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RIGINAL ARTICLE

ircuit Class Therapy Versus Individual Physiotherapy
essions During Inpatient Stroke Rehabilitation:
Controlled Trial
oralie K. English, PhD, Susan L. Hillier, PhD, Kathy R. Stiller, PhD, Andrea Warden-Flood, PhD†
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ABSTRACT. English CK, Hillier SL, Stiller KR, Warden-
lood A. Circuit class therapy versus individual physiotherapy
essions during inpatient stroke rehabilitation: a controlled
rial. Arch Phys Med Rehabil 2007;88:955-63.

Objective: To compare the effectiveness of circuit class
herapy and individual physiotherapy (PT) sessions in improv-
ng walking ability and functional balance for people recover-
ng from stroke.

Design: Nonrandomized, single-blind controlled trial.
Setting: Medical rehabilitation ward of a rehabilitation

ospital.
Participants: Sixty-eight persons receiving inpatient reha-

ilitation after a stroke.
Interventions: Subjects received group circuit class therapy

r individual treatment sessions as the sole method of PT
ervice delivery for the duration of their inpatient stay.

Main Outcome Measures: Five-meter walk test (5MWT),
wo-minute walk test (2MWT), and the Berg Balance Scale
BBS) measured 4 weeks after admission. Secondary outcome
easures included the Iowa Level of Assistance Scale,
otor Assessment Scale upper-limb items, and patient sat-

sfaction. Measures were taken on admission and 4 weeks
ater.

Results: Subjects in both groups showed significant im-
rovements between admission and week 4 in all primary
utcome measures. There were no significant between group
ifferences in the primary outcome measures at week 4
5MWT mean difference, .07m/s; 2MWT mean difference,
.8m; BBS mean difference, 3.9 points). A significantly
igher proportion of subjects in the circuit class therapy
roup were able to walk independently at discharge (P�.01)
nd were satisfied with the amount of therapy received
P�.007).

Conclusions: Circuit class therapy appeared as effective as
ndividual PT sessions for this sample of subjects receiving
npatient rehabilitation poststroke. Favorable results for circuit
lasses in terms of increased walking independence and patient
atisfaction suggest this model of service delivery warrants
urther investigation.

Key Words: Cerebrovascular accident; Physical therapy
odalities; Rehabilitation.
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ehabilitation

T IS WELL ESTABLISHED that positive cortical reorga-
nization poststroke in both the animal1-3 and human4,5 cortex

s driven by activity and repetitive practice of new tasks.
urthermore, 2 recent meta-analyses6,7 have concluded that
ecovery of motor function in persons with stroke is best
acilitated by providing intensive, task-specific therapy. How-
ver, observational studies have repeatedly shown that persons
eceiving inpatient rehabilitation poststroke spend large parts
f the day inactive8-11 and appear to require the presence of a
herapist to practice new skills.12 Providing task-specific ther-
py to groups of people with stroke in circuit classes has been
roposed as a method of increasing the amount of time people
pend actively engaged in task practice.12,13 Other benefits of
roup therapy include peer support and social interaction14 as
ell as potential cost-savings to the health care system by

educing staff to patient ratios.
Circuit class therapy can be defined as therapy: provided to
ore than 2 participants; involving a tailored intervention

rogram, with a focus on practice of functional tasks received
ithin a group setting; provided to participants with similar or
ifferent degrees of functional ability; and involving a staff to
atient ratio no greater than 1:3.
Practically, this can involve participants physically moving

etween work stations set up in specific locations within each
lass, or participants performing a set of core activities adapted
o suit individual needs within a group setting, but without the
eed to physically move between work stations. Optimally, the
ntervention is targeted at multiple levels, such as strength and
alance and walking practice and range of movement. Partic-
pants’ progress is continuously monitored and activities are
dapted as required. This definition is consistent with previous
escriptions of circuit class therapy.6,13-15 This definition is
lso distinct from the concept of group therapy, which is
efined as therapy involving more than 2 patients, usually with
similar degree of functional ability, undertaking the same

xercises or activities at the same time under the direction of 1
herapist with little or no individual tailoring or progression of
ctivities and usually targeting only 1 impairment (eg, balance
r strength or aerobic fitness).
Circuit class therapy (consistent with the definition outlined

bove) has been shown to be effective for improving the
obility of people greater than 6 months poststroke14,16 and for

mproving mobility and upper-limb function for people receiv-
ng rehabilitation poststroke, when provided in addition to
ndividual physiotherapy (PT) sessions.15 However, the effec-
iveness of circuit class therapy as an alternative sole method of
T service delivery for persons receiving inpatient rehabilita-

ion poststroke has not been investigated to date. Therefore our
rimary objective was to test the hypothesis that circuit class

herapy would result in greater improvements in mobility and

Arch Phys Med Rehabil Vol 88, August 2007
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A

alance than individual PT sessions. Our secondary objective
as to investigate between-group differences in level of walk-

ng independence achieved, upper-limb function, length of stay
LOS) in rehabilitation, and patient satisfaction with therapy.

METHODS

tudy Design
We conducted a single-blind, nonrandomized controlled

rial. We obtained ethics approval from the University of South
ustralia and Royal Adelaide Hospital Research Ethics Com-
ittees.

articipants
Persons received inpatient rehabilitation poststroke. Specific

nclusion and exclusion criteria were as follows.
Inclusion criteria. Subjects who were diagnosed with a

erebrovascular accident resulting in unilateral motor deficits;
ad sufficient ability to participate in circuit class therapy (ie,
bility to follow 3-part commands, sit unsupported and stand
ith 1 person assisting); and were able to give informed

onsent.
Exclusion criteria. Persons who had suffered a cerebellar

esion; had a history of any neurologic disorder (excluding
revious stroke); or regularly used a walking aid (excluding
ingle-point cane) or required assistance for activities of daily
iving prior to their stroke.

Withdrawal criterion. Subjects were withdrawn from the
rial if they suffered any significant medical complication
nd/or were readmitted to an acute hospital for more than
week.

ecruitment
We approached all persons admitted to Hampstead Rehabil-

tation Centre, Adelaide, South Australia, for rehabilitation
oststroke between March 2002 and October 2003 who met the
nclusion and exclusion criteria within the first 2 days after
dmission and invited them to participate in the study.

roup Allocation
Within 3 days of admission to rehabilitation, we assigned

onsenting subjects to their treatment group. To ensure a suf-
cient number of circuit class participants at any one time for
ircuit class therapy sessions, it was not feasible to randomly
llocate individual subjects to treatment groups. Instead, we
llocated subjects in blocks according to the date of admission
o rehabilitation. Subject recruitment occurred between March
002 and October 2003 in 4 alternating blocks of time. Because
f this, we were not able to conceal assignment to groups from
he allocator, or blind the subjects or treating therapists to
roup allocation.

valuations
We assessed subjects on all outcome measures at admission,

eek 4 of rehabilitation, discharge from rehabilitation, and 6
onths poststroke. An examiner who was unaware of the

esign and aim of the study and was blinded to subjects’ group
llocation completed all subject assessments. The examiner
emained blinded to the study design and aims, and subjects’
roup allocation, until after data collection ceased. We consid-
red the 4-week assessment as the primary end point of inter-
st, as it was the average LOS for stroke rehabilitation at

ampstead Rehabilitation Centre at the time of the trial. p

rch Phys Med Rehabil Vol 88, August 2007
easurements
Our primary outcome measures were gait speed measured by

he five-meter walk test (5MWT),17 functional walking capac-
ty as measured by the two-minute walk test (2MWT),18 and
unctional balance as measured by the Berg Balance Scale
BBS).19 For the 5MWT the assessor asked subjects to walk at
comfortable pace along a corridor which was marked at 3, 8,

nd 10m from the start position, without verbal encouragement.
he assessor used a stopwatch to record the time taken to walk

he middle 5m of the walkway. The 2MWT was conducted
long the same walkway with large orange cones placed 1 and
m from the start position. The assessor asked subjects to walk
p and down the walkway, walking around the cones at each
nd, continuously for 2 minutes, at a comfortable pace, taking
ests if required. The assessor counted the number of com-
leted laps and at the end of the 2 minutes (measured on a stop
atch) the subject was asked to stop and stand still. The
alkway was marked at 0.5-m intervals and the assessor re-

orded the distance walked to the nearest 0.5m. In both the
MWT and 2MWT, the assessor walked behind the subject at
ll times to avoid influencing the speed at which they walked.
he BBS was assessed according to the standard protocol20

sing the same equipment (stool, chairs, plinth) for each as-
essment.

Our secondary outcome measures were upper-limb function
s measured by the upper-limb subscale of the Motor Assess-
ent Scale (MAS) for stroke,21 which consists of the 3 upper-

imb items added together to create 1 summary score, the
egree of physical assistance required to walk as measured by
he Iowa Level of Assistance Scale (ILAS),22 LOS in rehabil-
tation, and patient satisfaction as measured by a stroke-specific
atisfaction questionnaire (adapted from Pound et al23). We
easured LOS as the number of days between admission and

ischarge from Hampstead Rehabilitation Centre.
All of the outcome measures have been shown to have accept-

ble interrater reliability and construct validity17,18,22,24-33 and
ere applied using standardized protocols.17-22 Intrarater reli-

bility of the primary outcome measures was measured by the
ssessor re-scoring videotaped performances of the first 10
ssessments 4 weeks later.

In addition, we obtained information regarding sociodemo-
raphic and stroke characteristics from the subjects’ medical
ecords, with the level of stroke severity measured at admission
o rehabilitation using the FIM instrument,34 administered by
he treating multidisciplinary team.

nterventions
Subjects received the allocated type of PT for the duration of

heir inpatient stay and non-PT components of multidisci-
linary rehabilitation were provided to both groups per usual
ractice. The broad aim of both individual and circuit class
reatment sessions was to improve subjects’ mobility and
pper-limb function to allow safe discharge to either their own
ome or appropriate supportive accommodation. The treating
herapist recorded details regarding the content and duration of
ach therapy session. Subjects received their allocated PT
ntervention for the duration of their inpatient stay. Indepen-
ent practice outside of individual therapy times was not usual
ractice at Hampstead Rehabilitation Centre at the time and
herefore was not encouraged for either group during the trial.

We provided circuit class therapy to groups of up to 6
atients at any one time with a maximum of 1 physiotherapist
nd 1 PT assistant providing supervision in each class. If there
ere less than 5 participants in the class, only 1 physiotherapist

rovided supervision. The same physiotherapist (with 5 years
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957CIRCUIT CLASS THERAPY FOR STROKE REHABILITATION, English
f experience in stroke rehabilitation) supervised all circuit
lasses, although several different PT assistants were involved.
ircuit class participants attended two 90-minute treatment

essions a day, 5 days a week, and performed a set of core
ctivities that addressed their key impairments and functional
imitations. These core activities were: sit-to-stand practice;
trengthening lower-limb extensor muscles in weight-bearing
ositions; postural control in standing; walking practice includ-
ng negotiating obstacles, steps, ramps, stairs, and outdoor
urfaces; reach and grasp; and fine manipulation of everyday
ousehold items in both unilateral and bilateral tasks. These
ore activities were individually adapted for each subject by the
reating therapist and progressed as required, such that the level
f difficulty, complexity, and dosage (number of repetitions)
atched each individual’s ability. For example, practice of

it-to-stand ranged from starting with the subject perched on
he edge of a high plinth with 1 therapist assisting, to indepen-
ent practice using a low chair with no assistance while holding
glass of water. Appendix 1 includes a comprehensive list of

xercises included in the class. We incorporated walking on a
readmill (without body-weight support) into the class for each
ubject as soon as they were able to walk overground with
inimal assistance. We progressed treadmill training by in-

reasing time (up to a maximum of 20min per session) and
peed. Group activities such as relay races were incorporated
nto the majority of classes. Although treating therapists pro-
ided some verbal feedback during circuit class therapy, the
ajority of feedback was provided by setting up each task such

hat it provided a concrete goal and intrinsic feedback regard-
ng its correct completion.

Individual therapy sessions occurred under the direct and
onstant supervision of a physiotherapist or PT assistant, on a
therapist to 1 subject ratio, for up to 60 minutes a day, 5 days
week. Several different physiotherapists with a range of

xperience in stroke rehabilitation were involved in providing
ndividual therapy. Individual therapy sessions were not based
n any particular treatment philosophy and were tailored to the
ndividual based on the physiotherapist’s assessment. Thera-
ists often used manual guidance and verbal feedback for
orrect completion of tasks.

ample Size
Prospective power calculations based on the ability to detect
between-group difference of 0.2m/s in walking speed with

0% power (��.05) indicated that a sample size of 37 subjects
er group was required. We considered 0.2m/s to be the min-
mum clinically important difference in walking speed, based
n previous findings of an inherent measurement error of
pproximately .17m/s with repeated measurements of walking
peed.35 We used an estimated standard deviation (SD) of
.3m/s in the calculation, based on data from previous studies
nvolving similar patient groups.28,36

ata Analysis
We analyzed differences between treatment groups at base-

ine using the independent t test, or Mann-Whitney U test if
ata were not normally distributed or were ordinal in nature.
hen all data were available, analysis was by intention-to-

reat. However, ongoing collection of data was not possible for
he majority of subjects withdrawn from the trial because they
ere either readmitted to an acute hospital or refused assess-
ent.
We analyzed differences between groups over time on con-

inuous outcome measures (ie, 5MWT, 2MWT, BBS) using a

inear mixed-model analysis (with time and group as fixed P
ffects and subjects as a random effect). We chose this method
ver the general multivariate model analysis of variance due to
he considerable amount of missing data within the final data
et. The linear mixed-model analysis allows all available data
o be included by constructing estimated mean scores where
ata are missing, thereby minimizing bias resulting from an
nalysis restricted to complete cases.37 When significant group
y time interactions were found, we performed a post hoc
airwise comparison of mean scores to examine when these
ifferences occurred. The post hoc tests used the same data set
s that used for the linear mixed-model analyses—that is, it
nvolved imputed values for missing data. We calculated 95%
onfidence intervals (CIs) for mean differences to further ex-
mine both significant and nonsignificant findings. Although
he BBS is strictly an ordinal scale, we treated the data as
ontinuous, because the range in scores was large and the
istribution of scores closely approached normality. We used
ndependent t tests to analyze between-group differences for
ospital LOS, duration of therapy, and content of therapy. We
sed the Mann-Whitney U test to analyze between-group dif-
erences in MAS upper-limb subscale scores, and the chi-
quare statistic to analyze between-group differences in ILAS
cores and responses to the patient satisfaction questionnaire.
nalyses of the MAS upper-limb subscale scores, ILAS, and
atient satisfaction questionnaire were based on cross-sectional
ata, not change scores.
We used the SPSSa for all analyses, with a significance level

f � equal to .05.

RESULTS
We conducted the trial between March 2002 and December

003. Seventy-eight subjects consented to participate and were
llocated to groups. Figure 1 depicts the progression of subjects
hrough the trial and the reasons for exclusion and withdrawal.
en subjects withdrew before the week-4 assessment and a

urther 4 subjects withdrew between week 4 and discharge.
able 1 presents reasons for the 14 subjects who were with-
rawn from the study. One subject withdrew from the circuit
lass therapy group after week 4 due to safety concerns. Al-
hough this subject received individual therapy for the remain-
er of her inpatient stay, we included her discharge and
ollow-up data in the circuit class therapy group for all analyses
ccording to intention to treat principles. Only 43 (63.2%)
ubjects attended the follow-up assessment. Those subjects
ho did attend had a faster walking speed at discharge from

ehabilitation than those who did not attend (attendees,
81�.43m/s; nonattendees, .59�.38m/s; P�.04; t��2.08,
5% CI, .01–.46). There were no significant differences in
ischarge 2MWT scores and BBS data between those subjects
ho did and did not attend the follow-up assessment.
Intrarater reliability for the primary outcome measures was

igh, with intraclass correlation coefficient scores of 1.00, 1.00,
nd 0.96 for the 5MWT, 2MWT, and BBS scores, respectively.

Table 2 presents baseline characteristics of subjects included
n data analyses. Data from the 5MWT and 2MWT were highly
kewed at admission due to 21 (30.9%) subjects being unable
o walk. There were no significant differences between treat-
ent groups at baseline for any of the primary outcome mea-

ures or the admission FIM score. However, circuit class ther-
py subjects were significantly younger (individual therapy,
8.9�12.3y; circuit class therapy, 61.6�11.8y; P�.02).
Table 3 presents summary data for all outcome measures.

he linear mixed-model analyses demonstrated a significant
roup by time interaction effect for each of the 3 primary
utcome measures (5MWT: F�2.88, P�.04; 2MWT: F�6.82,

�.001; BBS scores: F�2.79, P�.04) suggesting that the

Arch Phys Med Rehabil Vol 88, August 2007
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reatment groups behaved differently over time. Post hoc pair-
ise comparisons of mean scores demonstrated that both
roups showed significant improvement between admission
nd week 4 on the 5MWT (mean improvement: individual
herapy, .16m/s; circuit class therapy, .17m/s), the 2MWT
mean improvement: individual therapy, 21.3m; circuit class
herapy, 16.5m), and the BBS (mean improvement: individual
herapy, 8.9 points; circuit class therapy, 8.5 points). Both
roups continued to show significant improvement in all 3
easures between week 4 and discharge; however, only sub-

ects receiving individual therapy showed significant improve-
ent in the 5MWT and 2MWT between discharge and follow-

p. There were no significant between-group differences at any

ime point, with the exception of the follow-up assessment at p

rch Phys Med Rehabil Vol 88, August 2007
hich subjects in the individual therapy group scored signifi-
antly higher on the 2MWT. Analyses were repeated with age
s a covariate, which did not alter results.

