge was interposed between the vessel
and nerve. The junctional dilatation, though small, was felt to
be aneurysmal and was clipped. The patient’s oculomotor
paresis had resolved almost completely after six weeks.

Two months after the initial procedure, the patient acutely
developed contralateral oculomotor paresis without headache
and was found at re-operation to have an elevated right ocu-
lomotor nerve and tense arachnoid membrane at the tentorial
edge. The nerve, severely compressed by the right P2 segment
proximally, was swollen and hyperemic distally. The superior
cerebellar artery was not attached to the oculomotor nerve.
The arachnoid membrane was separated from the nerve and a
sponge was interposed between the nerve and the PCA. Six
weeks after the operation, the oculomotor paresis was quite
improved and, by three months, there was near-complete
resolution of the deficit. With the exception of mild anisocoria,
the patient was asymptomatic within one year.

FIGURE 4. A, remoteness of tumor in relationship to site of third nerve
compression. B, resecting the subtentorial meningioma.
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Imaging Vascular Compression of Cranial Nerves
Although not performed on our patient, modern, special-

ized MR imaging sequences may permit non-invasive diagno-
sis of vascular compression of cranial nerves. Hashimoto et al.
(17) described a 74-year-old woman with slowly progressive
diplopia and a right pupil-sparing oculomotor palsy, whose

routine MRI (10mm slice thickness) was normal with the
exception of rightward shift of the basilar artery. A thin-slice
(2 mm) coronal and sagittal MRI of the brainstem with
spoiled-gradient recalled acquisition (SGRA) showed com-
pression and superolateral shift of the third nerve by the
basilar artery. In a prior article, the same group detected

TABLE 1. Cases of non-aneurysmal vascular compression of the oculomotor nerve in the literaturea

Series
(ref. no.)

Age/
sex

Compressive vessel
Presence of vascular

anomaly
Timing of onset of
oculomotor paresis

Preoperative duration
and degree of

oculomotor paresis

History of
migraine

Surgery and outcome

Current study 36/M PComA,
atheromatous loop

None Subacute with
headache

2 mo, complete
external
ophthalmoplegia and
mild pupillomotor
paresis

1 yr MVD and resection of
tentorial meningioma

Nakagawa et
al., 1991 (28)

59/M Bilateral PCAs; left,
P2 loop (associated
with duplicated
PComA); right,
atheromatous P2
(postoperative
arachnoidal
adhesions)

Left, duplicated
PComA and P1
infundibulum present;
right, none

Both acute with
headache

Initial presentation:
Left, 1 mo oculomotor
paresis; Second
presentation: Right, 2 d

No Minimal residual
anisocoria and improved
bilateral migraines (not
ophthalmoplegic); MVD
bilaterally

Zingale et al.,
1993 (43)

22/F Primitive trigeminal
artery

Primitive TA
compressive

Acute with
headache

Acute steroid treatment
only; partial external
oculomotor paresis and
pupillomotor paresis

Three previous
episodes of
ophthalmoplegic
migraine

Treated with Decadron
and improved over 15 d
with residual diplopia at
discharge

D’Andrea et
al., 1992 (8)

58/M Megadolichobasilar
anomaly

Megadolichobasilar
anomaly present

NA NA Ophthalmoplegic
migraine

NA

Kojo et al.,
1988 (22)

47/F PComA Aneurysm present Acute 1 d, partial
ophthalmoparesis and
pupillomotor paresis

17 yr A small, non-
compressive, ipsilateral
ICA aneurysm was
wrapped and a
compressive, enlarged
PComA was isolated
with a sponge;
asymptomatic with no
recurrent headaches at 2
yr postoperatively

Morimoto et
al., 1985 (27)

61/F P1 None Acute Not treated; complete 6 mo of transient,
migrainous retro-
orbital pain

Postmortem diagnosis;
no surgical intervention;
angiogram complicated
by left MCA infarct;
patient had fixed
hemiplegia, aphasia, and
oculomotor palsy for 23
d and then died

Imes et al.,
1984 (19)

31/M P1 segment,
perimesencephalic
vascular anomaly

Anomaly compressive Acute with
headache

Not treated; typically
improved over 2 wk,
but left with chronic
oculomotor paresis

25 years
ophthalmoplegic
migraines (70
episodes) with
chronic
oculomotor
paresis

No surgical intervention
and no improvement

a PComA, posterior communicating artery; MVD, microvascular decompression; PCA, posterior cerebral artery; TA, trigeminal artery; NA, not available; ICA, internal carotid artery; MCA,
middle cerebral artery.
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vascular compression of the abducens nerve at the root entry
zone (REZ) using the SGRA sequence in a patient with an
isolated abducens palsy (29).

In a separate article, Hashimoto et al. (18) described a case of
superior ophthalmic myokymia (SOM) in which conventional
MRI (10-mm slices) was normal, but a thin-slice (1.6 mm) MRI
with SGRA sequences revealed compression of the right troch-
lear nerve by a branch of the right PCA in the ambient cistern,
most likely the medial posterior choroidal artery. Yousry et al.
(41, 42) described the utility of a different MRI sequence in the
detection of vascular compression of the trochlear nerve in six
patients with SOM. Contact between the ipsilateral trochlear
nerve’s root entry zone and either the superior cerebellar
artery (five cases) or a vein (one case) was seen in all six
patients. Such contact did not occur on the asymptomatic side.

Yousry et al. used three-dimensional Fourier transform con-
structive interference in steady-state sequence (3D CISS) and
3D time-of-flight (3D TOF) MR angiography before and after
administration of Gd-DTPA to detect vascular compression of
the trochlear nerve. 3D CISS is a high-resolution refocused
gradient echo sequence which is flow compensated and can be
used to procure high-contrast, high-resolution images of very
small structures bathed in cerebrospinal fluid. Gd-DPTA 3D
TOF allows imaging of small, low-flow vessels not otherwise
visible, such as smaller arteries and veins.