There were no significant differences between groups on the
AS upper-limb subscale at any time point. There was a low

requency of scores on the ILAS for the majority of categories;
herefore, data were collapsed into 2 categories (independent,
ssistance required/unsafe to attempt assessment) prior to anal-
sis. At discharge a significantly higher proportion of subjects
n the circuit class therapy group (n�26 [92.9%]) were able to
alk independently compared with the individual therapy
roup (n�23 [67.6%], �2 test�5.89, P�.01). There were no
ignificant differences between groups in the responses to the

Fig 1. Flow chart of trial par-
ticipants. *These subjects
were not withdrawn, but did
not complete either the
week-4 or discharge assess-
ment. †Includes 1 subject in
each treatment group with
LOS of less than 4 weeks,
therefore did not complete a
week-4 assessment. ‡One sub-
ject refused a discharge as-
sessment, but completed a
follow-up assessment.
atient satisfaction questionnaire at discharge or follow-up
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ith 1 exception. At follow-up, significantly more subjects in
he circuit class therapy group agreed or strongly agreed (n�21
95.5%]) that they had received enough PT during their
npatient rehabilitation stay compared with the individual
herapy group (n�11 [55.0%], �2 test�12.27, P�.003) (see
able 3).

We calculated LOS for all 64 subjects who completed the
rial, including 2 subjects who refused to complete the dis-
harge assessment. Discharge was delayed (due to waiting
ither for a bed in a residential care facility or for essential
ome modifications to be completed) for 8 subjects (5 in the
ndividual therapy group, 3 in the circuit class therapy group).
OS for these subjects was calculated as the number of days
etween admission to rehabilitation and the date of the dis-
harge assessment (this assessment occurred within 1 week of
he multidisciplinary team deciding that the patient was ready
or discharge). Although subjects in the circuit class therapy
roup had a shorter mean LOS (mean difference, 15.2d), this
id not reach statistical significance (95% CI, �4.5 to 34.7d).
Subjects in the circuit class therapy group received signifi-

antly more therapy time per day (mean, 129.1�22.6min) than
ubjects in the individual therapy group (mean, 36.6�9.4min)
P�.001, t��22.68; 95% CI, �101.1 to �83.7). Subjects in
he individual therapy group received an average of 49.0 ther-
py sessions with a mean of 0.94 sessions per day. Subjects in
he circuit class therapy group received an average of 60.0
herapy sessions with a mean of 1.6 sessions per day. On
verage there were 4 subjects in the circuit class at any one
ime. Both types of therapy were well tolerated with an atten-
ance rate of 92.1% in the individual therapy group and 83.3%
n the circuit class therapy group. Two subjects fell during
ndividual therapy sessions and 4 subjects fell during circuit
lass therapy sessions. None of these falls caused injury.

We analyzed data from the first 20 treatment sessions for
ach subject in order to accurately describe the content of
ndividual therapy and circuit class therapy, and to determine
ey differences in therapy content between the groups (table 4).
ore than 75% of circuit class sessions included walking and

it-to-stand practice and approximately a third of all circuit
lass sessions included treadmill training. By contrast, only a
hird of individual sessions included walking practice and
readmill training was never included. However, almost half of

Table 1: Reasons for Subject Attrition

Reason for Attrition
Individual
Therapy

Circuit Class
Therapy

Suspected lower-limb fracture after
fall on ward 1 2

Suspected extension of stroke 0 2
Withdrawal of informed consent 0 1
Lower-limb vascular surgery required 0 1
Acute illness requiring readmission

to an acute hospital (decreased
respiratory function, severe urinary
tract infection, acute bowel
obstruction) 1 2

Discharged within 2 weeks 0 2
Acute psychiatric illness requiring

readmission to an acute hospital 2 0
Total number of subjects lost 4 10

OTE. Values are counts. Ten subjects withdrew before the week-4
ssessment and a further 4 subjects withdrew between week 4 and
ischarge.
ll individual treatment sessions included activities directed at *
mproving the quality of a subject’s gait (eg, part-practice of
he swing phase of gait with a focus on reducing compensatory
ip circumduction or part-practice of the stance phase of gait
ith a focus on increasing weight shift to the paretic side),
hereas gait quality was not specifically addressed in any

ircuit class therapy sessions. Practice of upper-limb functional
ctivities—such as lifting a cup to the mouth—was included in
quarter of both circuit class therapy and individual therapy

essions. In terms of the key statistical differences in therapy
ontent between groups, significantly more circuit class ther-
py sessions included practice of sit-to-stand (P�.001,
��6.32; 95% CI, 12.3 to �6.4), walking (including negoti-
ting obstacles and stairs, P�.001, t��7.01; 95% CI, �11.5
o �6.4) and treadmill training (P�.001, t��5.78; 95% CI,

7.7 to �4.0). Significantly more individual therapy sessions
ncluded practice of transfers (including bed-to-chair, bed-to-
oilet, and car transfers, but not including sit-to-stand practice,
�.001, t�4.37; 95% CI, 1.7�5.2) and exercises aimed at

mproving gait quality (P�.001, t�7.68; 95% CI, 6.3�11.1).

DISCUSSION
We found no clinically important or statistically significant

ifferences between circuit class therapy and individual PT
essions for recovery of walking ability, functional balance,
nd upper-limb function among a sample of persons receiving
npatient rehabilitation poststroke. However, a significantly
reater number of subjects in the circuit class therapy group
ere able to walk independently at discharge from rehabilita-

ion and were satisfied with the amount of therapy received
ompared with subjects who received individual therapy. The
ample included in our study can be considered representative
f a larger population of persons receiving inpatient rehabili-
ation after stroke because it included a broad range of func-
ional disability at baseline.

Despite the fact that subjects in the circuit class therapy
roup did not receive individual treatment sessions, there were
ew significant differences between the groups in terms of
alking ability, functional balance, and upper-limb function,
ith subjects in both groups showing significant improvement
ver time. In addition, circuit class therapy was more effective
han individual therapy in promoting independence in walking
t discharge from rehabilitation in this sample of subjects. This
ay have been due to circuit class therapy subjects spending a

ignificantly greater amount of time engaged in walking prac-
ice. Additionally, the structure of circuit class therapy was
uch that it encouraged greater participant autonomy, thereby
ncouraging problem solving and independence. Thus, it is
ossible that not only the increased amount of walking prac-
ice, but also the environment in which this practice occurred,
ad an impact on the increased level of walking independence

Table 2: Baseline Characteristics of the Study Sample

Characteristics

Individual
Therapy
(n�37)

Circuit Class
Therapy
(n�31)

Mean age � SD (y) 68.9�12.3 61.6�11.8*
Mean FIM score � SD (range, 18–126) 78.7�17.6 83.1�16.5
Sex (male/female) 25/12 16/15
Side of stroke lesion (left/right) 15/22 11/20
Stroke type (infarct/hemorrhage) 34/3 24/7
Mean time between stroke and

admission to rehabilitation � SD (d) 24.4�12.4 29.7�15.5
Statistically significant difference at P�.05.

Arch Phys Med Rehabil Vol 88, August 2007
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ithin the circuit class therapy group. All known previous
tudies of circuit class therapy involved subjects who were
lready able to walk independently at baseline.14,16,38-40 There-
ore, this study is the first to show that circuit class therapy is

Table 3: Summary of

Outcome Variables

5MWT (m/s)
Mean � SD (n)

Admission
Week 4
Discharge
Follow-up

2MWT (m)
Mean � SD (n)

Admission
Week 4
Discharge
Follow-up

BBS scores (range, 0–56)
Mean � SD (n)

Admission
Week 4
Discharge
Follow-up

Upper-limb MAS scores (range, 0–18)
Median (IQR) (n)

Admission
Week 4
Discharge
Follow-up

No. of subjects rated as independent on the ILAS
N (%) (n)

Admission
Week 4
Discharge
Follow-up

Responses to the question “I have had enough physiotherapy”
at follow-up

N (%)
Strongly agree
Agree
Disagree
Strongly disagree

LOS (d)
Mean � SD (n)

bbreviations: IRQ, interquartile range; NA, not applicable.
Statistically significant between-group difference at P�.05.

Table 4: Summary of the Activities of Individual and Circuit
Between-Gr

Activities Individual Therapy

Treadmill training 0�0
Gait quality 9.14�6.49
Gait practice 6.27�5.36
Upper-limb functional activities 4.97�5.24
Sit to stand 5.70�5.62
Transfer practice† 3.78�4.74
Statistically significant difference at P�.05.
Includes bed-to-chair, bed-to-toilet, and car transfers, but not sit-to-stan

rch Phys Med Rehabil Vol 88, August 2007
ffective in promoting independent walking ability poststroke.
he reasons for the significant improvement in gait speed and

unctional walking capacity between discharge and follow-up
or the individual therapy group but not the circuit class therapy

Outcome Variables

ividual Therapy Circuit Class Therapy
Mean Difference

Between Groups (95% CI)

.37�0.40 (37) 0.41�0.43 (31) �0.04 (�0.25 to 0.17)

.53�0.43 (36) 0.58�0.46 (30) �0.07 (�0.28 to 0.14)

.72�0.43 (34) 0.76�0.41 (28) 0.02 (�0.20 to 0.23)

.95�0.45 (20) 0.85�0.48 (22) 0.13 (�0.09 to 0.35)

6.8�40.3 (37) 41.1�44.1 (31) �4.3 (�26.3 to 17.6)
8.1�48.7 (36) 57.6�44.9 (30) �1.8 (�23.8 to 20.2)
4.3�46.5 (34) 76.1�43.0 (28) 3.1 (�18.9 to 25.2)
3.0�47.6 (20) 82.1�48.3 (22) 23.1 (0.21 to 46.0)*

8.2�17.7 (37) 32.3�15.5 (31) �4.1 (�10.5 to 2.3)
7.1�16.4 (36) 40.8�12.9 (30) �3.9 (�10.3 to 2.0)
6.7�7.9 (34) 48.0�7.4 (28) 1.1 (�5.2 to 7.6)
0.8�4.9 (20) 49.1�8.5 (22) 3.0 (�4.1 to 10.1)

(0.8–12.0) (37) 10.0 (1.0–13.0) (31) NA
(1.0–13.0) (36) 12.0 (1.0–14.0) (30) NA
(4.8–14.0) (34) 12.0 (2.0–14.0) (28) NA
(7.5–14.8) (20) 14.0 (2.0–16.0) (22) NA

(18.9) (37) 7 (22.6) (31) NA
(38.9) (36) 15 (50.0) (30) NA
(67.6) (34) 26 (92.0) (28)* NA
(85.0) (20) 19 (61.3) (22) NA

n�21 n�22

(50.0) 13 (59.1) NA
(5.0) 8 (36.4) NA
(35.0) 1 (4.5) NA
(10.0) 0 (0.0) NA

1.3�44.0 (36) 56.1�31.1 (28) 15.2 (�4.5 to 34.7)

Subjects Over 20 Treatment Sessions Showing Means and
Differences

Circuit Class Therapy Mean Difference (95% CI)

5.84�5.62 �5.8 (�7.7 to �4.0)*
0.42�2.16 8.7 (6.3 to 11.1)*

15.19�5.06 �8.9 (�11.5 to �6.4)*
4.81�6.30 �0.17 (�2.7 to 3.0)

15.06�6.60 �9.4 (�12.3 to �6.4)*
0.32�0.79 3.5 (1.7 to 5.2)*
Main

Ind
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roup are unclear. Moreover, these results should be inter-
reted with caution because 36.8% of the sample did not attend
he follow-up assessment and those who did attend were some-
hat less disabled at discharge than the nonattendees.
A strength of our study design was that circuit class therapy

omprised a set of core activities, individually adapted and
rogressed such that each subject was always challenged to
is/her maximum ability. This allowed the circuit class therapy
o be the sole model of PT service delivery, rather than a
ackage of treatment delivered in addition to usual therapy.
hus, the current study was able to demonstrate the feasibility
f circuit class therapy as an alternative sole model of PT
ervice delivery for a representative sample of persons receiv-
ng inpatient rehabilitation poststroke.

The ability to provide a significantly greater amount of
herapy time with a lower staff to patient ratio in our study
uggests that circuit class therapy may also be a more cost-
ffective method of therapy delivery. In our study the total
mount of therapist time required to provide circuit class ther-
py for 6 patients was a mean of 130 minutes a day, whereas
he total amount of therapist time required to provide individual
herapy sessions for 6 patients was 222 minutes a day (based on

mean duration of 37 minutes for individual sessions). This
epresents a difference of more than 90 minutes a day of
herapist time. Additionally, circuit class therapy participants
eceived a significantly greater amount of therapy a day. This
dditional therapy time may have resulted in a shorter hospital
OS, because although the difference in LOS in our study was
ot statistically significant, the confidence interval suggested a
rend in favor of circuit class group subjects (mean difference,
5.2d; 95% CI, �4.5 to 34.7d). Coupled with similar findings
y Blennerhassett and Dite15 of a large, but not statistically
ignificant, reduction in LOS associated with mobility related
o circuit class therapy, it is clear that future research into the
ost-effectiveness of circuit class therapy as an alternative
ethod of service provision is required.
There is increasing emphasis being placed on the importance

f patient satisfaction within health care evaluation and evi-
ence based medicine.41-44 Several studies34,41-44 have found
hat the majority of persons recovering from stroke were not
atisfied with the medical and rehabilitative care they received.
imilarly, in our study 45% of subjects receiving individual

herapy were not satisfied with the amount of therapy they
eceived. Our finding that 95.5% of subjects receiving circuit
lass therapy were satisfied with the amount of PT they re-
eived is of particular clinical relevance, although perhaps not
urprising, considering the increased amount of therapy time
hey received. However, this finding must be interpreted with
aution in view of the large drop-out rate between discharge
nd follow-up. Nevertheless, patient satisfaction data col-
ected at follow-up may be a more accurate reflection than
hat measured during inpatient rehabilitation, given that
atients are often reluctant to express dissatisfaction with
ospital services,45 and may therefore be more honest in
eporting levels of satisfaction when they are no longer
eceiving hospital services.46

tudy Limitations
The heterogeneous nature of the sample was a limitation of

ur study. Further research with a larger, more homogeneous
ample of subjects with moderate disability may yield more
efinitive results, as it is well established that persons with
troke resulting in moderate disability demonstrate greater im-
rovement in functional abilities during rehabilitation, com-
ared with those with mild or severe impairment.47 Although

he nonrandom allocation of subjects to groups in our study had
he potential to bias the results, age was the only significant
ifference between the treatment groups at baseline, and the
se of age as a covariant in the analyses did not alter the results.
lthough an additional limitation was the rate of subject attri-

ion, the reasons for withdrawal from the study (see table 1)
ppeared to be unrelated to the type of therapy provided.
lthough 3 subjects suffered falls necessitating withdrawal

rom the study, all occurred outside of therapy sessions, mak-
ng it highly improbable that the type of PT the subjects
eceived was responsible. Additionally, although there were 2
ases of suspected extension of stroke, both occurring in the
ircuit class therapy group, neither was confirmed by radio-
ogic examination. Some studies in the rat model have sug-
ested that early, intensive therapy within the first week after
troke may increase the risk of stroke symptoms worsening.48

owever, there have been no published reports of stroke ex-
ension or worsening stroke symptoms associated with in-
reased intensity of therapy provided to persons more than a
eek after stroke. Nevertheless, it would be pertinent for future

tudies of circuit class therapy to include assessment of the
ncidence and severity of infarct extension. A further limitation
f our study design was that the discharge assessment did not
ccur at a standardized time. However, the inclusion of these
ata made it possible to compare functional ability at discharge
etween treatment groups. These limitations of study design
ighlight the difficulties inherent in clinical research, in partic-
lar finding a balance between ideal study design, the practi-
alities of clinical research, and the applicability of the findings
o a clinical setting.

Future research into the effectiveness of circuit class therapy
s clearly warranted. Preferably, such research should involve a
ore homogeneous study sample, random allocation to treat-
ent groups, and standardized assessment times. Although

uch studies would require significant financial support, the
otential for circuit class therapy to be a more cost effective
ethod of service delivery and to reduce hospital LOS justifies

his support.

CONCLUSIONS
Subjects receiving either circuit class therapy or individual

herapy demonstrated a similar degree of recovery on objective
easures of mobility and upper-limb function for person re-

eiving inpatient rehabilitation after stroke. However, circuit
lass therapy was associated with a significantly greater degree
f independence in walking at discharge from rehabilitation
nd significantly higher patient satisfaction with the amount of
herapy received. Furthermore, the study demonstrated the
easibility and safety of circuit class therapy as an alternative
ole model of PT service delivery for person receiving inpatient
ehabilitation after stroke.

Acknowledgments: We thank the staff of the Royal Adelaide
ospital Physiotherapy Department and Medical Rehabilitation Unit

t Hampstead Rehabilitation Centre, in particular Julie McGuiness, for
heir support and assistance in conducting the trial.

APPENDIX 1: LIST OF EXERCISES INCLUDED IN
CIRCUIT CLASS THERAPY

ower-limb exercises
● Forward and lateral step raises. (Subject placed affected

leg on a step placed in front or to the side and raised
him/herself onto step.)

● Eccentric quads over edge of step. (Subject stood on a step
and lowered unaffected leg to touch the ground. To

progress exercise, subjects touched a foam cup placed on

Arch Phys Med Rehabil Vol 88, August 2007
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APPENDIX 1: LIST OF EXERCISES INCLUDED
IN CIRCUIT CLASS THERAPY (cont’d)

the ground in front of the step without crushing it before
returning to the start position.)

● Heel raises, either from standing flat on the ground or
standing on a wedge.

● Squats.
● Active hamstrings in sitting. (Subject sat on a chair and

bent affected knee as far as possible. A small towel or
“slippery sam” material was used to reduce friction to
make the exercise easier and weights were strapped to the
ankle to make the exercise harder.)

● Reaching in various directions out of the base of support
in sitting (to activate leg musculature).

● Stretches of the gastrocnemius and soleus muscles in
standing.

● Riding an exercise bicycle.

it-to-stand and walking exercises
● Sit-to-stand from various heights including from an ad-

justable plinth, chairs with and without arms, and stools.
To progress the exercise, subjects placed their unaffected
leg on a small step.

● Stepping onto and off a step.
● Walking indoors, forward, backward, and sideways.
● Walking outdoors.
● Walking on the treadmill.
● Walking up and down stairs.
● Walking around obstacle courses including stepping over

and around objects, up and down steps, over soft surfaces,
and picking up objects from the floor. Subjects also ne-
gotiated obstacle courses while carrying a tray of objects
(for dual-task performance).

xercises to improve postural control in standing
● Reaching to touch marks or trace a spiral shape on a

whiteboard. Different stance positions were used includ-
ing feet together and tandem stance.

● Stepping grid. Subjects stood with feet in marked areas,
then tapped 1 foot out to touch marks on floor, repeating
with the other foot.

● Reaching to pick up objects from low surfaces or the floor.
This exercise was also performed in pairs with subjects
passing objects to each other.

● Alternatively tapping toes onto step in front. To progress
the exercise, subjects had to tap a foam cup placed on the
step without deforming it.

● Throwing and catching balls in pairs or groups.
● Practicing standing on 1 leg.
● Walking with a heel-toe gait or “braiding” (ie, walking

sideways with the trailing leg alternating between crossing
in front of, or behind the leading leg with each step).

xercises for the upper limb and hand
● Prolonged shoulder positioning in either forward flexion

or abduction. Where elbow contracture or stiffness was an
issue, a circumferential foam splint was used to hold the
elbow in maximal extension.

● Active shoulder girdle movement with the arm supported
on a high surface.

● Reaching to grasp and move various size objects on and
off of “shelves.”

● Taking lids on and off jars.
● Pegging washing onto a line.

● Folding washing.

rch Phys Med Rehabil Vol 88, August 2007
APPENDIX 1: LIST OF EXERCISES INCLUDED
IN CIRCUIT CLASS THERAPY (cont’d)

● Scooping coins off the edge of a table.
● Spooning or pouring water from cup to cup.
● Lifting and moving a pen around a marked grid.
● Turning over playing cards (this exercise was often per-

formed in pairs).
● Active pronation and supination.
● Active wrist extension, using small weights strapped to

the hand when appropriate.
● Active shoulder external rotation with arm supported on a

table.
● Active shoulder internal and external rotation using Thera-

Band for resistance.
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ABSTRACT. Wu CY, Chen CL, Tang SF, Lin KC, Huang
Y. Kinematic and clinical analyses of upper-extremity move-
ents after constraint-induced movement therapy in patients
ith stroke: a randomized controlled trial. Arch Phys Med
ehabil 2007;88:964-70.

Objective: To study the effects of constraint-induced move-
ent therapy (CIMT) relative to traditional intervention on
otor-control strategies for upper-arm reaching and motor

erformance at the impairment and functional levels in stroke
atients.
Design: Two-group randomized controlled trial (RCT); pre-

reatment and posttreatment measures.
Setting: Rehabilitation clinics.
Participants: Forty-seven stroke patients (mean age, 55y) 3

eeks to 37 months postonset of a first-ever cerebrovascular
ccident.

Interventions: Forty-seven patients received either CIMT
restraint of the less affected hand combined with intensive
raining of the more affected upper extremity) or traditional
ntervention (control treatment) during the study. The treatment
ntensity was matched between the 2 groups (2h/d, 5d/wk for
wk).
Main Outcome Measures: Outcomes were evaluated using

1) kinematic variables of reaching movement used to describe
he control strategies for reaching, (2) the Fugl-Meyer Assess-
ent (FMA) of motor-impairment severity, and (3) the Motor
ctivity Log (MAL) evaluating the functional ability of the
pper extremity.
Results: After treatment, the CIMT group showed better

trategies of reaching control than the control group (P�.03).
he CIMT group also showed less motor impairment on the
MA (P�.019) and higher functional ability on the MAL
P�.001).
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Conclusions: This study is the first RCT to show differences
n motor-control strategies as measured by kinematic variables
fter CIMT versus traditional intervention. In addition to im-
roving motor performance at the impairment and functional
evels, CIMT conferred therapeutic benefits on control strate-
ies determined by kinematic analysis.
Key Words: Controlled clinical trials; Kinematics; Occupa-

ional therapy; Rehabilitation; Stroke.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

ITH THE PROLIFERATION OF successful controlled
clinical trials of constraint-induced movement therapy

CIMT) in the literature, the therapy has attracted considerable
ttention as a means to treat the more affected upper extremity
UE) and overcome the learned nonuse phenomenon (habitu-
lly relying on the less affected UE to accomplish functional
asks) among patients with stroke.1-5 CIMT involves restraint
f the less affected UE over an extended period (6–18h/d for
–3wk), in combination with intensive task-specific training of
he more affected limb (eg, 6h/d on 10–15 consecutive week-
ays).4 In contrast to clinical efficacy of CIMT, the acceptance
f CIMT among therapists and patients remains poor. One
ossible reason is that intense and massed practice during
IMT may be less safe and more tiring for stroke patients.6 To
ddress the problems, a variety of derivatives of CIMT were
evised by using less intensive training and shorter restraint
ime. These derivatives of CIMT may involve training of the
ffected UE for 0.5 to 3 hours a day, 3 to 5 days a week for 2
o 10 weeks, together with restraint of the less affected UE for
p to 6 hours a day.7-14 Substantial evidence shows that CIMT
an improve motor impairment and functional use of the more
ffected UE in chronic (�1y poststroke),8,9 subacute (�3mo
1y poststroke),7,10,11 and acute10,12-14 stroke patients with
ild motor impairments. However, the motor-control mecha-

isms responsible for the improved motor performance are
oorly understood. A possible reason for this lack of under-
tanding relates to the methods used to assess UE function.15

Most studies of CIMT have relied on clinical evaluations
uch as observer-initiated measure of motor impairment (eg, the
ugl-Meyer Assessment [FMA]) or self-report measure of func-

ional ability (eg, Motor Activity Log [MAL]).7-9,11-14 These tests
rovide clinical information regarding the level of motor impair-
ent and the level of functional ability or patients’ perceptions of

ow well they can functionally use their UEs. However, these
easures may have particular aspects that are left up to the

ubjective perspective of the rater.12,15 Technologic develop-
ents in motion analysis enabled biomechanics studies of

ctions (eg, upper-arm reaching). Biomechanic analysis of
ovements provides more objective and quantitative measures

f control strategies necessary for promoting understanding of

he mechanisms underlying improved motor performance of
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troke patients after CIMT.16 Recent research has recom-
ended the use of biomechanic analysis for outcome eval-

ations of CIMT.12

Alberts et al15 used kinetic analysis to objectively examine
ow CIMT affects control of force in precision grip. In addition
o kinetic analysis, kinematic analysis during functional tasks
as been suggested as a valid means to directly and objectively
easure the spatiotemporal control of movement.17 Kinematic
easures of reaching have been shown to discriminate changes

o hand-path quality after brain injury18 and are associated with
easures of arm functions (eg, the Action Research Arm
est).19 Such measures can be used not only to assess perfor-
ance but also to identify movement quality or to elucidate the
otor strategies during a reaching task.17 The information may

fford insights into how motor-control rehabilitation alters
ovement organization in patients with stroke.
A normal-reaching movement is controlled by both prepro-

ramming and online error correction.20-22 A more prepro-
rammed control strategy for reaching movement represents a
etter learned or more skillful movement. When the movement
epends more on motor preprogramming, it will be more
apidly initiated, more efficient and direct, and smoother. Pre-
rogrammed movement requires rapid task completion, such
hat the performer may need greater force or impulse at move-
ent initiation to quickly bring the hand to the target. In

ontrast, if the control strategy of the movement depends more
n online correction, it will require more planning and there-
ore be initiated more slowly. This type of movement requires
djustment of direction based on sensory feedback during
erformance, resulting in reduced movement efficiency,
traightness, and smoothness.

A recent case report23 has used kinematic measures to eval-
ate the changes in motor control after CIMT and presented
reliminary evidence that more preprogrammed control strat-
gy of reaching movement is achieved after than before CIMT.
urther research performed by using a randomized controlled

rial (RCT) is needed to afford insights into mechanisms me-
iating change in motor performance after CIMT. The present
tudy used kinematic analysis to investigate the impact of
IMT versus traditional intervention on control strategies for

eaching movement and on motor impairment and functional
bility of the UE after stroke. Combining kinematic analysis
nd clinical evaluation might enable comprehensive assess-
ent of the change in control strategies and motor performance

t the impairment and functional levels after CIMT. Reaching
as selected as the study task because of its status as a

undamental motor skill necessary for many daily activities.
e hypothesized that patients receiving 3 weeks of CIMT
ould exhibit better strategies of reaching control, reduced
otor impairment, and increased functional ability involving

he more affected UE than patients receiving the traditional
ntervention. Better control strategies would be evidenced by
ore efficient, straighter, and smoother movements. Reduced
otor impairment and increased functional ability would be

epresented by higher scores of FMA and MAL.

METHODS

articipants
The institutional review boards for human studies at 2 med-

cal centers approved this protocol, and all subjects gave
nformed consent. Subjects were recruited from 2 stroke reha-
ilitation units; 47 stroke patients (32 men, 15 women; mean
ge, 55y; range, 40–80y) participated. According to self-report,
ubjects were right-hand dominant before stroke. At the begin-

ing of the intervention, they were 3 weeks to 37 months
mean, 12.25mo) postonset of a first-time cerebrovascular ac-
ident of ischemic or hemorrhagic type. Inclusion criteria were
s follows: (1) able to reach Brunnstrom stage24 III or above for
he proximal part of the UE, (2) considerable nonuse of the
ore affected UE (MAL amount of use [AOU]25 score �2.5),

3) no serious cognitive deficits (modified Mini-Mental State
xamination26 score �70), (4) no balance problems sufficient

o compromise safety when wearing the experimental con-
traint device, and (5) lack of participation in any experimental
ehabilitation or drug studies and absence of use of antispas-
icity drugs for UE musculature (eg, botulinum toxin type A)
ithin the past 3 months. All patients received independent

xaminations by a physiatrist and an occupational therapist to
etermine their eligibility for inclusion. Figure 1 details subject
ecruitment and assignment.

nstruments
Movement data were collected using kinematic analysis and

linical evaluation as described later.
Kinematic analysis. A desk bell (diameter, 9.7cm [3.80in];

eight, 4.8cm [1.87in]) was used as the target for reaching to
ress it. During reaching, a 6-camera motion analysis systema

as used in conjunction with a personal computer to capture
he movement of a marker attached to the styloid process of the
lna; 2 channels of analog signals were collected simulta-
eously. The analog signals were connected to a pressure-
ensitive hand switch and the desk bell. Movement recording
egan when the hand moved off the hand switch, and move-
ent termination was recorded when the subject pressed the

esk bell. Movements were recorded at 60Hz and digitally
ow-pass filtered at 5Hz using a second-order Butterworth filter
ith a forward and backward pass.
Clinical evaluation. The clinical measures used in this

tudy included the FMA and the MAL. The FMA was used to
ssess several dimensions of motor impairment. The MAL is a
Fig 1. Flowchart of subject recruitment and group assignment.

Arch Phys Med Rehabil Vol 88, August 2007
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A

unctional measure and used to evaluate the ability of perform-
ng essential tasks and functional activities through self-report.

Scoring on the arm and hand section of the FMA (maximum
core, 66) was based on a 3-point ordinal scale (0, cannot
erform; 1, can perform partially; 2, can perform fully).27 A
igher FMA score indicates less motor impairment. Test-retest
eliability, interrater reliability, and construct validity of the
est are well established.28,29

The MAL is a semistructured interview that obtained infor-
ation about how patients use their more affected limbs during

0 important daily activities. Patients were instructed to use a
-point AOU scale (score range, 0–5) to rate how much the
rm is being used and a 6-point quality of movement (QOM)
cale (score range, 0–5) to rate how well they are using their
ore affected UEs during the past week.25

ntervention
Treatment regimens were designed to ensure that patients

eceived equal treatment intensity (2h/d, 5d/wk for 3 consec-
tive weeks) directly supervised by the occupational therapists.
he intervention was provided at 2 centers under the supervi-
ion of 2 separate occupational therapists. These 2 therapists
ere trained in the administration of the CIMT protocol by the

nvestigators and completed a written competency test before
ubject treatment. During the treatment period, structured daily
reatment notes were made and reviewed by the investigators to
nsure the standardization of treatment. All trainings were
rovided on an individual basis. Subjects were blind to the
tudy hypotheses. All subjects received routine interdiscipli-
ary stroke rehabilitation separate from the study treatment that
ccurred during the regularly scheduled occupational therapy
essions. The interdisciplinary stroke rehabilitation was deliv-
red by a variety of treatment disciplines including physical
herapists and psychologists. The intensity of the interdiscipli-
ary rehabilitation was the same for all participants (1.5h/d for
d/wk).
In the CIMT group, typical training activities involved the

se of the more affected UE and were similar to those per-
ormed daily (eg, reaching forward to move a jar from 1 place
o another, picking up a cup and drinking from it, picking up a
airbrush and combing hair, cleaning the window). The less
ffected hand was placed in a mitt for 6 hours a day throughout
he study period. In the traditional intervention group, the
reatment involved neurodevelopmental therapy emphasizing
unctional task practice when possible, stretching and weight
earing with the more affected arm, and fine-motor dexterity
raining.

rocedures and Testing
Subjects were randomly assigned to the CIMT or traditional

ntervention group by using a random numbers table. Before
nd after the 3-week intervention period, the laboratory test (ie,
inematic analysis) and the clinical evaluation (FMA, MAL)
ere administered in random order by a blinded rater. The
rder of the laboratory test and the clinical evaluation was
andomized to wash out carryover effects. Before administra-
ion of the outcome measures, a blinded rater was trained to
dminister the FMA and MAL following the guidelines de-
cribed by Fugl-Meyer27 and Taub30 and colleagues, respec-
ively. Rater competence was assessed by the primary investi-
ators who had 5 years of experience in using these measures.
he rater was trained to conduct the kinematic analysis in
ccord with standardized procedures described as follows.

During the laboratory test for reaching kinematics, each

ubject sat on a height-adjustable chair with seat-height set to q

rch Phys Med Rehabil Vol 88, August 2007
00% of the lower leg length, measured from the lateral knee
oint to the floor with the subject standing. The trunk was
ecured to the chair back with a harness to prevent lateral and
orward flexion and rotation but still allow for scapular motion.
he subject rested the more affected hand on the hand switch
laced on the edge of the table in line with the subject’s
idsagittal plane. Table height was adjusted to 5.1cm (2in)

elow the elbow. The desk bell was located along the subject’s
idsagittal plane, and the reaching distance to the bell was

tandardized to the subject’s functional arm length. Functional
rm length was defined as the distance from the medial border
f the axilla to the distal wrist crease when the subject raised
is/her arm as close to 90° elevation as possible and reached
orward (without trunk movement) as far as possible. The
unctional arm length represents the farthest distance the sub-
ect can reach forward without using trunk movement. Subjects
ere instructed to reach and press the desk bell using the hand

t a comfortable speed; 5 trials were performed after a practice
rial.

ata Reduction and Data Analysis
An analysis program coded by LabViewb language was used

o process the kinematic data. Values of reaction time, move-
ent time, total displacement, peak velocity, and movement

nits were obtained. Because the task distance varied across
ubjects, movement time, total displacement, and movement
nits were normalized to correct for variations in reaching
istance.
Reaction time refers to the time to initiate the movement.
ovement time means the time for execution of the reaching
ovement, representing movement efficiency. Total displace-
ent refers to the path of the hand in 3-dimensional space,

ndicating the directness of movement. One movement unit is
omprised of 1 acceleration and 1 deceleration phase and can
e used to characterize movement smoothness and evaluate the
xtent of error correction during movement performance.
ewer movement units indicate smoother movement.31,32 Peak
elocity indicates force or impulse at movement initiation.
reater force or impulse is reflected in a higher-amplitude peak
elocity.
Analysis of covariance (ANCOVA),33 controlling for pre-

reatment differences, was used to test whether the CIMT
roup performed significantly better than the traditional inter-
ention group on the posttest for each variable. For each
nalysis, pretest performance (kinematic data, FMA and MAL
cores) and time postonset of stroke were used as the covari-
tes, group was the independent variable, and posttest perfor-
ance was the dependent variable. The effect size r was

alculated for each outcome variable to index the magnitude of
he performance difference between groups.34 According to
ohen,35 a large effect is represented by an r of at least .50, a
oderate effect by .30, and a small effect by .10.