Oculomotor Palsies and Meningiomas

Our patient had MRI evidence of a small meningioma along
the left tentorial incisura near the pre-pontine cistern. Poste-
rior fossa meningiomas account for 10% of all meningiomas
and tentorial meningiomas comprise 20 to 30% of all posterior
fossa meningiomas, hence 2 to 3% of all meningiomas (13–15,
30, 35, 39). More than one-third of patients with tentorial
meningiomas present with oculomotor paresis as one of their
major symptoms (13, 34). In this case, however, intraoperative
inspection showed no distortion of the nerve by the small
tumor. Nonetheless, the meningioma may have contributed to
third nerve dysfunction, perhaps by preventing the oculomo-
tor nerve from being displaced posteriorly by the PComA.

It has been reported that posterior fossa meningiomas can
exert a “remote effect,” producing signs and symptoms from
dysfunction of remote, even contralateral, cranial nerves re-
sulting in false localizing signs (10). This has been attributed to
stretching of the subarachnoid portion of the cranial nerves
from brainstem distortion (40). In one case, a large posterior
fossa meningioma in the lateral, subtentorial region produced
a contralateral, pupil-sparing third nerve palsy. The authors
theorized that the lateral aspect of the nerve was compromised
and the dorsomedial pupillomotor fibers spared as the nerve
was stretched in the subarachnoid space. It is unlikely that this
remote effect played an etiological role in our case, because the
tumor was small and did not distort the brainstem.

Meningiomas of the cavernous sinus frequently present
with oculomotor neuropathies (12, 20, 21, 25, 31, 36). Thus, one
alternative explanation for the oculomotor palsy in this case

was nerve injury by tumor of the lateral wall of the cavernous
sinus. MRI did reveal abnormal dural enhancement along the
lateral wall of the left cavernous sinus. Yet, our patient’s
oculomotor palsy improved after surgical decompression that
did not involve manipulation of the cavernous sinus. A con-
founding variable was the concurrent peri-operative steroid
treatment that may have contributed to the patient’s rapid
postoperative improvement. Although the patient was treated
with radiosurgery to the cavernous sinus and tentorial region
three months postoperatively, he had only trigeminal symp-
toms at that time. He was free of recurrent oculomotor symp-
toms at the time of radiosurgery and has remained so for a
year after his surgery.

Management Recommendations

The natural history of oculomotor paresis from non-
aneurysmal vascular compression is unknown. Inference from
the literature on surgery for aneurysmal oculomotor nerve
compression may be productive. Leivo et al. (24) reviewed the
world literature on isolated unilateral oculomotor palsy
caused by intracranial aneurysms treated with surgery. They
identified 319 cases with known intervals between symptom
onset and surgery, 45% of which did not involve subarachnoid
hemorrhage at presentation. They analyzed 283 (89%) aneu-
rysms of the ICA-PComA. Preoperative oculomotor palsy was
complete in 198 (70%) patients and partial in 85 (30%) patients,
including pupil-sparing forms.

Two-thirds (64%) of patients operated upon within two
weeks of onset of oculomotor palsy had complete recoveries,
while 30% of those operated on within 14 to 30 days, and only
14% of those operated on after one month, had complete
recoveries of their oculomotor nerve function. Of all 283 pa-
tients reviewed, 117 (41%) had complete recoveries. Although
this paper did not stratify the timing of recovery after surgery,
it has been observed that complete recovery of the third nerve
nearly always occurs within three months of surgery if it
occurs (9, 11, 16).

In the same paper, Leivo et al. reviewed their own series of 28
ICA-PComA aneurysms that presented with unilateral ocolumo-
tor palsy and were explored surgically. Complete recovery of
oculomotor function occurred in 8/9 (89%) patients operated on
within 0 to 3 days, in 4/6 (67%) patients at 4 to 6 days, in 2/4
(50%) patients at 7 to 13 days, in 1/3 (33%) patients at 14 to 30
days, and in 1/6 (17%) patients whose interval from onset of
paresis to surgery exceeded 30 days. The authors recommended
that decompressive surgery be performed within three days of
onset of oculomotor dysfunction.

CONCLUSION

Non-aneurysmal vascular compression of the oculomotor
nerve is a rare entity that should be considered in the evalu-
ation of unilateral oculomotor palsy. A complete evaluation
may include catheter angiography, computed tomographic
angiography (CT-A), and most importantly, thin-slice MRI
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with coronal, sagittal, and axial views of proper sequences.
Either the Yousry protocol (41, 42) or the Hashimoto protocol
(17, 18) should suffice. When such a diagnosis is made, judg-
ing by the value of early aneurysm surgery for oculomotor
palsy, early microvascular decompression may foster rapid
resolution of oculomotor deficits and improvement in the
associated cephalgia.
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COMMENTS

Babbitz and Harsh present the case of patient with CN III paresis
secondary to an elongated posterior communicating artery and a

tentorial meningioma that was treated surgically. The tentorial base
then received fractionated stereotactic radiosurgery. The authors used
a subtemporal approach to decompress CN III from the tumor and
obtained good postoperative results. We probably would have used
an orbitozygomatic approach, especially on the left side. This ap-
proach offers an excellent trajectory to CN III, porus oculomotorius,
and cavernous sinus. The orbitozygomatic exposure prevents retrac-
tion on the temporal lobe. Babbitz and Harsh add information about
outcomes of CN III palsy in nonaneurysmatic etiology.