RESULTS
There were no significant differences between the 2 groups

ith respect to the measured characteristics except for the
retreatment kinematic performance on normalized total dis-
lacement (table 1). We addressed the pretest variability be-
ween groups by treating the pretreatment performance as a
ovariate in the comparison of posttest performance by the 2
roups.
The ANCOVA results showed significant and moderate ef-

ects on most kinematic measures at posttest (table 2). Patients
reated with CIMT were able to initiate movement more

uickly than patients treated with traditional intervention, as



e
g
m
i
i
m
p
i
f

i
l
t
C
a
a
U

t
b

m
e
b
C
C
t
T
fi
m
d

r

A
* depe
f

967CIMT AND KINEMATIC ANALYSIS, Wu
videnced by a shorter reaction time (P�.005). The CIMT
roup performed the task more efficiently (shorter normalized
ovement time, P�.021) and with straighter (smaller normal-

zed total displacement, P�.021) and smoother (fewer normal-
zed movement units, P�.010) reaching trajectories of the

ore affected arm. Thus, the CIMT group showed more pre-
rogrammed movement after treatment than did the traditional
ntervention group. A nonsignificant and small effect was
ound for the kinematic variable peak velocity.

The results showed significant and moderate to large effects
n favor of the CIMT group on the FMA and MAL. There was
ess motor impairment for the CIMT group versus the tradi-
ional intervention group (FMA, P�.019). Subjects in the
IMT group reported better performance in AOU (P�.001)
nd QOM (P�.001) of their more affected UE during daily
ctivities. The CIMT group reported using the more affected
E for an average of 14 activities and the traditional interven-

Table 1: Subject Clinical an

Characteristics

Sex (male/female)
Mean age � SD (y)
Side of lesion (right/left)
Mean months after stroke � SD

Between 0.6 and 6m (n)
Between 6 and 12m (n)
Between 12 and 24m (n)
Between 24 and 37m (n)

Brunnstrom stage (proximal part of UE) (median)
Mean modified MMSE score � SD
Mean pretreatment performance on kinematic variables � SD

Reaction time (s)
Normalized movement time
Normalized total displacement
Peak velocity (cm/s)
Normalized movement units

Mean pretreatment scores on FMA � SD
UE

Mean pretreatment scores on MAL � SD
AOU
QOM

bbreviations: MMSE, Mini-Mental State Examination; SD, standard
P associated with the chi-square test for categorical variables, the in
or the ordinal variable.

Table 2: Descriptive and Inferential Statistics for An

Assessment

Posttreatm

CIMT (n�24)

Kinematic variables
Reaction time (s) 0.48�0.17
Normalized movement time 0.04�0.03
Normalized total displacement 1.32�0.22
Peak velocity (cm/s) 76.42�16.17
Normalized movement units 0.13�0.11

FMA
UE 46.75�11.58

MAL
AOU 1.85�1.24

QOM 1.85�1.14 0
ion group for an average of 15 activities before treatment and
oth groups for 24 after treatment.

DISCUSSION
This study is, to our knowledge, the first RCT to use kine-
atic analysis to investigate differences in motor-control strat-

gies after CIMT versus traditional intervention. We observed
etter performance in reaching kinematics of the UE after
IMT as compared with the traditional intervention. The
IMT group also showed less motor impairment assessed by

he FMA and greater functional ability evaluated by the MAL.
he beneficial effects of CIMT are consistent with previous
ndings,7-9,11-13 but the findings further suggest that CIMT
ay improve motor-control strategies evidenced by kinematic

ata.
The kinematic results of this study extend those of the case

eport by Hakim et al23 to a larger sample. The enhanced

mographic Characteristics

CIMT (n�24) TI (n�23) P*

16/8 17/7 .83
53.93�11.20 56.77�12.90 .42

11/13 11/12 .89
12.51�9.64 11.98�11.72 .87

9 10
5 4
6 6
4 3
4.5 4.5 .39

84.42�10.35 84.43�11.62 .99

0.72�0.46 0.60�0.28 .28
0.07�0.05 0.09�0.06 .95
1.70�0.51 1.42�0.36 .036

66.32�22.88 55.35�15.45 .062
7.06�5.26 5.69�6.25 .42

39.50�13.45 41.74�13.47 .64

0.64�0.86 0.60�0.92 .87
0.72�1.01 0.69�1.17 .94

iation; TI, traditional intervention.
ndent t test for continuous variables, and the Mann-Whitney U test

is of Reaching Kinematics and Clinical Assessment

ANCOVA

TI (n�23) F1,44 P Effect Size r

.63�0.32 8.86 .005 .41

.05�0.03 5.72 .021 .34

.42�0.39 5.75 .021 .34

.72�18.79 1.10 .30 .16

.19�0.16 7.34 .010 .38

.78�13.08 5.97 .019 .35

.81�1.13 32.76 �.001 .66
d De

dev
alys

ent

0
0
1

65
0

44

0

.84�1.08 31.59 �.001 .65

Arch Phys Med Rehabil Vol 88, August 2007
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erformance in reaching kinematics (ie, movement quality) of
he CIMT group may reflect better control strategies (ie, a more
reprogrammed strategy) as a result of forced use of the more
ffected UE for intensive practice on functional tasks. The
asks offered motor problems to be solved and allowed subjects
o experiment on the solutions to accomplish the task goal.

oreover, the decreased standard deviations for kinematic
ariables imply a more stable movement pattern in the CIMT
roup. Such better performance indicates that subjects who had
eceived CIMT were able to perform more preprogrammed
ovement than those who had received the traditional inter-

ention. In other words, subjects who had received CIMT used
heir more affected UEs more spontaneously and could modify
ngoing movement with less attentional effort. Additional ev-
dence for better movement control after CIMT was evidenced
y faster movement planning or preparation (less reaction
ime), increased movement efficiency (less normalized move-
ent time), and a straighter and smoother movement trajectory

less normalized total displacement and fewer movement
nits). This enhanced movement control may have related to
hort-term learning changes at central and spinal levels.36 In-
ensive training of the more affected UE may, at the central
evel, enhance motor planning and at the spinal level decrease
he latency between activation of agonist and antagonist mus-
les, leading to a shorter reaction time.37 Extensive practice
ith a variety of functional tasks may have provided opportu-
ity for the patients to experiment with efficient arm use for
eaching movements and regain motor skills and thus perform
he reaching task faster and more efficiently. Straighter and
moother movements might be caused, at the central level, by
mproved motor planning involving interjoint coordination.38

mproved coordination of movements might also, at the spinal
evel, be caused by an increase in the intensity of activation of
pinal motoneuron pools, leading to increased efficiency and
oordination of muscular contraction.36

The difference in peak velocity posttreatment was not sig-
ificant between CIMT and traditional intervention. One pos-
ibility pertains to the large variability in peak velocity within
oth groups. Another possibility is that peak velocity is an
ntegral factor involving both spatial and temporal properties of
ovements and is associated with force or impulse at move-
ent initiation.32 Because neither treatment program in our

tudy emphasized muscle strengthening or force control, force-
elated performance during reaching movements may be con-
idered a less sensitive variable for detecting differences in
herapeutic effect. When improvement of movement velocity is
n endpoint, treatment should incorporate tasks demanding
orce control (eg, turning a key to open a door). Future research
ight also evaluate force-related performance during speed-

mphasized reaching tasks.
The enhanced performance in movement kinematics associ-

ted with CIMT suggests that the therapeutic gains may reflect
educed deficits in motor-control strategies. Movement infor-
ation on control strategies derived from kinematic analyses
ay complement outcomes of impairment and functional per-

ormance derived from clinical measures and may allow a
etter understanding of motor-control mechanisms underlying
IMT. This knowledge about how patients with stroke perform

eaching movements provides unique perspectives on charac-
eristics of control strategies and may contribute to outcome
valuations in stroke rehabilitation. It is also important for
uture research to use kinematic analysis to examine motor-
ontrol strategies in a variety of functional UE tasks to inves-
igate the generalizability of the current findings to different
ypes of daily activities. Several neuroimaging studies39-43
ave shown that CIMT leads to cortical reorganization with f

rch Phys Med Rehabil Vol 88, August 2007
xtension, shift, and recruitment of ipsilesional, perilesional,
nd contralesional cortical areas of the sensorimotor network.
t remains unclear whether the therapeutic benefit is attribut-
ble to neuroplastic changes in brain areas subserving activity-
ependent cortical reorganization. A possibility for future re-
earch is to use functional magnetic resonance imaging
nalysis pre- and post-CIMT to investigate the possible relation
etween kinematic improvement of reaching movements and
ltered brain activation.

The finding of better performance represented by FMA and
AL scores after CIMT versus traditional intervention may

eflect less motor impairment and increased use of the more
ffected UE after CIMT. The finding on the FMA is consistent
ith most previous studies7,8,12,14 but not that of van der Lee

t al.3 This discrepancy might be primarily caused by dif-
erences in the treatment program for the comparison group.
he present study, along with those of Page,7,8,12 and
oake14 and colleagues, used the traditional intervention for

he comparison group, whereas the study by van der Lee3

sed bimanual task training for the comparison group. Bi-
anual task training involved mass practice of both hands,

esulting in only slightly greater reduction of motor impair-
ent in the CIMT versus comparison group. The findings on

he MAL are consistent with previous findings7-9,12,13 and
uggest that the learned nonuse phenomenon observed in the
atients with stroke can be overcome through CIMT.
This study recruited patients with various levels of arm-
ovement impairment ranging from hemiplegia with persistent

ynergy patterns but preservation of some isolated arm move-
ents to hemiparetic weakness with isolated finger move-
ents. The application of CIMT might not be limited to the

igh-functioning patients having finger movements and might
e extended to the patients having only some isolated arm
ovements. The stage of recovery from stroke in subjects of

his study spanned from acute, to subacute, and to chronic. The
ssue that the natural recovery of stroke might confound the
bserved effects of CIMT was taken into account in this study.
here were almost equal numbers of subjects at each recovery
tage between the 2 groups. The variable of time poststroke
as further addressed in the statistical analysis by treating it as
covariate. The confounding effect of natural recovery is thus
ot a plausible explanation for the beneficial effects of CIMT.

tudy Limitations
There is a noteworthy limitation of our study. The instru-
ents used in the study assessed control strategies inside the

aboratory. Future research might determine if the therapeutic
ffect of CIMT transfers to the nonlaboratory environment.
he absence of electromyographic data in the current study is
nother limitation; evaluation of muscle-activation patterns
ogether with evaluation of spatiotemporal-movement control
ight provide a more complete picture of the specific move-
ent parameters that may be affected by CIMT. A clearer

nderstanding of which movement parameters are responsive
o therapeutic change and the nature of such change can pro-
ide insights into the mechanisms responsible for the therapeu-
ic effects on control strategies. As a further limitation, the
ong-term effects of CIMT on kinematic performance are un-
lear and await longitudinal study with long-term follow-up.44

uture research may also study whether improvements in con-
rol strategies after CIMT predict better motor relearning abil-
ties, more recovery in daily functions, and increased potential

or return to work.
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CONCLUSIONS
This RCT used kinematic and clinical analyses to study

ostintervention differences between CIMT and traditional
ntervention in stroke patients varying in the level of arm motor
mpairment. The study showed CIMT improved both kinematic
erformance (except for peak velocity) at the level of control
trategy and motor performance at the impairment and func-
ional levels. Further research may use brain-imaging tech-
iques to elucidate whether improved control strategies after
IMT are associated with treatment-induced cortical reorgani-
ation.
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Randomized Controlled Trial of an Implantable 2-Channel
eroneal Nerve Stimulator on Walking Speed and Activity in
oststroke Hemiplegia
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ABSTRACT. Kottink AI, Hermens HJ, Nene AV, Tenniglo
J, van der Aa HE, Buschman HP, IJzerman MJ. A random-

zed controlled trial of an implantable 2-channel peroneal nerve
timulator on walking speed and activity in poststroke hemi-
legia. Arch Phys Med Rehabil 2007;88:971-8.

Objective: To determine the effect of a new implantable
-channel peroneal nerve stimulator on walking speed and
aily activities, in comparison with the usual treatment in
hronic stroke survivors with a drop foot.

Design: Randomized controlled trial.
Setting: All subjects were measured 5 times in the gait

aboratory.
Participants: Twenty-nine stroke survivors with chronic

emiplegia with drop foot who fulfill the predefined inclusion
nd exclusion criteria were included in the study.

Intervention: The intervention group received an implant-
ble 2-channel peroneal nerve stimulator for correction of their
rop foot. The control group continued using their conven-
ional walking device, consisting of an ankle-foot orthosis,
rthopedic shoes, or no device.
Main Outcome Measures: Walking speed, assessed both

y a six-minute walk test (6MWT) and by using a 10-m
alkway, was selected as primary outcome measure and ac-

ivity monitoring data, consisting of percentage time spent on
tepping, standing, and sitting/lying were selected as secondary
utcome measure.
Results: Functional electric stimulation (FES) resulted in a

3% improvement of walking speed measured with the
MWT, whereas the improvement in the control group was
nly 3% (P�.010). Comfortable walking speed measured on a
0-m walkway was also significantly improved in favor of FES
P�.038). The percentage time spent on stepping deteriorated
ith 3% in the intervention and 0.8% in control group, which
as not statistically significant between both groups (P�.13).
Conclusions: The present study shows a clinically relevant

ffect of the implantable 2-channel peroneal nerve stimulator
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n walking speed in the sample of stroke survivors included in
ur study.
Key Words: Electric stimulation; Foot; Peroneal nerve;

ehabilitation; Stroke; Walking.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

OOT DROP OR DROP FOOT is a simple term that de-
scribes a rather complex problem. A variety of conditions,

uch as dorsiflexor injuries, peripheral nerve injuries, stroke,
europathies, drug toxicities, or diabetes can be associated with
rop foot. Depending on the cause, drop foot may be temporary
r permanent. It can be defined as a significant weakness or
bsence of ankle and toe dorsiflexors. These muscles assist in
learing the foot during swing phase and control plantarflexion
f the foot on heel strike. Weakness or absence of this group of
uscles associated with imbalance between invertors and ever-

ors results in an equinovarus deformity. Walking becomes a
hallenge due to the patient’s inability to control the foot at the
nkle. In fact, due to predominance of extensor synergy, hip
nd knee flexion are usually both reduced which further length-
ns the limb functionally. Accordingly, many stroke survivors
se circumduction and hip hiking and on occasion vaulting in
rder to compensate.
This article focuses on drop foot in subjects with chronic

emiplegia after stroke. Drop foot after stroke is thought to be
aused partly by poor active control of the anterior tibial
uscle and by increased and inappropriate tone in the muscles

f the leg, particularly the calf.1

Functional electric stimulation (FES) is the clinical applica-
ion of electric current to the intact nerves of the body, in order
o generate a muscle contraction. This contraction is then
ncorporated into a functional activity, for example, walking.
ES systems for the treatment of drop foot are in clinical use

n significant numbers, especially the surface Odstock Drop
oot Stimulator.2-4 These studies showed an increased walking
peed and a reduction in Physiological Cost Index (PCI), which
s a measure for energy cost. The perception of the users was
hat the Odstock stimulator was of clinical benefit and therefore
he compliance was very high.

In a systematic review,5 the results of 8 studies were ana-
yzed to assess the orthotic effect of FES on walking in stroke
urvivors with a drop foot. The pooled effect size for walking
peed was .13m/s (range, .07�0.2m/s) or 38% (range,
2.18%�53.8%). FES also seemed to have a positive orthotic
ffect on the PCI. Recently, another meta-analysis6 was pub-
ished where the therapeutic effect of FES on walking speed in
troke survivors was determined. A significant mean difference
n walking speed of .18m/s was found, indicating the effective-
ess of FES treatment.
At present, only 1 randomized controlled trial (RCT) exam-
ned the effect of common peroneal nerve stimulation on walk-

Arch Phys Med Rehabil Vol 88, August 2007
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ng speed in stroke survivors with chronic hemiplegia.7 The
tudy reported a significant improvement of 20.5% in walking
peed in the FES group, whereas the control group, who
eceived physiotherapy (PT) only, showed a nonsignificant
mprovement of 5.2%. However, this RCT did not use an
nkle-foot orthosis (AFO) as the control device. A comparison
as made between walking with FES versus no treatment. In

linical practice, the conventional treatment of a drop foot is
n AFO, which is most often a plastic support worn in the shoe
o keep the ankle in a neutral position. An interesting aspect
hat has not been clarified yet is the additional value of the
eroneal nerve stimulator in comparison with an AFO as the
ontrol device.

Surface-based FES is the common approach in the clinical
etting, but there are several problems with this approach
ncluding difficulty with electrode positioning and skin al-
ergy.3 Assuming that the drop foot requires a permanent
olution, an implantable system might be considered. Poten-
ial advantages include stability of electrode position, easier
onning and doffing of the system, and reduced pain and skin
rritation. Several implantable systems have been developed in
he past.8,9 These were 1-channel stimulators, which did not
llow for differential activation of peroneus and anterior tibial
uscles for inversion-eversion balance post surgery. Accord-

ngly, an implantable device with 2 independent channels was
eveloped.10

The aim of the present RCT was to determine the effect of
n implantable 2-channel peroneal nerve stimulator on walking
peed and physical activity in comparison with the usual treat-
ent in stroke survivors with a drop foot. We hypothesized that

he intervention group would improve their walking speed by at
east .20m/s, defined by Perry et al11 as clinically relevant over

device use period of over 6 months. Furthermore, we ex-
ected that the intervention group would show an increase in
hysical activity at the end of the trial. No changes in the
ontrol group were expected in both outcome measures.