L. Fernando Gonzalez
Robert F. Spetzler
Phoeniz, Arizona

The authors report on an interesting case presenting with ptosis and
ophthalomoplegia on the left side. At surgery with combined

transsylvian and subtemporal exposure a tentorial meningioma was
subtotally resected and an atherosclerotic posterior communicating
artery (PComA) loop was found to compress the third nerve proximal
the entrance of the cavernous sinus. Symptoms subsided and Cy-
berknife treatment was initiated for the tumor.

The authors discuss in detail the occurrence of third nerve palsies in
meningioma and vascular lesions.

As the authors state in their discussion, a better understanding of
the pathophysiology in such cases might be achieved with additional
preoperative T2-CISS sequenced magnetic resonance imaging to iden-
tify the cause of third nerve compression.

Wolf Lüdemann
Madjid Samii
Hannover, Germany

Babbitz and Harsh describe a very rare and interesting case of non-
aneurysmal vascular compression of the ocular motor nerve. The

nerve was compressed between an ectactic, atherosclerotic posterior
communicating artery and a small tentorial meningioma. The patient
was treated by means of a microvascular decompression of the arterial
loop from the nerve and resection of the meningioma. The outcome was
very good with complete recovery of the extra-ocular movements.

Besides the case report, the authors present a thorough review of
the literature, which is very useful for practicing neurosurgeons
mainly considering imaging vascular compression of cranial nerves
with specialized MRI and MRA.

Atos Alves de Sousa
Belo Horizonto, Brazil
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EPIDEMIOLOGY OF INTRA-CRANIAL
MENINGIOMAS
Menigiomas account for approximately 25%
of reported primary intracranial neoplasms in
the United States. Although previous studies
have identified hormones and radiation as
being most strongly associated with
meningioma, detailed information related to
risk factors remain lacking. In addition, long-
term outcomes for meningioma patients
remain unclear. In this review, the current
knowledge of meningioma epidemiology is
highlighted, along with a discussion of new
directions for research efforts. [p. 1088]

ANEURYSMAL RUPTURE DURING COILING
In this paper, the authors reviewed the
aneurysm database from a single high
volume aneurysm center to determine the
incidence and clinical outcomes associated
with intraoperative rutptures during coil
embolization of intracranial aneurysms. In
600 consecutive aneurysms treated, 6 cases
of intraoperative rupture were identified, all
in aneurysms that had presented with
subarachnoid hemorrhage. The ruptures were
rapidly contained in 5 patients, all of whom
were neurologically unchanged; in one
patient, delayed control of the rupture
resulted in a poor clinical outcome. The
findings of this study, a 1% overall incidence
of intraoperative rupture with an overall
morbidity of 0.2% and no mortality
represents a significantly lower incidence
and better clinical outcomes than previously
reported. This suggests that in experienced
centers, endovascular treatment of aneurysms
may be safer than previously believed. 
[p. 1103]

GAMMA KNIFE RADIOSURGERY FOR
LOW GRADE GLIOMAS
The efficacy of Gamma knife radiosurgery
(GKR) in the treatment of low grade gliomas
has been examined in a retrospective review
of 59 patients treated at a single institution.
GKR was generally performed for tumors in
eloquent brain, residual tumor post-op
surgery, or for late progression after surgery.
The mean clinical progression-free survival
was 50 months and mean radiological
progression-free survival was 42 months. Five
year radiological progression-free survival
was 37% while clinical progression-free
survival was 41%. Mortality due to tumor
progression was 17%, and complete
radiological remission was seen in 29%.
Complications due to treatment were seen in
17% of patients. This study concludes that
GKR is a safe treatment for low grade gliomas
and should be considered in patients with
residual or recurrent disease. [p. 1132]

MANAGEMENT OF PATIENTS WITH
INTRADURAL POST-TRAUMATIC
MASS LESIONS
A prospective international survey has been
conducted to address the controversy
surrounding the indications from surgery for
head injured patients. Data was collected on a
total of 729 patients, most of whom had severe
to moderate head injuries. Surgery was
performed on 69% of the patients, with
emergent surgery most frequently performed
on patients with extracerebral mass lesions
(subdural hematomas) and delayed surgery
most frequently performed for intracerebral
lesions. Decompressive craniectomy was
performed on a substantial number of patients,
but the size of the decompression was felt to
be inadequate in 25% of the cases. It appears
that priorities in future head injury research
should focus on the relative benefits of early
versus delayed surgery in patients with
intraparenchymal lesions and on the role of
decompressive craniectomy. [p. 1183]

EGF AND FGF-2 INFUSION INCREASES
POST-ISCHEMIC NEURAL PROGENITOR CELL
PROLIFERATION IN ADULT RAT BRAIN
Epidermal growth factor (EGF) and fibroblast
growth factor-2 (FGF-2) play a critical role in
neurogenesis. This study evaluated the
additive effect of administering these two
growth factors on post-ischemic progenitor
cell proliferation, survival, and phenotypic
maturation in the hippocampal dentate gyrus
and subventricular zone in the adult rat brain
following transient middle cerebral artery
occlusion. The study showed that growth
factor infusion aids in the post-ischemic
progenitor cell proliferation and neuronal
maturation in adult brain and has important
implications for the future treatment of stroke
patients. [p. 1254]

ENDOTHELIAL CELL TRANSPLANTATION
FOR GENE THERAPY IN EXPERIMENTAL
GLIOMAS
There is growing interest in taking advantage
of the angiogenic potential of gliomas by
using endothelial cells (EC) as vehicles for
cell-based gene therapy, with clinical
applications using autologous EC that have
been modified in-vitro. To examine the
feasibility of this approach, the authors have
conducted a study on the potential of EC to
incorporate into glioma vessels after
intraarterial or local application. The results of
the study suggest this approach might be
hampered by the rapid down-regulation of
transgene expression after interstitial
application and by the poor specificity with
which the EC integrate into tumor vessels after
systemic intraarterial injection. [p. 1264]