METHODS

tudy Design
We conducted this study as an RCT and the CONSORT

tatement was used to report the trial.12 All subjects were
ssessed 5 times in the gait laboratory. The baseline measure-
ent took place about 1 week before the randomization pro-

edure, and the follow-up measurements were performed 4, 8,

Table 1: Se

Inclusion Criteria

Drop foot identified by an inability to achieve a normal heel
strike during walking

First hemiplegia of at least 6 months in duration as a result of
CVA with a stable neurology

Subject is an outdoor walker

Able to give an informed consent
bbreviation: CVA, cerebrovascular accident.

rch Phys Med Rehabil Vol 88, August 2007
2, and 26 weeks after the surgical procedure in the interven-
ion group. Subjects assigned to the control group were mea-
ured in the same weeks as subjects assigned to the intervention
roup.
Walking speed, measured both by the six-minute walk test

6MWT)13 and on a 10-m walkway, was defined as the primary
utcome measure. The 6MWT was measured only during base-
ine, week 12, and week 26. Comfortable walking speed, mea-
ured on a 10-m walkway, was measured during all assess-
ents. Physical activity,14 the secondary outcome measure,
as measured at baseline and at week 26 by monitoring a

andomly selected group of subjects from both the intervention
nd control groups. Unfortunately, it was not possible to mon-
tor all participating subjects, because only 2 activPAL sys-
emsa were available during the trial.

All measurements were performed by the same examiners
AVM). Instructing the subjects in the intervention group on
he proper use of the peroneal nerve stimulator and assessment
f stimulation levels of the 2 output channels took place on the
ame day as the outcomes assessment. This was done for 2
easons: (1) to keep the number of visits similar for both study
roups so that the same amount of attention was paid to both
roups; and (2) to save time and travel costs in the intervention
roup. If problems were experienced by the patients they were
nstructed to report them immediately, so that they could be
esolved as soon as possible. Blinding of both the study per-
onnel and participants was not possible due to the surgical
rocedures. All data were analyzed according to an intention-
o-treat principle, which means that all participants in the trial
ere analyzed according to the treatment to which they were

llocated, whether they received it or not.

articipants
Most subjects were recruited to the trial in response to an

rticle in a local Dutch newspaper about the first results with
he implantable stimulator in stroke survivors. Some patients
ere recruited through consultant and general practitioner re-

errals and in some cases on the advice of the physiotherapist
reating the patient. Both recruitment strategies resulted in a
elected sample of well-motivated stroke survivors. Because of
he invasive nature of the treatment, selection of the most
ppropriate patients is very important. Therefore patients that
ere most likely to experience treatment success were selected.
able 1 shows the criteria for inclusion and exclusion in the

rial.

n Criteria

Exclusion Criteria

Age �18y

Passive dorsiflexion of the ankle �5° with knee in
extension

Medical conditions other than CVA, that is, neurologic,
rheumatic, cardiovascular, or systemic disorders
(including diabetes mellitus) limiting the function of
walking

Injury to deep and superficial peroneal nerve and
sciatic nerve

Any medical condition that would exclude the use of a
surgical procedure or anesthetic

Not able to don and doff the equipment
Pregnancy
lectio

a
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Subjects that fulfilled the selection criteria were admitted to
he trial. One week after the baseline assessment, subjects were
andomly allocated to either the intervention group or control
roup. Random allocation was performed in blocks of 2 sub-
ects, to ensure a close balance of the numbers in each group.
he randomization procedure was performed by an indepen-
ent person. All patients were allowed to continue their usual
T sessions during the trial, which was recorded in a patient
iary.
The experiment protocol was approved by the local medical

thics committee and the subjects gave their informed consent
efore participating in the experiments.

he Stimulation System
The implantable 2-channel peroneal nerve stimulatorb con-

ists of an external transmitter with a built-in antenna, a foot
witch, and implantable components consisting of the stimula-
or, the 2 leads, and the bipolar intraneural electrodes (fig 1).10,15

Transmitter. The transmitter uses a single 40-mm diameter
ransmission coil that transmits alternately on 2 frequencies.
his switching results in a pulse repetition rate of 30Hz on each
hannel. The amplitudes of the monophasic pulses modulated
n each carrier wave are controlled separately. The transmitter
eighs approximately 0.1kg and is attached with a strap on the

ateral side of the lower leg, over the site of the implant, just
elow the knee. A footswitch placed under the heel of the
atient’s foot inside the shoe determines the on-and-off switch-
ng of the stimulation. The transmitter battery is charged
vernight.
Implanted stimulator. The implantable 2-channel peroneal

erve stimulator is a passive device, receiving information
arried by the radiofrequency signals and converting them into
he stimulation pulses of the desired amplitude and frequency.
he receiver block is approximately 33mm in diameter and
mm thick. It contains 2 independent and galvanically separate
lectric circuits built on a ceramic substrate 29mm in diameter.
he 2 circuits are tuned to operate at different frequencies,
amely, 1 and 2MHz, allowing them to be individually con-
rolled by the transmitter. This further reduces the risk of
ross-talk between the channels. The electronic circuits of the
eceiver block are encapsulated in silicone rubber elastomer.

The electrodes are placed under the epineurium of the nerve,
roviding good mechanical stability and, due to the proximity
o the nerve fascicles, low stimulation currents can be used.
he 2 cables that connect the receiver block to the electrode
rrays are composed of 2 helically wound platinum wire con-
uctors with enamel insulation. The intertwined helixes are
ncased in silicone rubber elastomer. The electrodes are surgi-
ally positioned at 2 distinct locations, which are determined
uring test stimulation with a hook electrode combined with
isual inspection of the generated movement. One electrode
s placed under the epineurium of the superficial peroneal nerve
SPN) (eversion) and the other under the epineurium of the
eep peroneal nerve (DPN) (dorsiflexion). The stimulation
ulses have an asymmetric biphasic charge balanced
aveform.
Surgical procedure. For patients receiving the implant, we

erformed a presurgical nerve conduction velocity measure-
ent to check the integrity of the deep and superficial branches

f the peroneal nerve. The surgical procedure was performed
nder general or spinal anesthesia. The patient’s knee was
laced in a flexed position to relax the common peroneal nerve
CPN). An incision of approximately 50mm along the course
f the CPN was made, beginning just below the head of the
bulae. The CPN and its 2 branches, the DPN and the SPN,

ere visually identified. Nerve identity was checked using a w
urgical nerve stimulator and hooked electrodes. The response
o stimulation of each nerve was checked at several stimulation
ites, along and around the nerve. When the site for optimal
esponses was identified on both nerves during test stimulation,
small incision through the epineurium at each of the 2 nerves

ig 1. Implantable 2-channel peroneal nerve stimulator: (A) external
ystem and (B) implant.
as made. At each of the 2 sites, an electrode was inserted

Arch Phys Med Rehabil Vol 88, August 2007
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nderneath the epineurium, which was fixed in place using
utures or tissue col fixative, a surgical glue. Using tags,
ositioned approximately 15mm from the end of the electrode,
he leads were sutured to the fascia of the underlying tibialis
uscle. The leads were arranged in such a way as to reduce as

ar as possible the possibility of mechanical loading on the
lectrode sites resulting from muscle activity. The receiver
ody was placed in a subcutaneous pocket. Several test stim-
lations took place before closing the wound.
Two weeks after the surgery the wound was checked and a

rst test stimulation took place. In the third week, stimulation
uring walking was tested and the stimulator was taken home
y the patient. The use of the stimulator was gradually in-
reased over 2 weeks to prevent severe muscle pain and fa-
igue. After this period patients were allowed to use the system
ll day.

easurements
Assessment of 6MWT. The 6MWT was used to estimate

he walking speed during daily activity. Butland et al16 reported
hat results of the 6MWT are highly reproducible and show
oderate to strong correlations with comparable outcome mea-

ures. An oval course with known distance was clearly defined
n the gait laboratory. The distance walked in 6 minutes at a
omfortable walking speed was recorded using a stopwatch.
ubjects were allowed to use a walking stick if necessary and

his was recorded. The condition during baseline was the
tandard for the follow-up measurements. During baseline, all
ubjects walked with their conventional walking aid for the
orrection of their drop foot. During the follow-up measure-
ents, the control group walked with their conventional walk-

ng aid and the intervention group walked with the implantable
-channel drop foot stimulator. Walking speed was calculated
y dividing the walking distance by 360 (6min � 360s).
Assessment of walking speed. We instructed patients to
alk at a comfortable walking speed in the gait laboratory on
10-m walkway; no other instructions were given. Walking

peed was measured automatically by using the Vicon system,c

onsisting of 2 infrared beams over a distance of 7.5m. To
xclude the influence of acceleration and deceleration at the
eginning and end of the walkway, 1.5m were allowed at the
tart and finish of the walkway. Walking speed measured on a
0-m walkway was found to be a valid, reliable and responsive
utcome measure.17,18 Control subjects were asked to perform
he walk 4 times without and 4 times with their conventional
alking aid during all measurements. At baseline, intervention
roup subjects were asked to walk 4 times without and 4 times
ith their conventional walking aid. During the follow-up
easurements, they were asked to walk 4 times without and 4

imes with stimulation. All subjects were allowed to use a
alking stick if needed and this was recorded. The condition
uring baseline was the standard for the follow-up measure-
ents. In each walking condition, the first walk was excluded

rom analysis. For each walking condition a mean walking
peed was calculated by averaging the 3 remaining walking
essions.

Assessment of activity level. We used the activPAL pro-
essional to electronically monitor the level of activity in pa-
ients’ home environment. The activPAL is an accelerometer
ased measurement device used to record subjects’ primary
hysical activities (stepping, standing, sitting/lying) during
heir daily life. Data from the activPAL have been shown to be
oth valid and reliable.14 The device was fixed using an adhe-
ive tape on the mid-line of the thigh, midway between hip and

nee. w

rch Phys Med Rehabil Vol 88, August 2007
Because only 2 activPAL systems were available during the
rial, it was not possible to monitor all participating subjects.
herefore, 10 subjects of the control group and 11 subjects of

he intervention group were randomly selected to be monitored
ver a 5-day period, with exception of the weekend, through all
aking hours during 2 evaluation periods. The first evaluation
eriod was performed at baseline and the second evaluation
eriod was performed at week 26. The selected outcome pa-
ameters were the percentage time spent on stepping, standing,
nd sitting/lying. Mean values were calculated by averaging
he values found on the 5 recorded days.

tatistical Analysis
We performed a power analysis based on estimates that were

btained from the pooled analysis in a previous review from
ur group.5 The review intended to analyze the orthotic effect
f FES on the improvement of walking in stroke patients with
drop foot. Data on walking speed of 4 clinical papers were

ooled to estimate a mean difference � standard deviation
SD) of .134�.124m/s. The following numbers were used for
he power analysis: mean 1, .000�.124; mean 2, .134�.124;
�.134; ��.05; and power, .80. The power calculation re-
ulted in a number of 14 subjects in each group.

Baseline characteristics of the 2 groups were compared to
valuate the success of randomization. Walking speed param-
ters were tested for normality using the Shapiro-Wilks test,
ndicating a normal distribution for walking speed values
P�.05). We used linear mixed-model analyses to determine
he overall orthotic effect of FES on both walking speed
arameters when compared with the conventional treatment.
n advantage of this method is that all available data could be

ncluded in the analysis, even if some data were missing. Group
FES, conventional treatment), time outcome assessments (�6,
, 8, 12, 26wk), and the interaction between group and time
ere entered as terms in the model. The interaction is used to

est differences between both groups in the change in outcome
easured over time. Differences between and within both

roups over the period between baseline and week 26 were
valuated. The model was also used by us to measure the
trength of association between both walking parameters. Post
oc tests were performed for both walking speed parameters
ith Sidak-adjusted multiple comparisons.
Because of the non-normal distribution of the activPAL data

Shapiro-Wilks test, P�.05), we used the Wilcoxon signed-
ank test to compare the activPAL data in both groups between
oth evaluation periods. The significance level � was set at .05
or all tests. All statistical analyses were performed with SPSSd

or Windows.

RESULTS

articipants
Figure 2 shows the flow of participants throughout the study.

wenty-nine patients with drop foot due to cerebrovascular
ccident participated in the present study. Table 2 shows the
haracteristics of the participants. Subject characteristics were
ot very different between both groups, with the exception of
ean time after stroke, which was longer for the intervention

roup. At baseline both groups also exhibited no significant
ifference in walking speed, assessed both by a 6MWT and by
sing a 10-m walkway, indicating that the intervention and
ontrol group were matched.

In the intervention group 7 patients used a plastic AFO, 3
atients wore orthopedic shoes and 4 patients did not use a

alking aid to correct their drop foot just prior to the start of
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he trial. In the control group all subjects wore a plastic AFO.
our subjects dropped out of the study, 1 woman in the inter-
ention and 3 men in the control group. The implant of the
ubject in the intervention group who dropped out failed after
unctioning properly for about 10 weeks. An investigation of
he explanted system showed that the failure was caused by a
echnical defect in the epineural electrode responsible for the
orsiflexion movement. Two subjects in the control group
ithdrew after the randomization procedure and the other

ubject dropped out in week 11, because of psychologic issues
ot related to the study. The remaining subjects in the inter-
ention group did not report any technical failure of the stim-

Allocated to 
intervention group 

(n=14)

Lost to follow-up (n=1) 

T1 (week 4):  0 missing  
T2 (week 8):  0 missing 
T3 (week 12):  1 missing*
T4 (week 26):  1 missing 

Analyzed (n=14) 

Excluded from analysis (n=0) 

ig 2. Flowchart of patients
hrough the study. *Defective
mplant; †resultant of random-
zation procedure; ‡psychologic
ssues not related to the study;
excluded from analysis as a re-
ult of dropout after random-
zation.

Table 2: Subject Characteristics

Characteristics Intervention Group Control Group

No. of subjects (dropouts) 14 (1) 15 (3)
Men 10 10
Women 4 5
Mean age � SD (y) 55.2�11.36 52.87�9.87
Mean time after stroke � SD (y) 9.07�9.29 5.67�4.64
Left side affected 7 9
d
Right side affected 7 6
lation system and continued to use the stimulator during the
ntire follow-up period.

At baseline, walking speed when using the conventional
alking aid in the intervention group was determined by means
f calculating the mean walking speed for the subjects who
sed a plastic AFO or orthopedic shoes (n�10).

ix-Minute Walk Test
Figure 3 shows both the mean walking distance that was

eached during the 6MWT in both groups and the calculated
alking speeds. Because no difference in baseline values was
resent between both groups, no correction for baseline value
as necessary in the analysis.
A significant difference between both groups was found

hen all assessments were taken into the linear mixed model
P�.010), showing a positive effect of FES on the performance
f the 6MWT. At the first follow-up assessment (week 12),
oth the intervention and control group showed an improve-
ent in the performance of the 6MWT. However, post hoc

nalysis showed that the change in walking speed at 12 weeks
elative to baseline did not differ significantly between groups
P�.49). At 26 weeks, the intervention group continued to
how improvements, whereas the control group exhibited some

Assessed for eligibility  
(N=76)

Enrollment

Randomization 

Excluded (n=47) 

Not meeting inclusion criteria
(n=43)

Allocated to 
control group 

(n=15)
Allocation

Follow-up

Analyzed (n=13) 

Excluded from analysis (n=2)§

Analysis

Lost to follow-up (n=3) 

T1 (week 4):  2 missing 
T2 (week 8):  2 missing 
T3 (week 12):  3 missing‡
T4 (week 26):  3 missing 

Baseline (T0) 

n=2†
eterioration. Post hoc analysis showed that the change in

Arch Phys Med Rehabil Vol 88, August 2007
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alking speed at 26 weeks relative to baseline now differed
ignificantly between groups (P�.049).

alking Speed
Figure 4 shows the results of the assessments for both groups

btained on all different walking speed conditions. Because
here was no difference in baseline values, correction for base-
ine value was not included in the analysis.

When no walking device was used, no significant difference
n walking speed between groups was found when all assess-
ents were taken into the linear mixed model (P�.152). The

hanges within both the intervention and the control group over
ime, relative to their baseline values, were also not statistically
ignificant (P�.812, P�.112, respectively).

When the control group used their walking aid and the
ntervention group used their FES, the linear mixed model
ndicated significant differences between groups (P�.038).

alking speed remained constant over time within the control
roup (P�.572). The intervention group showed a small dete-
ioration in walking speed immediately after starting with the
ES treatment (week 4), followed by an improvement in walk-

ng speed when FES was used for a longer period. Overall,
hen baseline was compared with the last follow-up assess-
ent, the change in walking speed within the intervention

roup over time was statistically significant (P�.01).
When comparing only the last follow-up assessment with

aseline between both groups, a trend toward statistically sig-
ificant effect of FES on walking speed over time was found in
omparison with the conventional treatment (P�.097). At none
f the follow-up assessments, where the use of FES in the
ntervention group was compared with the use of an AFO in the
ontrol group, did post hoc testing result in a statistically
ignificant difference relative to baseline.

To examine the relation between both measurement tech-
iques used to obtain comfortable walking speed, correlation
oefficients were calculated. Both the 6MWT and the 10-m
alkway were performed during baseline, week 12, and week
6. The correlation coefficients were around .90 for all 3
ssessments, indicating a strong relation.

he activPAL Professional
Table 3 shows the activPAL data measured in both groups.

rom the table it can be seen that the percentage time spent
tepping deteriorated 3% and 0.8% in the intervention and
ontrol groups, respectively, when the first evaluation period

ig 3. 6MWT results measured in the intervention and control
roups: walking speed (left y axis) calculated from distance (right y
xis).
as compared with the second. However, the difference be-
F
v

rch Phys Med Rehabil Vol 88, August 2007
ween groups was not statistically significant (P�.13). The
ercentage time spent standing declined approximately 3% in
he intervention group, whereas the control group improved
%. There was a trend toward statistically significant differ-
nce between groups (P�.06). Time spent on sitting/lying
ncreased approximately 6% in the intervention group, whereas
he control group declined approximately 1%. The difference
as statistically significant (P�.04).