ENDOVASCULAR TREATMENT OF
INTRACRANIAL ANEURYSMS IN THE ELDERLY
The optimal management of intracranial
aneurysms in the elderly remains contro-
versial, particularly for unruptured aneurysms.
Although endovascular treatment is increas-
ingly being used, large clinical series in the
elderly population are relatively lacking,
especially in regard to unruptured aneurysms.
The authors present their single-center
experience with the endovascular treatment
of intracranial aneurysms in 63 consecutive
patients aged 70 years or older. This study is
important especially in the light of a globally
aging population. [p. 1096]

PREDICTION OF OUTCOMES IN TRAUMATIC
BRAIN INJURY WITH CT CHARACTERISTICS
The Marshall CT classification of traumatic
brain injury (TBI) identifies 6 groups of
patients based on morphologic abnormalities
on the CT scan. The aim of this study was to
examine the predictive value of the Marshall
CT classification in comparison with
alternative CT models developed with
logistic regression analysis and recursive
partitioning. Using data from over two
thousand patients from the Tirilazad trials,
the study concluded that it is preferable to
use combinations of individual CT
predictors rather than the Marshall CT
classification for prognostic purposes in
TBI. [p. 1173]

PCR FOR RAPID DETECTION OF SHUNT
OR VENTRICULOSTOMY INFECTION
Cerebrospinal fluid (CSF) shunts are
fraught with complications, including
infection. Microbiological culture is the
current standard for detecting CSF
infection. However, clinical signs and
symptoms of shunt infection can be
seen in patients with negative CSF
cultures. The authors have evaluated
the use of polymerase chain reaction
(PCR) in determining bacterial
involvement in CSF infections. In
addition, the study shows this
molecular examination to be
efficacious and may find clinical
utility in the clinical management
of CSF infection. [p. 1237]
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CHRONICLING THE TIMES IN THE INFORMATION AGE

Gulf Coast: Land of Misery and Resilience

of the world population lives within 100km of the
coast. These populations, including the ones in
the U.S. Gulf Coast, are exposed to Mother
Nature’s most unforgiving hazards: tsunamis,
typhoons, hurricanes, flooding, and marine
related infectious disease. These natural disasters
affect approximately 10 million people every
year. Scientists predict by 2080, up to 50 million
people a year could be at risk due to climatic
changes and increasing population densities. So,
as everyone looks for answers, what do the
scientists think? A fascinating article by Adger et
al. in Science (309:1036–1039, 2005) presents
commentary that is compelling: Societal resil-
ience to natural disasters is likely to be linked to
strong institutions, early warning systems and
capacity to manage the must vulnerable and
poorest segments of society once the impact
occurs (2). Furthermore, in future disasters,

atural disasters are a recurring theme in 
human history. Katrina proved scientists’
worse fears and predictions, creating what

may become the most devastating natural disaster
in U.S. history. And the tragic, unfolding human
toll is far from understood at this time.

Ironically, Ivor van Heerden, Director of LSU’s
Center for Public Health Impacts of Hurricanes,
predicted in 2002 that if a major hurricane hit
New Orleans, it would cause immense flooding
(80% of the city is below sea level,) and 1 in 4
residents would either not flee or be able to flee.
When Katrina, a Category 5 hurricane with winds
up to 175 mph, hit land 55km east of New
Orleans, van Heerden’s prior scientific analysis
became 100% accurate. This analysis is sadly
recounted in the September 9th issue of Science
(309:1656–1659, 2005). Human settlement has
evolved to the point that 1.2 billion people or 23%

Science Times Editorial
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strong leadership and altruism will be paramount.
Despite the negative media images, acts of
individual courage and generosity in the Gulf
Coast will be recounted in future days. History
has a way of repeating itself and neurosurgeons,
surprisingly, can play a small part. The assistance
by individual colleagues and our national
organizations (AANS and CNS) will hopefully
continue to our neurosurgical residents and fellow
neurosurgeons who have been displaced.
Admittedly, we are but a very tiny speck in the
fabric of the political, financial and medical
framework that needs to be enhanced in order to
react to natural disasters; however, charity begins
among our brethren and is likely to be sought
many times over the next few decades.

ISSAM A. AWAD, M.D.
ASSOCIATE EDITOR

Quality of Care in U.S. Hospitals as Reflected 
by Standardized Measures, 2002–2004

n July 2002 standardized performance measures, 
designed to serve as indicators of the quality of

health care, were implemented by the Joint
Commission on Accreditation of Healthcare
Organizations (JCAHO). Williams et al. report on
their evaluation of hospitals’ performance on 18 of
these standardized measures used to evaluate the
quality of care for patients with acute myocardial
infarction, heart failure and pneumonia (N Eng J
Med 353: 255–264, 2005). Only one of these
measures, in-hospital death following myocardial
infarction, was based on patient outcomes. The
other 17 measures assessed processes of care in the
participating hospitals. Examples of such process
indicators include the percentage of patients given
aspirin on admission, percentage of patients given
a beta blocker on admission, time to coronary
intervention, etc. Data from more than 3000
hospitals over a two-year period were collected and
analyzed.

Statistical analysis demonstrated significant
improvement in 15 of the 17 process indicators of
quality over this two-year period. Hospitals that
started with a low level of performance on these
quality indicators showed a greater improvement
during this period of time than did hospitals that
started at a higher level of performance. Of note,
the one outcomes indicator of quality, in-hospital
death following myocardial infarction, did not
improve despite marked improvement in the
process indicators. 

The authors seem pleased with the process
indicators and are convinced that improvement on
these performance measures indicates that the
quality of care improved during the course of the
study. I find this interpretation of the data very
troubling. I would interpret this data to suggest that
the process indicators of quality that were chosen
might not be very good indicators, as there is no
documentation in this study that improving these
processes resulted in improved outcomes.

Process indicators are developed by performing
prospective, randomized, controlled trials. If a trial
demonstrates improved outcomes by employing
treatment option “A,” selecting treatment option
“A” is used as an indicator of high quality care.
Evaluating such process indicators of quality is
easier to do than actually evaluating outcomes. The
problem with this chain of assumptions is that it is
not clear that the greater efficacy of treatment “A”
in a randomized, controlled trial correlates well
with greater effectiveness of treatment “A” in an
uncontrolled clinical setting. This is especially true
of surgical trials, which cannot be blinded and
whose patients and surgeons may not be repre-
sentative of patients and surgeons in an
uncontrolled clinical setting. 

To determine the validity of a process measure
of quality it is necessary to document that
adherence to the process results in improved
outcomes. It is axiomatic that quality improvement
requires tracking process and outcomes measures.

If we evaluate only outcomes we won’t be able to
determine what process changes produced the
improving or deteriorating outcomes. If we
evaluate only processes we won’t know if they are
meaningful as we will not be able to link them to
improved outcomes.

The authors of this paper address the lack of any
improvement in the one outcomes indicator they
evaluated by saying that it was not a very sensitive
indicator and by stating that “the process measures
were selected because they had a scientific
evidence base, established through randomized
clinical trials, that demonstrated their relationship
to multiple measures of outcome.” This is begging
the question. In essence they say, “We know that
improving these process measures will improve
outcomes because they have been shown to
improve outcomes.” A more honest assessment of
this data is that despite marked improvement in
nearly all of the process indicators there was no
evidence of improved outcomes. This may be
because the outcomes indicator chosen was
insensitive to changes in these particular process
indicators. It is, however, unacceptable to simply
assume that some other, unevaluated outcomes
measures must be improving without any evidence
of such improvement. This is not science: it is
religion.

ROBERT E. HARBAUGH, M.D.
CLINICAL TRIALS AND POPULATION SCIENCE
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aget’s disease is characterized by greatly 
increased osteoclast numbers, size, and 
activity. In the normal adult skeleton, large

multinucleated osteoclasts work at bone resorption
to complement the bone-forming activity of
osteoblasts. In Paget’s disease, due to the greatly
amplified activity of osteoclasts, osteoblasts
attempt to compensate by forming more, but
disorganized bone. Because abnormal osteoclast
activity is prevalent in many skeletal disorders,
including bone metastasis, renal osteodystrophy,
and osteoporosis, Paget’s disease has become an
experimental basin for the development of anti-
osteoclastic agents.

A recent report by Cundy and colleagues from
the University of Auckland describes a modern
molecular biology approach to the treatment of
Paget’s Disease (N Engl J Med 353:918–923,
2005). In response to factors such as parathyroid
hormone, a cytokine called RANKL is expressed
and secreted by osteoblasts. The interaction of
RANKL with RANK, located on preosteoclasts,
stimulates the differentiation of these cells to
mature osteoclasts. Coincident with the secretion
of RANKL, normal osteoblasts secrete osteopro-
tegerin, which preferentially binds to RANKL
and inhibits the RANKL-RANK interaction. In
this way, osteoprotegerin is an endogenous
inhibitor of osteoclast activity.

Cundy and colleagues studied a 31-year-old
woman and her 24-year-old brother, both with
Juvenile Paget’s Disease with known homozygous
in-frame nucleotide deletions in TNFRST11B.
Both patients had suffered significant side-effects
from one dose of bisphosphonate and underwent
dose-finding exercises with recombinant osteo-
protegerin administered subcutaneously until
three-week interval dosing were determined. Bone
resorption assessed by N-telopeptide excretion
remained suppressed by once-weekly doses. After
15 months, radial bone mass was increased and
skeletal bisphosphonate retention decreased with

Recombinant Osteoprotegerin May Inhibit Bone 
Resorption in Paget’s Disease

P
Figure 1: Radiographs of the

Right Humerus in the Male

Patient (Panel A) and the

Female Patient (Panel B),

before (Left) and after (Right)

15 Months of Treatment with

Recombinant Osteoprotegerin.

In the right humerus of the

male patient there was

deformity (probably the result

of a fracture), and there were

numerous lucent areas within

which mineral was deposited

during the study treatment. In

the right humerus of the female

patient, the radiographic

density of cortical bone

improved after treatment.
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radiographic improvement. No adverse affects
were noted during the trial. 

Still in its infancy, safe and effective osteoclast
inhibition represents potential medical manage-
ment of patients with skeletal metastases, vertebral
compression fractures from osteoporosis to name a
few, potentially improving the palliative care of
patients and reducing the need for certain surgical
spinal reconstructions.

K. ANTHONY KIM

MICHAEL Y. WANG, M.D.
SPINAL RESEARCH

or decades, dogma in the neurosciences held 
that the post-natal brain was limited in its 
degree of plasticity due largely to the absence

of mitotically active cell populations. The last 10
years has seen a major reversal in this belief as it
is now well-accepted that there are both neural
stem cells and glial progenitor cells in multiple
discreet regions of the adult human brain,
including the subventricular zone (SVZ) and the
dentate gyrus of the hippocampus and sub cortical
white matter. In addition, glial progenitor cells,
capable of differentiating into astrocytes or
oligodendrocytes have been identified throughout
the adult brain. Just as importantly, neuroscientists
and neurosurgeons in the oncology niche have
made the very logical leap to study these cells as
potential suspects for neoplastic transformation.