DISCUSSION
The primary aim of this study was to determine the effect of

sing an implantable 2-channel peroneal nerve stimulator on
omfortable walking speed in comparison with the usual treat-
ent in stroke survivors with a drop foot. Walking speed was
easured in 2 different ways: by measuring average speed

uring a 6MWT and by measuring speed on a 10-m walkway.
The results of the present study show that FES results in a

ignificant improvement in walking speed measured with the
MWT when FES is used for a period of about 6 months as a
reatment for drop foot in chronic stroke survivors. Further-
ore, comfortable walking speed measured on a 10-m walk-
ay also increases significantly in the intervention group with

egard to the control group during the trial when all follow-up
ssessments are taken into the analysis.

Walking speed was measured in 2 different ways. Some
ifferences might have been expected. The patient may feel
reater pressure to perform well during the 10-m walkway,
hereas the longer duration of the 6MWT might reflect the
ore natural cadence and velocity. Another possible source of

ifference might be the longer duration of the 6MWT, which
ight induce a fatigue effect. However, both measurements

ave very similar results; no systematic differences were
ound.

In the systematic review of Kottink et al,5 in which the effect
f FES on walking speed in stroke survivors with a drop foot
as evaluated, most of the included studies did not compare
ES with the conventional orthotic treatment, but made a
omparison between the conditions with and without FES. We
ntended to perform a more pragmatic trial. The present study
s only the second RCT done on drop foot stimulation and the
rst RCT that examined the effect of an implantable drop foot
timulator.

All subjects included were stroke survivors that were in a
hronic phase, so spontaneous recovery was not expected to be
confounder in the present study. This is confirmed by obvious

ack of changes in the walking speed in the control group over
ime. The improvements measured in the intervention group
an therefore be completely attributed to the FES treatment.

Another characteristic of our patient group was that they all
ad a relatively good walking function at the start of the trial,
hich is a result of our strict predefined inclusion and exclu-

ion criteria. Richards et al19 described that to be independent
ig 4. Walking speed (mean) measured on a 10-m walkway. Abbre-
iations: C, control; I, intervention.
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n the community, a speed of .80�.18m/s is required. When
ooking at the walking speeds measured at baseline, one can
onclude that all subjects in the trial satisfied this criterion.
ost studies that examined the effect of peroneal nerve stim-

lation included subjects with a more impaired walking func-
ion. The control and intervention groups in the study by
urridge et al7 walked with a speed of .48 and .64m/s, respec-

ively, at baseline. Patients included in the study by Bogataj
t al,20 consisting of acute, subacute, and chronic stroke survi-
ors, showed a mean walking speed of .19 and .23m/s for FES
nd control groups, respectively. In the literature, Wieler et al21

escribed that FES systems were of most benefit to subjects
ho walked very slowly. They explained that the smaller

mprovements among less impaired walkers were due to the
act they already had good control over many muscle groups.
onsistent with this hypothesis, Ladouceur and Barbeau22 re-
orted a negative correlation between initial walking speed and
he effect of FES. Thus, the inclusion of more severely im-
aired patients may be associated with a larger treatment effect.
Although implantable stimulators have clear advantages

ith respect to the accuracy of stimulation and user comfort, it
s also obvious that surgery is required and overall costs are
onsiderably higher. Thus, candidates for the implantable sys-
em should first be given a trial period with a surface peroneal
erve stimulator to assess and appreciate the potential benefits
f using electric stimulation. When these users then encounter
pecific problems that might be amenable to implantable sys-
ems such as poor electrode reliability, painful sensation, and
ifficulty with donning and doffing the system, implantation
hould be considered.

A slight deterioration in walking speed measured on a 10-m
alkway was seen in the intervention group at the first follow-
p. This can be explained by the anticipated inactive period and
econditioning after the implantation procedure. As the dete-
ioration was observed with and without FES use, this expla-
ation appears plausible. At the last follow-up assessment the
ntervention group continued to show improvements in walking
peed, which suggests that a plateau has not been reached.

tudy Limitations
A limitation of this study is the small sample size. This is

eflected in the finding that FES resulted in a significant im-
rovement of comfortable walking speed measured on a 10-m
alkway when all assessments were included in the linear
ixed model (P�.038), but only a trend toward significance
hen baseline was compared with the last follow-up assess-
ent (P�.097). The more data are included in the linear mixed
odel, the higher the power. Reaching sufficient power is often

eported as a problem in studies performed in a rehabilitation
etting.

linical Relevance
An interesting aspect to discuss is the clinical relevance of

Table 3: Data from activPAL Measu

Group Assessment Stepping (% time) P

Intervention .016
Baseline 16.85�9.24
Week 26 13.89�6.63

Control .213
Baseline 10.41�4.68
Week 26 9.58�5.06

OTE. Values are mean � SD.
he results found in the present study. Clinicians can use this w
nformation to determine the effectiveness of the FES treat-
ent. Perry et al11 reported that a difference of .20m/s in
alking speed with and without AFO was defined as clinically

elevant. From figure 4 it can be seen that at the final follow-up
ssessment the control group shows a difference of .07m/s in
alking speed measured on a 10-m walkway between the
alking conditions with and without conventional walking aid.
difference of .21m/s is found in the intervention group when

alking with FES was compared with walking without FES,
hich is clinically relevant in accordance with Perry. Because

he 6MWT was only performed while using a walking aid in
oth groups, it was not possible to test if these walking speed
esults were clinically relevant in accordance to Perry. How-
ver, another definition of clinical relevance was given by
urridge,7 who considered a percentage change of 10% in
alking speed to be functionally relevant. When looking at the
alking speeds converted from the 6MWT, the intervention

nd control groups show an improvement of 23% and 3%,
espectively. Thus, according to Burridge,7 the results found in
he intervention group are highly clinically relevant. When the
omfortable walking speed results measured on a 10-m walk-
ay are taken into consideration, an improvement of exactly
0% is found in the intervention group when using the FES
ystem (baseline, .80m/s; week 26, .88m/s). The control group
id not show a change in walking speed during the trial when
sing their walking device. During both baseline and the last
ollow-up assessment walking speed was .74m/s. Some studies
n the literature reported the same amount of improvement in
alking speed measured on a 10-m walkway as was found in

he present study. Waters et al,8 who also studied the effect of
n implantable stimulator in chronic stroke survivors, found a
ifference of .24m/s in free cadence walking speed when
alking with FES after surgery compared to walking without

n orthosis before surgery. However, no control group was
ncluded in their study. The intervention group in the study
erformed by Bogataj20 showed an increase of .22m/s in walk-
ng speed when FES was compared with walking without FES,
hereas the control group improved .03m/s. Our hypothesis

hat the intervention group would show an improvement in
alking speed that is clinically relevant is confirmed by the
resent study results.
The secondary aim of the present study was to measure

hysical activity by using the activPAL professional. Physical
ctivity significantly decreases in the intervention group, as
ndicated by the decrease of time spent on stepping and more
ime spent on sitting/lying. This finding is remarkable as one
ould expect an increase of time spent on stepping, induced by

he greater walking speed enabling people to walk greater
istances.
Recently, Stein et al23 found that with surface stimulation the

umber of steps per day, as reflected in the number of delivered
ulse trains, increased significantly over time. However, a
irect comparison with the present study is hampered, because

in Intervention and Control Group

Standing (% time) P Sitting/Lying (% time) P

.075 .026
17.38�7.34 65.47�15.29
14.51�7.51 71.44�11.22

.386 .953
14.36�6.81 75.25�9.47
16.35�7.51 74.08�10.5
red
e investigated physical activity of subjects while using their

Arch Phys Med Rehabil Vol 88, August 2007
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onventional walking aid at baseline in comparison with phys-
cal activity while using the implantable device at week 26.
ecause all subjects in our study were in the chronic phase of

troke, they were all trained well in walking with their con-
entional walking aid. Physical activity at baseline is therefore
xpected to be at a higher level in the present study, making it
ore difficult to find differences in due time. Our results do

uggest that patients do not change their averaged walking
istance using FES whereas the increase in walking speed
llows them to spend even less time in walking. Despite the
ecrease measured in daily activity, the overall results suggest
hat an implanted peroneal nerve stimulator is an effective
reatment option for a select group of chronic stroke survivors
ith foot drop.

CONCLUSIONS
FES resulted in a significant and clinically relevant increase

n walking speed. The intervention group showed an improve-
ent of 23% in walking speed in comparison with a 3%

mprovement in the control group when walking speed was
easured by means of the 6MWT. Comfortable walking speed,
easured on a 10-m walkway, was also significantly improved

n favor of FES. In contrast to our expectations, the results
ound by the activPAL professional do suggest that the average
alking distance did not change by applying the stimulator.
In conclusion the results suggest that the implantable 2-chan-

el peroneal nerve stimulator is a clinically relevant treatment
ption in a select group of chronic stroke survivors. Future
tudies might investigate the generalizability of the results to
ther stroke survivors and the relevance of the stimulation
ystem in other patient categories with upper motoneuron drop
oot problems.
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taphylococcus aureus Colonization in Community-Dwelling
eople With Spinal Cord Dysfunction
ary-Claire Roghmann, MD, MS, Peter H. Gorman, MD, Mitchell T. Wallin, MD, Kristen Kreisel, MS,
imone Shurland, MS, Judith A. Johnson, PhD
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ABSTRACT. Roghmann M-C, Gorman PH, Wallin MT,
reisel K, Shurland S, Johnson JA. Staphylococcus aureus

olonization in community-dwelling people with spinal cord
ysfunction. Arch Phys Med Rehabil 2007;88:979-83.

Objectives: To estimate the prevalence of and determine
isk factors for Staphylococcus aureus colonization of the
erineum.
Design: Cross-sectional study with follow-up of up to 1

ear.
Setting: Multiple outpatient sites.
Participants: Eighty-four community-dwelling adults with

pinal cord dysfunction (SCD).
Interventions: Not applicable.
Main Outcome Measure: Colonization of perineum with

. aureus.
Results: Overall, 24% of the study cohort carried S. aureus

n their perineal skin at enrollment, with 16% having methi-
illin-susceptible S. aureus and 10% having methicillin-resis-
ant S. aureus (MRSA). Most perineal carriers were also col-
nized in the anterior nares. Participants with trauma as the
ause of their SCD were more likely to be colonized with
. aureus than participants with SCD caused by multiple scle-
osis or other causes (relative risk [RR], 2.8; 95% confidence
nterval [CI], 1.2–6.6; P�.01). Participants with pelvic decu-
iti were more likely to be colonized with S. aureus than
articipants without pelvic decubiti (RR�4.3; 95% CI, 2.4–
.7; P�.001). The recent use of any antibiotic was not asso-
iated with an increased risk of colonization with S. aureus
RR�1.5; 95% CI, 0.7–3.3; P�.31); however, recent fluoro-
uinolone use was significantly associated with perineal colo-
ization (RR�2.8; 95% CI, 1.4–5.8; P�.02). Of the 8 partic-
pants with MRSA colonization, only 2 (25%) had a history of

RSA colonization.
Conclusions: S. aureus colonization of the perineum is

ommon in this outpatient population of people with SCD. The
se of fluoroquinolones was associated with S. aureus coloni-
ation. Colonization with MRSA without a history of MRSA
as common.
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TAPHYLOCOCCUS AUREUS IS a major cause of both
community- and hospital-acquired infections.1 S. aureus

nfection is common in people with spinal cord injury (SCI) or
ysfunction (SCD).2 Despite this, little is known about one of
he major risk factors for S. aureus infection, colonization with
. aureus. Colonization with S. aureus is clearly important
ecause rates of infection are higher in carriers than noncarri-
rs.3 Studies comparing colonizing and infecting isolates of
. aureus have shown that people are usually infected with
heir own colonizing isolate.4 Temporary eradication of
. aureus by using topical mupirocin reduces S. aureus infec-
ion in certain populations.5,6 Understanding risk factors for
. aureus colonization can help us identify potential interven-
ion to decrease S. aureus infection.7

Perineal colonization with S. aureus is common, affecting
bout 20% of the general population.8 Perineal carriers have
igh levels of colonization based on quantitative cultures.8 In
ddition, people with perineal or perirectal colonization may be
t greater risk of S. aureus infection.9

S. aureus colonization of the nares, perineum, and wounds is
ommon in people with SCI or SCD. Because of frequent
ospitalization, these people are often colonized with methicil-
in-resistant S. aureus (MRSA), which is most commonly
ransmitted in the health care setting.10-12 Relatively little is
nown about S. aureus colonization in community-dwelling
eople with SCD. Our objectives in this investigation are to
stimate the prevalence of S. aureus colonization of the peri-
eum in a cross-sectional study of community-dwelling people
ith SCD and determine risk factors for perineal colonization.
e also describe the patterns of colonization in a longitudinal

tudy.

METHODS

tudy Design
We prospectively enrolled community-dwelling adults with

CI or SCD (hereafter referred to collectively as SCD) from
pril 2003 to June 2004. The perineum of participants was

ultured for S. aureus. We then assessed risk factors for
. aureus colonization in a cross-sectional study. We repeated
heir perineal cultures quarterly for up to 1 year to determine if
olonization was persistent. We added a culture of the anterior
ares to the protocol after the first 38 participants were enrolled
hen it became apparent from perineal culture results that
. aureus carriage was common. This assessment of S. aureus
olonization was part of a larger review of antibiotic-resistance

olonization patterns in this patient population, part of which

Arch Phys Med Rehabil Vol 88, August 2007
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as already published.13 Eligibility criteria and recruitment
ites are described in detail in the prior publication.13,14

Participants provided informed consent and were followed
ongitudinally for up to 1 year. The institutional review boards
f the University of Maryland, Baltimore, MD, and the Wash-
ngton, DC, Veterans Affairs Medical Centers approved the
tudy protocol. Implementation of this study conformed to the
pproved protocol, as well as the ethical and humane principles
f research.

tudy Variables
We collected age, sex, ethnic background, etiology of SCD,

ears since onset of SCD, level of disability as measured by the
astern Cooperative Oncology Group (ECOG),15 presence of
ecubiti, method of emptying bladder, and previous hospital-
zations and antibiotics within the last 90 days at enrollment
rom participants and their medical records. We classified
articipants with multiple sclerosis (MS) by disease subtype.16

e classified participants with SCI caused by trauma by their
merican Spinal Injury Association (ASIA) Impairment
cale.17 We categorized the 6-point ECOG score as 0 to 2 and
to 5 because people with an ECOG score of 0 to 2 are capable
f all self-care, whereas people with an ECOG score of 3 to 5
re capable of only limited self-care or completely disabled.

We obtained cultures of the perineal skin on enrollment and
hen quarterly. Cultures were obtained by a single research
oordinator. Perineal cultures were obtained after positioning
he participant on his/her back with open legs by using a
oistened, single-sterile Dacron fiber-tipped swab starting un-

er the scrotum (male) or under the vagina (female) in a
ide-to-side pattern toward the anus, making a total of 3 swipes
nd rotating the swab to allow contact with the entire swab. We
lso cultured the anterior nares. Anterior nares cultures were
btained after positioning the participant upright by using a
oistened, single-sterile Dacron fiber-tipped swab, inserting it

nto 1 anterior naris, rotating it around, and then repeating in
he other nares.

Swabs were cultured for the presence of S. aureus including
RSA by using standard microbiologic methods. Swabs were

noculated on T-soy agar plates with 5% sheep blood agar,
henylethyl alcohol agar,a and mannitol salt agar with and
ithout 6�g/mL of oxacillin. Plates were incubated at 35°C

nd examined at 1- and 2-day growth. S. aureus was identified
ith BactiStaph latex agglutination.a Methicillin resistance was

onfirmed on Mueller Hinton agar with 4% NaCL and 6�g/mL
f oxacillin.a Cultures negative for S. aureus on direct plating
ere tested via enrichment broth culture by using 2.5% NaCl
roth18 and then direct plated as described earlier.
Persistent carriage was defined as greater than or equal to

0% of at least 5 perineal cultures positive for S. aureus;
ntermittent carriage was defined as 1% to 79% of at least 5
ultures positive for S. aureus, and no carriage was defined as
% of at least 5 cultures. This definition is adapted from
efinitions used by VandenBergh et al19 to define patterns of
asal carriage over time. Standard deoxyribonucleic acid
DNA) amplification and sequencing with the “universal” 27F
nd 519R primers of 16s recombinant DNA was performed to
onfirm all isolates as S. aureus.20 Each isolate was typed by
NA sequencing analysis of the protein A (spa) gene hyper-
ariable region as previously described.21

tudy Analysis
Summary statistics included means and standard deviations

SDs) or continuous variables and proportions for categorical

ariables. Group means were compared by using a t test or n

rch Phys Med Rehabil Vol 88, August 2007
-way analysis of variance and proportions by the Pearson
hi-square test or Fisher exact test, as appropriate. All statisti-
al analyses were performed by using SPSS statistical soft-
are.b

RESULTS
Table 1 shows a description of our participants. Forty-four

articipants (52%) had MS, and 36 (45%) had trauma as a
ause of their SCD. Of those with MS, 45% were classified as
elapsing-remitting and 43% as secondary progressive. The
emaining were classified as primary progressive (n�3) or not
pecified (n�2). Of those with SCD caused by trauma, 58%
ere ASIA grade A, 11% were grade B, 19% were grade C,

nd 11% were grade D. Of the remaining participants, 1 had
rown-Séquard syndrome, 2 had central cord syndrome, and 1
ad cauda equina syndrome. Twenty-six percent had used
ntibiotics in the 90 days before study enrollment, and 12% had
sed fluoroquinolone antibiotics. Six percent had a history of
RSA colonization. Overall, 24% of the study cohort carried

. aureus on their perineal skin at enrollment, with 16% having
ethicillin-sensitive S. aureus (MSSA) and 10% having
RSA. One participant had both MRSA and MSSA coloniza-

ion. Of the 8 participants with MRSA colonization, only 2
14%) had a history of MRSA colonization. All but one of the

RSA isolates had spa motifs (MDMGMK) associated with
he hospital-acquired MRSA clones USA100 or USA800.22

Table 1 also shows characteristics associated with S. aureus
olonization of the perineal skin. Participants with trauma as
he cause of their SCD were more likely to be colonized with
. aureus than participants with SCD caused by MS or other
auses (relative risk [RR], 2.8; 95% confidence interval [CI],
.2–6.6; P�.01). Participants with pelvic decubiti were more
ikely to be colonized with S. aureus than participants without
elvic decubiti (RR�4.3; 95% CI, 2.4–7.7; P�.001). The
ecent use of any antibiotic was not associated with an in-
reased risk of colonization with S. aureus (RR�1.5; 95% CI,
.7–3.3; P�.31); however, recent fluoroquinolone use was
ignificantly associated with perineal colonization (RR�2.8;
5% CI, 1.4–5.8; P�.02). Among 38 participants with trauma
s the cause of their SCI, a greater proportion of those who had
aken fluoroquinolones in the past 90 days were S. aureus
olonized compared with those who had not (60% vs 29%,
�.126). Most perineal carriers were also colonized in the
nterior nares. Of the 46 participants who were cultured in the
nterior nares, 13 of 16 perineal carriers were also nasal car-
iers, and only 4 of the 30 nonperineal carriers were nasal
arriers (81% vs 13%, P�.0001).

Patterns of S. aureus carriage were assessed in 30 partici-
ants who were followed for 1 year with at least 5 perineal
ultures. The demographics, characteristics of SCD, and po-
ential risk factors for S. aureus colonization of these partici-
ants did not differ from the participants who dropped out (data
ot shown). Overall, 10% were persistently colonized with
0% or more of perineal cultures positive, 63% were intermit-
ently colonized with 20% to 60% of cultures positive, and
7% were never positive for S. aureus. Among 23 participants
ith S. aureus colonization, we detected 22 different spa types.
hree of the 19 intermittent carriers showed evidence of a
witch in spa type, whereas 1 of the 3 persistent carriers had a
odification in spa type (16% vs 33%, P�1.0). We had

ultures of the anterior nares on 22 of the 30 participants in the
ongitudinal component of the study. Among perineal carriers
f S. aureus with a nares culture, 11 of 16 were nasal carriers
f S. aureus; among nonperineal carriers of S. aureus with a

ares culture, 1 of 6 were nasal carriers. Among the 11 with
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981COLONIZATION WITH STAPHYLOCOCCUS AUREUS, Roghmann
asal and perineal carriage, all but 1 carried the same spa type
n the anterior nares as in the perineum.

DISCUSSION

ummary of Main Results Placed in Context of
ther Studies
Overall, 24% of the study population carried S. aureus on

heir perineal skin at enrollment. People without SCD are also
nown to carry S. aureus in their perineum with similar fre-
uency. In 1959, Ridley8 cultured 50 male medical students.
e found that overall 48% were S. aureus carriers with 26% in

he nose only, 12% in the nose and perineum, and 10% in the
erineum. Importantly, the 22% with perineal carriage had high
olony counts of S. aureus and could disperse S. aureus into the
ir with exercise even with negative nares cultures. Thus,
erineal carriage may increase the risk of S. aureus transmis-
ion to others. Squier et al9 reported that liver transplant pa-
ients colonized with S. aureus in the perirectal area, and the
nterior nares had a significantly higher risk of infection com-
ared with those patients colonized only in the anterior nares.
hus, people with perineal carriage may be at an increased risk

or S. aureus infection particularly in an SCD population with
kin breakdown in the perineal area.

Although overall antibiotic use was not associated with S.
ureus colonization of the perineum, the use of fluoroquino-
one antibiotics was strongly associated with perineal coloni-
ation. Patients who receive fluoroquinolones may be more
ikely to have other risk factors for perineal colonization such

Table 1: Overall Description of Community-Dwelling People With
S. aureus

Ove

Variables

Demographics
Male, n (%)
Mean age � SD (y)
Ethnic background

White, non-Hispanic, n (%)
African American, non-Hispanic, n (%)
Other, n (%)

Characteristics of SCD
Etiology of SCD

Trauma, n (%)
MS, n (%)
Other, n (%)

Mean years with SCD � SD
ECOG score of 3–5, n (%)
Presence of skin breakdown in pelvic area, n (%)
Method of emptying bladder

Continent, n (%)
Condom catheter, n (%)
Intermittent catheterization, n (%)
Suprapubic catheter, n (%)
Urethral catheter, n (%)
Incontinent (no catheter use), n (%)

Potential risk factors
History of MRSA colonization, n (%)
Hospitalizations �48h in last 90d, n (%)
Antibiotics in last 90d, n (%)
Fluoroquinolone antibiotics in last 90d, n (%)
s skin breakdown; however, a similar trend, although not 6
tatistically significant, was also noted in a subset analysis of
hose with trauma as the etiology of their SCI. It is plausible
hat the use of fluoroquinolones increases the risk of S. aureus
olonization. Both MRSA and MSSA rapidly develop resis-
ance to ciprofloxacin.23 Bisognano et al24 showed that isolates
f S. aureus increased their tissue-binding abilities when ex-
osed to fluoroquinolones by upregulation of fibronectin-bind-
ng proteins. Dziekan et al25 showed that fluoroquinolone use was
n independent risk factor for MRSA colonization in a case-
ontrol study during an MRSA outbreak. Thus, treatment with
uoroquinolone antibiotics could increase the risk of S. aureus
cquisition or promote persistent carriage of S. aureus once
cquired.

Many of the S. aureus isolates were MRSA, despite rela-
ively few participants with a history of MRSA colonization or
nfection. This shows the importance of surveillance cultures
or determining MRSA colonization; relying on clinical cul-
ures to identify those with MRSA consistently underestimates
he prevalence of MRSA colonization.26 The use of surveil-
ance cultures to identify MRSA colonization in high-risk
opulations is now recommended by the U.S. Centers for
isease Control and Prevention for preventing the transmission
f MRSA in the health care setting.27 Early identification
hrough surveillance cultures allows for appropriate isolation to
revent transmission to others. Information from surveillance
ultures for MRSA can also be used to guide empiric antibiotic
herapy for skin and soft tissue infections.

In our longitudinal study of perineal carriage of S. aureus,
e found that 10% of the participants had persistent carriage,

and Characteristics Associated With Perineal Colonization With
rollment

pulation
Perineal Colonization With

S. aureus at Enrollment

84) Yes (n�20) No (n�64) P

83) 16 (80) 54 (84) .647
10 48�10 51�10 .295

.427
65) 11 (55) 44 (69)
32) 8 (40) 19 (30)
2) 1 (5) 1 (2)

.035
45) 14 (70) 24 (38)
52) 6 (30) 38 (59)
2) 0 (0) 2 (3)
12 14�10 18�12 .232

17) 4 (20) 10 (16) .647
19) 8 (40) 8 (13) .006

.012
50) 6 (30) 36 (56)
14) 2 (10) 10 (16)
18) 4 (20) 11 (17)
4) 3 (15) 0 (0)
7) 3 (15) 3 (5)
7) 2 (10) 4 (6)

6) 3 (16) 2 (3) .081
6) 1 (5) 4 (6) .837
26) 7 (35) 15 (23) .305
13) 6 (30) 5 (8) .010
SCD
at En

rall Po

(N�

70 (
50�

55 (
27 (
2 (

38 (
44 (
2 (

17�

14 (
16 (

42 (
12 (
15 (
3 (
6 (
6 (

5 (
5 (

22 (
3% had intermittent carriage, and 27% had no carriage. This
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s consistent with what has been noted in other populations
hen assessing rates of nasal carriage.28 Previous work29 in
ther populations have found that patients with intermittent
arriage are more likely to have different S. aureus strains over
ime, implying that these people are becoming colonized, then
osing their isolates, and then acquiring a new isolate. The
ajority of our participants with intermittent carriage were

olonized with a single spa type of S. aureus despite intermit-
ent carriage. This implies that in this population, the intermit-
ent carriers are truly persistently colonized with a single strain
nd that negative cultures are false-negatives.

In those participants for whom we had both perineal and
ares cultures, we found that perineal cultures were strongly
ssociated with nasal cultures. Eighty-one percent of those with
ositive perineal cultures had positive nares culture, and 76%
f those with positive nares cultures had positive perineal
ultures. This is in contrast to other studies that found that
he anterior nares was more commonly colonized than the
erineum11,12; our use of enrichment broth cultures may ex-
lain the difference. Alternatively, perineal colonization may
e more common in this population. This strong correlation
uggests that our results may apply to S. aureus colonization at
ither site.

tudy Strengths
Our study has a number of important strengths. We studied
unique population of people with SCD in a prospective
anner, thereby optimizing the accuracy of our data. Few, if

ny, studies have looked at S. aureus colonization in a com-
unity-dwelling population of people with SCI; most studies

ave been performed in the inpatient setting.10-12 We also used
urveillance cultures, not clinical cultures (which are taken in
esponse to the clinical suspicion of an infection), to measure
he presence of S. aureus, and our culture methods included the
se of enrichment broth for the detection of S. aureus maxi-
izing the sensitivity of the cultures to detect S. aureus.

tudy Limitations
Our cross-sectional study was limited by a relatively small

ample size. Because of this, we cannot say whether the use of
uoroquinolones is an independent risk factor for S. aureus
olonization. The longitudinal study was limited because of
oss to follow-up; however, those lost to follow-up were similar
o those who participated for a full year. Thus, our estimates of
he distribution of S. aureus carriage over time should be
ccurate for our target population.

CONCLUSIONS
S. aureus colonization of the perineum is common in this

utpatient population of people with SCD; if colonized, most
arry a single strain for over a year. The use of fluoroquino-
ones may promote S. aureus colonization, which is associated
ith an increased risk of S. aureus infection.3 Thus, we need to
se fluoroquinolones to treat only symptomatic infections, not
symptomatic colonization or contamination.

Acknowledgments: We thank Debbie Grady, RN, for her critical
ole in coordinating the project. We thank the clinical staff of enroll-
ent sites and other members of the research team including the VA
S Center of Excellence-East. This assessment of S. aureus coloni-

ation was part of a larger review of antibiotic resistance colonization
atterns in this patient population, part of which was previously
ublished.13
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ole of Sonographic Examination in Traumatic Knee Internal
erangement
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ABSTRACT. Wang C-Y, Wang H-K, Hsu C-Y, Shieh J-Y,
ang T-G, Jiang C-C. Role of sonographic examination in

raumatic knee internal derangement. Arch Phys Med Rehabil
007;88:984-7.

Objectives: To define the accuracy (compared with mag-
etic resonance imaging [MRI]) of sonographic examination in
etecting knee effusion and to determine whether the presence
f knee effusions in patients with traumatic knee injury can
redict knee internal derangement as assessed by MRI.
Design: Prospective study.
Setting: Hospital rehabilitation department.
Participants: Thirty patients (19 men, 11 women) with

raumatic knee injury were recruited. Subjects received sono-
raphic examination and MRI on the same day.
Interventions: Not applicable.
Main Outcome Measures: The presence or absence of knee

ffusion was assessed by sonographic examination. MRI was
sed as criterion standard to evaluate whether the presence of
nee effusion and internal derangement, which included tear of
nterior and posterior cruciate ligaments, as well as meniscus
ear.

Results: The sensitivity of sonographic examination for
etecting knee effusion was 79.1%, and specificity was 50%.
he positive-predictive value (PPV) was 86.3% and negative-
redictive value (NPV) was 37.5%. The PPV of sonographic
ffusion to internal derangement was 90.9%, and the NPV was
7.5%.
Conclusions: Sonographic examination can accurately de-

ect effusion of the knee. The detection of knee effusion in
atients with traumatic knee injury by sonographic examina-
ion is highly indicative of internal knee derangement.

Key Words: Doppler ultrasound; Knee injuries; Magnetic
esonance imaging; Rehabilitation.

© 2007 by the American Congress of Rehabilitation Medi-
ine and the American Academy of Physical Medicine and
ehabilitation

ONOGRAPHIC EXAMINATION HAS been widely used
for detecting musculoskeletal disorders in recent de-

ades.1,2 It has the advantages of being noninvasive, readily
vailable, dynamic, and allows for good visualization of super-
cial structures.3,4 It is well accepted for use in evaluating
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rganization with which the author(s) is/are associated.
Reprint requests to Tyng-Guey Wang, MD, Dept of Physical Medicine and Reha-

ilitation, National Taiwan University Hospital, 7 Chang-Shan S Rd, Taipei, Taiwan,
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xtra-articular structures of the knee,4-6 but is still debated in
ntra-articular examination.5 Although sonographic examina-
ion is not perfect for evaluating the internal structure of the
nee, it is thought to be accurate for the detection of knee
ffusion.4,7,8 However, the clinical role of sonographic exam-
nation in detection of knee effusion is not well explored.

Knee internal derangement is common in traumatic knee
njury. Patient history, physical examination, imaging studies,
nd arthroscopy all play important roles in the diagnosis of
nternal derangement of knee.9 Of all, arthroscopy is consid-
red to be the criterion standard for assessing knee internal
erangement,3,10 but it has the downside of being an invasive
rocedure. Magnetic resonance imaging (MRI) is highly accu-
ate for detecting intra-articular lesions of the knee,5 and is
ften used to assess patients with suspected internal knee
isorders as an alternative to arthroscopy.10,11 Esmaili Jah et
l12 have suggested that skilled physical examination may be
ore accurate than MRI for detecting anterior cruciate liga-
ent (ACL), posterior cruciate ligament (PCL), and meniscal

njuries. However, the quality and accuracy of physical exam-
nation are highly dependent on examiner skill and experience.
herefore, MRI is generally recommended on patients with
cute knee injury and equivocal physical findings.9 Neverthe-
ess, MRI has the disadvantages of high cost and time required
or scheduling. Having the advantages of time-efficiency, eco-
omic, and acceptable accuracy in detecting musculoskeletal
isorders, sonography is considered to be an alternative tool.
Knee effusion is a common sign of knee pathology.13,14 It
ay result from trauma, overuse, or systemic disease.14 The
ost common underlying causes of traumatic knee effusion are

ue to ligamentous, meniscal, or osseous injury.14 Several
tudies have shown correlation between knee effusion and
nternal derangement,13-15 but the patients examined were ei-
her markedly divergent in age, or had widely varying criteria
f internal derangement. Moreover, there is no study using the
ltrasound to assess the presence of knee effusion, and further
o predict whether knee internal derangement existed. Hence
he aim of our study was to define the accuracy of sonographic
xamination for detection of knee effusion, and furthermore to
etermine whether the presence of knee effusion in patients
ith traumatic knee injury is predictive of knee internal de-

angement.

METHODS

articipants
For this work, we recruited 30 consecutive patients (19 men,

1 women) with traumatic knee injury referred for MRI study.
he mean age of the subjects was 27 years (range, 16�52y).
nee injuries were associated with the following traumas:

raffic accident (n�8), sports injury (n�10), and falls while
erforming various other activities (n�12). Patients were ex-
mined by sonography and MRI on the same day by 2 blinded,
ndependent investigators. The study was approved by the
thics committee of the university hospital and all subjects

rovided informed consent prior to participating in the work.
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rotocol
Subjects received ultrasound examination before the MRI

tudy. The sonographic examination focused on the detection
f knee effusion. MRI was used to define both internal de-
angement and effusion. Internal derangements in this study
ere defined as ACL, PCL, or meniscal lesion. The clinical
istory and physical examination were recorded by chart re-
iew.

onography
Sonographic examinations were performed by a member of

he author group, an expert in sonography (5 years of muscu-
oskeletal sonographic experience). A 10-MHz linear array
ransducer in a portable ultrasounda was used to scan knee
oints. Subjects were maintained in a supine position with knee
ull extension, and the transducer was aligned along the longi-
udinal axis of the knee joint, with the lower end of transducer
t the upper margin of patella. In this position, the suprapatellar
ecess was located between the quadriceps tendon and
refemoral fat. Then the transducer was swept to the medial
nd lateral site of quadriceps tendon to fully scan the suprapa-
ellar recess.4 Effusions appeared as an anechoic area between
he quadriceps tendon and prefemoral fat (fig 1). In patients
ith mild effusion, it could be only detected in the lateral or
edial compartment due to effect of gravity. The effusion was

ecorded as the widest anechoic width on sonogram without
ompressing the transducer or quadriceps contraction. Sonog-
aphy criteria for the presence of knee effusion was fluid
ccumulation exceeding 2mm, because the physiologic fluid
ccumulation is usually less than 2mm.4 To be certain that
nechoic area was effusion rather than synovium or other soft
issue mass, Doppler examination and compressing the area
ere performed. Knee joint fluid was highly compressible, and
id not exhibit vascularity.

agnetic Resonance Imaging
MRI studies were performed using a 1.5-T magnetb,c and a

ommercially available circumferential extremity coil. Imaging
as performed as follows; coronal multiplanar gradient recall
2-weighted, sagittal spin-echo T1-weighted, and sagittal fast

ig 1. (A) Effusion in the suprapatellar recess of the knee (2). (B)
ompression of suprapatellar recess by transducer shows near
omplete disappearance of the anechoic area (effusion). Abbrevia-
ions: F, femur; P, prefemoral fat; Q, quadriceps tendon.
pin-echo T2-weighted images. Slice thickness was 4mm for
N
3

agittal and coronal images. The interslice gap was 1mm. The
atrix size was 256�192, and the field of view was 14 to

6cm.
We evaluated MR images for the presence of knee effusions

nd internal derangement. MRI criteria for the presence of knee
ffusion were fluid accumulation in the suprapatellar recess
xceeding 10mm in anteroposterior width on sagittal images.