As recently reviewed by Sanai et al. in The New
England Journal of Medicine (353: 811–822,
2005) these cells possess proliferative ability, high
motility, association with blood vessels, and are
capable of activating developmental signaling
pathways, all crucial features of a “cancer stem-
cell.” If this population of cells is in fact the correct
target of interest, it remains a formidable task to
begin dissecting the events leading a precursor cell
from a quiescent, or normal regenerative pathway,
into a neoplastic one. In the August issue of
Cancer Cell (8:119–130, 2005), scientists from
Texas Southwestern began to do just that. They
demonstrated in a mouse model of malignant
astrocytoma that early pre-symptomatic lesions

could be found within the SVZ, providing
compelling in vivo data to support what
neurosurgeons have begun to suspect.

Transgenic strains under the control of
the GFAP promoter were created
harboring mutations in the linked p53
and NF1 tumor suppressor genes. These
animals lack p53 in their germ line and
also NF1 in the CNS cells expressing
GFAP i.e., developing neural progenitor
cells and mature astrocytes. As a con-
sequence, these mice, without exception,
developed GFAP-positive astrocytomas
ranging from infiltrative low-grade le-
sions to higher-grade anaplastic astrocy-
tomas. In addition, as in human
malignant astrocytomas, the high-grade
astrocytomas were dispersed throughout
the brain. Interestingly, when asympto-
matic mice were followed they were
found to have growth detectable by MRI
arising in the forebrain associated with
the SVZ. These results suggest that SVZ
cells are most susceptible to p53/NF1
mediated astrocytoma formation and that
pre-malignant tumor cells share pheno-
typic characteristics with normal neural stem cells.
These observations begin the important process of
dissecting the steps leading a neural or glial
progenitor cell to change pathways, and support a
growing belief that treatments currently designed
to eradicate localized lesions ultimately fail

Figure: As demonstrated by Zhu et al., early stages of astrocytoma
developmentare confined to the subventricular zone of the lateral ventricle.
In this figure adjacent sections from the SVZ of a control and two mutant
brains were stained with H&E (A–C) and immunofluorescence by anti-
nestin (red)/anti-GFAP (green) (D–F) and anti-nestin (red)/anti-Ki-67
(green) (G–I). The inset in F (arrow) shows a nestin/GFAP double-positive
reactive astrocyte, and the inset in I (arrow) shows a nestin/Ki-67 double-
positive (arrow) cell undergoing mitosis.

Is There a Glioma Stem Cell?

F

because the initial cell pool from which the tumor
is derived remains to replenish the resected tumors.

JEFFREY P. GREENFIELD, M.D., PH.D.
JOHN A. BOOCKVAR, M.D.

STEM CELL RESEARCH
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troke is a major contributor to morbidity and 
mortality in the United States. Intracranial

atherosclerosis (IA) is a common etiology for
cerebrovascular events, being responsible for at least
9% of all ischemic strokes. Risk factors for IA are
similar to those for coronary artery disease, including
diabetes, hypertension, cigarette smoking, hyper-
cholesterolemia, and non-Caucasian race. The high
risk of stroke in patients with IA has led to several
studies investigating the efficacy of medical therapy
for this condition. While retrospective studies have
suggested that warfarin may be more effective than
aspirin (1–3), a more recent trial in patients with
noncardioembolic stroke showed similar rates of
recurrent stroke with the two treatments (N Eng J
Med 345:1444–1451, 2001). In short, there continues
to be much uncertainty about optimal medical
management for IA.

Given the importance of intracranial stenosis as a
cause of stroke and the lack of evidence supporting a
clear choice for treatment, Chimowitz and colleaques
conducted a clinical trial to compare aspirin with
warfarin in patients with symptomatic IA (N Engl J
Med 352:1305–1316, 2005). In this double-blind,
multi-institutional clinical trial, patients with
symptomatic and angiographically verified IA
(>50%) were randomly assigned to receive warfarin
(target INR of 2–3) or aspirin (1300 mg per day).
Primary end points were ischemic stroke,
hemorrhagic stroke, or death from vascular causes
other than stroke. The trial was prematurely
terminated after the enrollment of 569 patients, due to
safety concerns in patients assigned to receive
warfarin. During a mean follow-up of 1.8 years,
adverse events in the two groups included death
(4.3% in the aspirin group vs. 9.7% in the warfarin
group; P=0.02), major hemorrhage (3.2% vs. 8.3%;

Comparison of Warfarin
and Aspirin for 
Symptomatic Intracranial
Arterial Stenosis

S
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NA interference (RNAi) has emerged as 
an important new method of studying 
biological programs. RNAi, a biological

response to double-stranded RNA (dsRNA), was
first described in C. elegans by Fire et al. (Nature
391:806–811, 1998) who found that comple-
mentary dsRNA mixtures were substantially more
effective than sense or antisense single strands at
suppressing the expression of a particular gene by
leading to the degradation of its messenger RNA
(mRNA) (mechanism shown in Figure 1). RNAi
has since been employed in a wide range of
mammalian systems and can be used on a genome-
wide scale to determine the participation of a
particular set of genes in an expanding set of
biological systems or to screen mammalian
systems to determine novel participants (Nature
431:371–378, 2004). 

In the July issue of Nature, (436:510–517,
2005). Sieburth et al. report the first large-scale
RNAi-based screen in the neuro-sciences,
performing a screen in C. elegans to identify 132
genes whose participation in synaptic transmission
was previously unknown. The authors’ first
accomplishment was the successful use of RNAi
in C. elegans neurons by using a particular strain
of worm, a notable feat given this cell type’s
notorious resistance to this genetic phenomenon.

Novel Participants in Synaptic Function: Advances from Interfering

They then screened 10% of the C. elegans genome
(2,072 genes) based on putative function, assaying
the effect of suppressing the expression of each of

R

Figure 1. Left internal carotid angiogram, AP (A) and lateral
(B) projections, demonstrating significant intracranial
atherosclerosis with marked narrowing of the MCA
bifurcation.
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P=0.01), and myocardial infarction or sudden death
(2.9% vs. 7.3%; P=0.02). The rate of death from
vascular causes was 3.2% in the aspirin group vs.
5.9% in the warfarin group (P=0.16) and the rate of
death from nonvascular causes was 1.1% vs. 3.8%
(P=0.05). Stroke or death from vascular causes other
than stroke occurred in 22.1% of patients treated with
aspirin group and 21.8% of those treated with
warfarin (P=0.83). Based on these findings, the
authors concluded that aspirin should be used for
patients with symptomatic IA, as warfarin adminis-
tration is associated with significantly higher rates of
death and major hemorrhage and provided no
advantage over aspirin in the prevention of ischemic
stroke, brain hemorrhage, or death from vascular
causes other than stroke.

As expected, this trial shows that symptomatic IA
is a marker of extremely aggressive vascular disease.
Ischemic stroke, hemorrhagic stroke, or death from
vascular causes other than stroke occurred in roughly
22% of the patients over a two-year period, whether
they were treated with high-dose aspirin or warfarin.
While the probability of ischemic stroke at two years
did not differ between the two treatment groups, it is
important to note, that sub-therapeutic INR may serve
as a confounding variable. In the enrolled cohort,
patients receiving warfarin were within their INR
goal only 63% of the time, with 28% of patients
dropping out of the warfarin-treated group. This is
crucial, as time within the target INR range has been
shown to correlate with clinical outcomes (5). In this
study, the rate of ischemic stroke was 25 per 100
patient-years with a sub-therapeutic INR, and 5 per
100 patient-years with a therapeutic INR. Also, the
rate of major cardiac events was 10.8 per 100 patient-
years with a sub-therapeutic INR, and 0.4 per 100
patient-years with a therapeutic INR. These data
suggest that anticoagulation, when dosed appro-
priately, leads to a substantial reduction in the risk of
cerebrovascular and cardiovascular events. Unfortun-
ately, it is extremely difficult, if not impossible, to
achieve a consistent therapeutic INR with warfarin in
a study or in routine practice. 

Regardless, the results of this trial have important
clinical implications. Warfarin is commonly given
rather than aspirin for symptomatic IA, a practice not
supported by the results of this investigation. In
addition, this trial demonstrates that symptomatic IA
is a marker of aggressive vascular disease and
portends a poor prognosis, as conservative manage-
ment frequently fails. Considering that aspirin is not
an ideal therapy and that proper anticoagulation is
difficult to achieve, endovascular treatment options
are rapidly being incorporated into the current
standard of care for IA and may impact the currently
unfavorable outcomes associated with this condition.
As neurosurgeons may be increasingly exposed to
patients with IA it is important to understand the
landmark studies guiding its management.

RICARDO J. KOMOTAR, M.D.
E. SANDER CONNOLLY, JR., M.D.
TECHNICAL & CLINICAL RESEARCH
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Figure 1: Mechanism of RNAi:  double-stranded RNA
molecule (here, naked siRNA) complementary to an mRNA of
interest is recognized by a protein complex (RNA-induced
silencing complex, RISC); the end result is the creation of a
single-stranded siRNA strand which binds to the
complementary mRNA strand. This double-stranded molecule
is destroyed, leading to mRNA degradation and subsequent
silencing of its parent gene. Figure from Nastech:
www.nastech.com/nastech/rna_interference

these genes on whether or not aldicarb—a
compound which induces paralysis in these worms
but does not if acetylcholine release across the
synapse is compromised—was able to paralyze
test worms. Worms resistant to aldicarbinduced
paralysis are presumed to have had key genes in
acetylcholine release suppressed by RNA
interference. The authors confirmed the likely
importance of a number of these genes by showing
the close proximity of many of these proteins to
the synapse. What remains from this approach are
the particular details of the biology of each of
these proteins in synaptic transmission.

With such a screening approach, false-negatives
and false-positives are an unavoidable conse-
quence of large-scale functional genomic
profiling. Nevertheless, the power of these
approaches in the identification of key genes in
particular systems merits our attention. The
investigative and therapeutic potential of such a
gene-suppressive technique will surely make
RNAi part of the neurosurgical lexicon in the
years to come.

IAN F. DUNN, M.D.
ROBERT M. FRIEDLANDER, M.D.
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n July 2005, the National Institutes of Health 
released a program announcement designed to 
ensure the development of a group of well-

trained scientists working in patient-oriented
research areas who will ultimately become
competitive for RO1 support. Patient-oriented
research is defined as research conducted with
human subjects or on materials of human origin.
The objectives of the K23 Mentored Patient-
Oriented Research Career Development Award
are to encourage research-oriented clinicians to
develop independent research skills and gain
experience in advanced methods and experi-
mental approaches needed to become an inde-
pendent investigator conducted patient-oriented
research. In addition, it seeks to increase the
pool of clinical researchers who can conduct
patient-oriented studies to capitalize on the
discoveries of biomedical research and trans-

lating them to clinical settings. Furthermore, the PA
is designed to support the career development of
investigators who have made a commitment to
focus their research endeavors on patient-oriented
research. Most neurosurgeons engaged in research
are focused in their efforts by clinical activities.
Therefore, this PA is of clear relevance to the
neurosurgeons seeking to develop a career involv-
ing substantial research activities in addition to
clinical responsibilities, covering all the sub-
specialties interests. The expiration date for this PA
is September 2, 2008. More information about this
program announcement (PAR-05-143) can be found
at http://grants.nih.gov/grants/guide/pa-files/PA-
05-143.html#PartI.

CHARLES LIU, M.D., PH.D.
RESEARCH FUNDING AND GRANTS

NIH Mentored Patient-Oriented Research
Career Development Award

ecause hyperexcitable neurons fire synchro-
nized action potentials during a seizure, the sci-

entific presumption has always been that seizures are
generated and maintained by neurons alone. A novel
study from the Nedergaard laboratory at the
University of Rochester, published in Nature Med-
icine (11:978–981, 2005) demonstrates a potentially
important role for astrocytes in the generation and
maintenance of seizures. The researchers used a
combination of cutting edge techniques to demon-
strate that a fundamental component of epileptiform
activity, the paroxysmal depolarizing shift (PDS),
can be generated by the cal-cium dependent release
of glutamate by astrocytes.

Tian and colleagues made the surprising initial
observation that, in multiple models of epilepsy in
the rat slice, PDS events were, for the most part, not
dependent on action potentials or synaptic activity.
PDS’s were found to be mediated by glutamate re-
lease. Using photolysis of caged calcium in astro-
cytes, they then showed that calcium dependent glu-
tamate release from astrocytes, but not neurons, gen-
erated PDS’s (Figure). The anticonvulsants val-

An Astrocytic Basis of Epilepsy
proate, phenytoin, and gabapentin were then tested in
vivo in rats. The authors applied the potassium chan-
nel blocker 4-AP locally to exposed rat cortex to gen-
erate epileptiform activity. All three agents suppress-
ed astrocytic calcium signaling, to varying degrees.

These results suggest a prominent role for as-
trocytes in the initiation and/or spread of seizures.
Glutamate released by astrocytes may be critical to
the neuronal depolarization that triggers synchron-
ized neuronal hyperactivity. Alternatively, neuronal
hyperactivity may result in activation of astrocytic
calcium dependent glutamate release, providing a
mechanism for the spread of seizure activity. This
study raises many fascinating questions about epilep-
sy pathophysiology such as how does astrogliosis
impact the astrocytic generation of PDS’s. The
potential development of astrocytic-based therapies
for epilepsy is promising and exciting.

GUY M. MCKHANN, M.D.
EPILEPSY RESEARCH

he International Subarachnoid Aneurysm Trial 
(ISAT) recently reported its updated analysis of

outcome in 2118 of 2143 cases with aneurysmal
subarachnoid hemorrhage, randomized to micro-
surgical clipping versus coiling (Lancet 366:
809–816, 2005). The interim results on 1594 of the
patients with one-year follow-up had been published
in 2002, having shown significantly less death and
dependency at 1 year in endovascular allocated cases
than those allocated to microsurgery (23.7% vs.
30.6%, p< 0.0019), with new patient enrollment
having been terminated prematurely because of this
significant benefit (Lancet 360: 1267–1274, 2002).
The updated data in the recent report revealed nearly
identical benefit in the larger cohort (23.5% vs. 30.9%
death or dependency at one year, p=0.0001). Using
Kaplan Meir cumulative mortality analysis, the
benefit appeared to have been maintained for up to 7
years, although there was a decrease in the number of
patients in longer follow-up strata. Benefit appeared to
be reflected in most subgroups of aneurysm location,
clinical grade and age (with all caveats and limitations
of such secondary analyses in subgroups not
prospectively stratified). Epilepsy was more frequent
after surgical clipping. Only 66% of aneurysms
showed complete obliteration after endovascular
treatment, versus 82% after surgical clipping. Post-
treatment hemorrhage occurred in 28 coiled cases
versus 11 clipped cases in the first year, and in 7 coiled
cases versus 2 clipped cases after 1 year (despite
follow-up in much smaller fraction of cases for more
than 1 year). 

It must be remembered that the enrolled patients
still represented the same 22% of 9559 cases assessed
for eligibility (as few as 1% in some centers!), with the
vast majority of cases deemed better treated with
clipping or coiling by expert consensus, and hence not
randomized. So what do we know as a result of the
ISAT, including these latest updates?

The ISAT did reveal that nearly 80 % of ruptured
aneurysms are deemed better treated by surgery or
clipping based on expert evaluation by credentialed
neurosurgeon and endovascular therapist in
prospective adjudicated setting, with half of those
cases thought best treated by surgery, and half by
coiling, based on widely accepted aneurysm and
patient features. The ISAT tells us NOTHING about
whether those cases ought to be treated differently.
Data from the small fraction of cases with supposed
treatment equipoise cannot simply be generalized to
the larger universe of ruptured aneurysms, and surely
not to unruptured aneurysms. And the ISAT did tell us
that those where there is equipoise in treatment,
roughly 1 in 5 cases of ruptured aneurysms, have
lower death and dependency at 1 year when treated
with coiling as opposed to clipping, but at a cost of
more than twice the rate of post-treatment bleeding in
coiled versus clipped cases in the first year, and more
than 3 times the risk after the first year. In young
patients, any benefit of coiling may well be wiped out
by such dramatically higher risk of rebleeding during
a lifetime. While the ISAT was not designed to assess
lifetime rebleeding risk, we truly hope that the
investigators will find the will and means to follow
more patients longer, so we know how they will fare
over time, in particular those cases with persistent
aneurysm filling.

ISSAM A. AWAD, M.D.
ASSOCIATE EDITOR
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ISAT 2: More Evidence
or More of the Same?

T
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Figure: Photolysis of caged calcium in an astrocyte (upper trace) generates a local depolarizing
shift, measured with a field electrode (lower trace). (Adapted from Figure 5 from the manuscript.)
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