MRI indicators of ACL tear included: (1) an irregular, wavy
ontour to the anterior margin of the ACL, (2) high signal
ntensity within the substance of the ACL on T2-weighted
mages, (3) discontinuity of the substance of the ACL on
agittal images, and (4) secondary signs such as buckling of the
CL and anterior subluxation of the tibia.16 MRI indicators of
omplete PCL tear included: (1) failure to identify the PCL, (2)
morphous high signal intensity in the region of the PCL on
1- and T2-weighted images without definable ligamentous
bers, and (3) visualization of PCL fibers with focal discrete
isruption of all visible fibers. Partial PCL tear or intrasub-
tance injury did not meet these criteria but may have shown
ignificant abnormal signal intensity within the substance of the
CL, or had some fibers that appeared intact and discontinu-
us.16 A meniscal tear was diagnosed when the area of in-
reased signal intensity extended to at least 1 articular sur-
ace.17 A discoid meniscus was diagnosed when 3 or more
onsecutive sagittal images revealed bridging of meniscus be-
ween the anterior and posterior horns.18

RESULTS
Table 1 depicts the results of sonographic examination with

espect to MRI diagnosis for knee effusion. MRI showed knee
ffusion in 24 patients. Nineteen of these patients were simi-
arly diagnosed by sonography. The sensitivity of sonographic
xamination in detecting effusion was found to be 79.1%, and
he specificity 50%. The positive-predictive value (PPV) was
6.3% and negative-predictive value (NPV) was 37.5%.
Table 2 shows the predictive accuracy of knee effusion by

ltrasound to knee internal derangement. Twenty of 22 subjects
iagnosed as knee effusion by ultrasound were found to show
nee internal derangement. Among the 8 subjects without knee
ffusion on sonogram, 5 had knee internal derangement on
RI. The sensitivity of knee effusion to internal derangement

Table 1: Results of Sonographic Examination With Respect to
MRI Diagnosis (N�30)

Sonographic Diagnosis

MRI Diagnosis

Effusion
(positive)

Effusion
(negative)

Effusion (positive) 19 3
Effusion (negative) 5 3

OTE. Sensitivity, 79.1%; specificity, 50%; positive-predictive value,
6.3%; and negative-predictive value, 37.5%.

Table 2: The Relationship Between Knee Sonographic Effusion
and Internal Derangement in MRI (N�30)

Sonographic Effusion

Internal Derangement in MRI

Positive Negative

Positive 20 2
Negative 5 3
OTE. Sensitivity, 80%; specificity, 60%; PPV, 90.9%; and NPV,
7.5%.

Arch Phys Med Rehabil Vol 88, August 2007
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as 80.0% and the specificity was 60.0%. The PPV and NPV
ere 90.9% and 37.5%, respectively.
Of the 25 patients with knee internal derangement, 10 had
ultiple injuries. Fifteen had ACL tears, 5 PCL tears, and 15
eniscus tears in these 25 patients. There were 5 patients who

ad internal derangement but no evident knee effusion on
onogram, whereas 2 patients had sonographic knee effusion in
he absence of internal derangement. Of the 5 patients exhib-
ting internal derangement but no sonographic effusion, 3 had
o effusion in MRI either, and the interval between their
njuries was almost 3 months. The other 2 subjects had only a
ittle effusion in MRI and the interval between their injuries
as 5 days and 1 month. These 5 subjects were individually
iagnosed with the following: one had ACL and meniscal
njury, one ACL injury alone, and 3 meniscal injury. Of the 2
atients with sonographic effusion but no internal derangement
n MRI, one had a mild synovitis, and one had a severe
nflammatory arthritis with synovitis.

DISCUSSION
Findings from this study indicate that sonographic examina-

ion is a useful imaging tool for detecting knee effusion, with
n accuracy of around 73%. There were 5 patients in whom
ffusion was detected by MRI, but not by sonographic analysis.
he extent of effusion detected in all of these particular patients
y MRI was minimum amount, suggesting that sonographic
xamination may be sufficiently accurate to detect knee effu-
ion in all but the most minimal cases. In the study by
chweitzer et al,19 MRI could detect as little as 4mL of fluid at
id-sagittal line. However, Delaunoy et al7 stated that the

owest amount of effusion detected by sonography in saline or
lood was 10mL. These findings may imply that sonographic
xamination is less sensitive than MRI in detecting knee effu-
ion. Whether such amounts of knee effusion have clinical
ignificance still needs to be determined.

Knee effusion can also be detected by physical examination
nd can be used to predict the knee internal derangement. Good
alidity of physical examination in detecting a large amount of
nee effusion was reported by Hauzeur et al8 but poor reliabil-
ty was noted when the effusion was moderate to small. Obe-
ity, joint deformities in osteoarthritis, and edema due to ve-
ous diseases might further increase the clinical evaluation
rrors.8 Differentiating joint effusion from hypertrophy of the
ynovium is sometimes difficult, either by physical examina-
ion or ultrasound. However, the compression maneuver on
onographic examination made it easy to differentiate syno-
ium from effusion, and the compression maneuver was per-
ormed in this work.8 Hauzeur8 classified the amount of knee
ffusion into 3 grades on sonogram. Large effusion was defined
s fluid collection evident in the suprapatellar pouch, moderate
ffusion as fluid detected only when the lateral pouches were
eing compressed, no effusion as no fluid collection even by
ompression. We did not classify the amount of effusion in our
ubjects due to the small number of cases. It might be inter-
sting to classify the effusion amount in the further study.

The other important finding of this study is that subjects with
nee effusion detected by ultrasound had a 90.9% PPV of knee
nternal derangement. This suggests that when knee effusion is
etected by sonographic examination, it is highly likely that
nee internal derangement also exists, and that further diag-
ostic evaluation (by MRI or arthroscopy) is warranted. Sono-
raphic examination could hence be used as a valuable screen-
ng tool for patients with traumatic knee injury, preventing the
eed for the more costly and invasive techniques of MRI and

rthroscopy, respectively. t

rch Phys Med Rehabil Vol 88, August 2007
In 1 retrospective study,9 59% of 115 patients with knee
ffusion (as diagnosed by MRI) had internal derangement. The
orrelation between knee effusion and internal derangement
as significantly lower than the present study. However, in

nother study,20 90% of acute knee injury patients were found
o have both effusion and internal derangement as determined
y MRI. Several factors may influence the correlation between
he knee effusion and internal derangement. First, the duration
etween injury and evaluation should be considered, because
ffusions absorb over time. This was shown by Boks et al,21

ho noted that effusion was related to recent, but not old,
rauma. In our study, most of the patients visited the clinic
everal days or even weeks after the knee injury occurred.
econd, the amount or extent of effusion is a possible deter-
ining factor. Small amounts of effusion may result from

nflammation of the knee joint, rather than injury of the internal
nee structure. For instance, in a study conducted by Kolman
t al,13 it was determined that only 14% of patients with 10mm
r less of effusion in the lateral aspect of the suprapatellar
ouch had concurrent derangement. It was concluded that if
here is no significant effusion evident in the suprapatellar
ouch there is unlikely to be associated derangement. Last, the
iffering definitions of internal derangement may influence the
esults. Some researchers have included bony fracture or dis-
ocation as internal derangement, but we did not. Internal
erangement was broadly defined in the study conducted by
olman,13 with anterior, posterior, median, and lateral cruciate

igament tears, meniscal tears, moderate to severe osteoarthri-
is, osteochodrosis dissecans lesions, patellar microfracture,
one bruising, tibial plateau fracture, tibial epiphyseal fracture,
atellar retinacular tears, and popliteal tears all included. In
eeping with most of the studies,3,11 we defined internal de-
angement as by the presence of either ACL, PCL, or meniscal
njury.

tudy Limitations
Selection bias did exist in our study. The patients who were

eferred to performing MRI study represent a group highly
uspected to have internal derangement clinically. This bias is
pparent in the finding that only 5 patients in this work did not
ave internal derangement. Selection bias was also apparent
ith regard to the injury distribution of internal derangement.

n the study by Luhmann,20 the following distribution was
bserved: 29% with ACL injuries, 29% with meniscal tears,
5% with patellofemoral subluxations or dislocations, 5% with
edial collateral ligament sprains, 2% with PCL ruptures, and

0% with other. Duncan et al15 studied 144 patients with the
imilar distribution. In the study by Lu et al,22 PCL injury
roportion was increased in road traffic collision compared
ith sports injury. In our study population, the distribution was

imilar to the previous reports.
Court-Payen5 had suggested that sonographic examination is

seful for the diagnosis of 4 conditions: inflammatory joint
iseases, peri-articular masses, suspected meniscus or ligament
esions, and loose bodies. In addition to this, Khan et al3

oncluded that sonographic examination is accurate in evalu-
ting knee internal derangement. However, sonographic accu-
acy in intra-articular examination was still debated, though the
esolution of sonography had improved greatly. Azzoni and
abitza23 found that the accuracy of sonographic examination

or detecting meniscus tear was as low as 44%. The major
easons for nondiagnosis were inability to view the entire
eniscus on the sonogram and the presence of artifacts on

djacent bone surfaces. Regarding the ACL, there has been no
eport detailing direct visualization of it by sonography, al-

hough some authors have attempted indirect evaluation.6,24,25
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everal reports have described that torn PCL has increased
hickness, reduced echogenicity, and focal disruption when
iewed songraphically.26,27 The sensitivity and specificity in
hese studies were not discussed. The accuracy of ultrasound in
ssessing meniscus and internal ligament lesions are not well
stablished but this study suggests a possible role of sono-
raphic examination in traumatic knee injury. Sonographic
xamination can accurately detect the presence of a knee effu-
ion, and help determine the necessity of further image or
nvasive study in this group of patients.

CONCLUSIONS
Sonographic examination can accurately detect knee effu-

ion. When knee effusion is evident in patients of traumatic
nee injury, it is strongly indicative of knee internal derange-
ent. We suggest that sonography is an ideal screening tool to

etermine whether more detailed knee examination (ie, to
iagnose internal derangement) is warranted.

Acknowledgment: We thank Luke Carey, PhD, of Medica Com-
unious Asia, for his valuable comments and editorial services.
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ssociated Factors
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ABSTRACT. Segal NA, Felson DT, Torner JC, Zhu Y,
urtis JR, Niu J, Nevitt MC, for the Multicenter Osteoarthritis

MOST) Study Group. Greater trochanteric pain syndrome:
pidemiology and associated features. Arch Phys Med Rehabil
007;88:988-92.

Objectives: To describe the prevalence of greater trochan-
eric pain syndrome (GTPS); to determine whether GTPS is
ssociated with iliotibial band (ITB) tenderness, knee osteoar-
hritis (OA), body mass index (BMI), or low back pain (LBP);
nd to assess whether GTPS is associated with reduced hip
nternal rotation, physical activity, and mobility.

Design: Cross-sectional, population-based study.
Setting: Multicenter observational study.
Participants: Community-dwelling adults (N�3026) ages

0 to 79 years.
Interventions: Not applicable.
Main Outcome Measures: Greater trochanteric tenderness

o palpation in subjects with complaints of hip pain and no
igns of hip OA or generalized myofascial tenderness.

Results: The prevalence of unilateral and bilateral GTPS
as 15.0% and 8.5% in women and 6.6% and 1.9% men. Odds

atio (OR) for women was 3.37 (95% confidence interval [CI],
.67�4.25), but age and race were not significantly associated
ith GTPS. In a multivariate model, adjusting for age, sex, ITB

enderness, ipsilateral and contralateral knee OA, BMI, and
BP, ITB tenderness (OR�1.72; 95% CI, 1.34�2.19), knee
A ipsilaterally (OR�3.47; 95% CI, 2.72�4.42) and con-

ralaterally (OR�1.74; 95% CI, 1.32�2.28), and LBP
OR�2.79; 95% CI, 2.22�3.50) were positively related to
TPS. In this complete model, BMI was not associated with
TPS (OR�1.10; 95% CI, 0.80�1.52 when comparing � 30
ith �25kg/m2). Hip internal rotation range of motion did not
iffer based on GTPS status. After multivariate adjustment,
TPS did not alter physical activity score, but bilateal GTPS
as significantly associated with a higher 20-meter walk time

nd chair stand time.
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Conclusions: The higher prevalence of GTPS in women and
n adults with ITB pain or knee OA indicates that altered lower-
imb biomechanics may be related to GTPS. Slower functional
erformance in those with GTPS suggests that the study of tar-
eted rehabilitation may be useful. A longitudinal study will be
ecessary to identify causal factors and outcomes of interventions.

Key Words: Bursitis; Femur; Rehabilitation.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

REATER TROCHANTERIC pain syndrome (GTPS) is
defined as tenderness to palpation over the greater tro-

hanter with the patient in the side-lying position.1-3 In contrast
o the term greater trochanteric bursitis, which implies pres-
nce of inflammation, referring to this clinical entity as GTPS
s preferable for 2 reasons: (1) pain in this region frequently is
ot associated with signs of inflammation such as warmth,
rythema, or swelling, and (2) the etiology is not fully known
nd may relate to myofascial pain rather than inflammation.
ain generators may be associated with the gluteus maximus,
edius, or minimus bursae; muscle attachments; or overlying

issue such as the iliotibial band (ITB).2,4,5

The myofascial attachments and bursae associated with the
reater trochanter may be affected by altered lower-limb bio-
echanics. Physical medicine and rehabilitation and orthope-

ics textbooks cite that osteoarthritis (OA) of the lumbar spine,
ip, or knee; ITB tightness or tendonitis; or strain of the hip
xternal rotators may contribute to trochanteric pain by adding
tress to the area.4,6,7 Other experts8 have written that trochan-
eric bursitis is more prevalent in women, frequently associated
ith mechanical back strain and obesity and often with reduced
ip internal rotation range of motion (ROM). However, others7

uggest that marked loss of hip internal rotation is typically not
ssociated with trochanteric pain. One reason for the differ-
nces of opinion regarding these and other factors hypothesized
o be associated with GTPS is that none have been analytically
ssessed.3,9

The prevalence of GTPS in adults with musculoskeletal low
ack pain (LBP) has been reported to be 20% to 35%.10-12

tudies differ regarding whether GTPS may11,13 or may not14

e more prevalent in women than men. However, numerous
ources have recognized that there is a lack of data regarding
he prevalence of GTPS.4,9

One study15 suggested that GTPS was the cause of LBP,
ased on findings that Oswestry Disability Index scores for
emale patients with LBP improved after greater trochanteric
teroid injection. However, considering that the corticosteroid
s systemically absorbed, this uncontrolled study may not an-
wer whether there is an association between back pain and
TPS. Although there have been small studies of GTPS in
ack pain clinics,12 we are unaware of any study examining the
revalence and epidemiology of GTPS in the general popula-

ion.9 For providers of musculoskeletal care, it is important to
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nderstand factors associated with GTPS to minimize signifi-
ant decline of physical function and quality of life.

The long delay between presentation and diagnosis of hip
xternal rotator muscle tears, 1 cause of GTPS, was recently
ound to be caused by underrecognition by physicians.16 Such
nderrecognition may be because of a lack of education or
ttention. Frequently, GTPS is associated with pain at night,
ain when standing greater than 15 minutes, or radiating pains
nd paresthesias.11 These complaints may lead to ordering tests
uch as magnetic resonance imaging or electromyography to
ssess for radiculopathy instead of conducting a well-informed
hysical examination.
Understanding whether GTPS is associated with sex, body
ass index (BMI), or other lower-limb musculoskeletal diag-

oses would enable future study of risk factors for incident and
rogressive GTPS. Additionally, the characterization of activ-
ty level or hip flexibility that could affect pathomechanics at
ther joints in the kinetic chain, such as the knee or spine,
ould also guide rehabilitation considerations.
To address these needs, this study assessed the prevalence of

TPS in a community-based population complaining of lower-
imb pain and whether GTPS was associated with 4 purported
isk factors: (1) ipsilateral ITB pain, (2) knee OA, (3) obesity,
nd (4) LBP. A secondary aim was to determine whether hip
nternal rotation ROM or levels of physical activity and phys-
cal performance are limited in adults with GTPS.

METHODS

articipants
The Multicenter Osteoarthritis (MOST) Study is a longitu-

inal study of persons 50 to 79 years old at a high risk of
eveloping symptomatic knee OA or who already had knee
A. Subjects are drawn from the community. Although the
urpose of the MOST study is to assess risk factors for incident
nd progressive knee OA, the availability of standardized data
n GTPS diagnosis and associated features in a large commu-
ity-based sample makes it a useful resource for analysis. The
resent report uses data from the baseline examination of the
OST study in which subjects underwent a musculoskeletal

xamination. Institutional review board approval was obtained
t each of the investigators’ institutions before initiating re-
ruitment and research protocols.

Subject recruitment was conducted by MOST study person-
el who contacted adults aged 50 to 79 years by mass mailings
s well as through printed advertisements in the counties sur-
ounding the 2 clinical sites. Potential subjects who indicated
nterest were then contacted by telephone for screening. Sub-
ects were recruited if they had a history of knee pain, injury,
r surgery or were overweight. Exclusion criteria included
ilateral knee replacement, cancer, or rheumatologic disease.
Demographic variables and a report of knee pain, hip pain,

nd LBP were assessed through questionnaires administered by
elephone and in the clinic. At the baseline MOST visit, the
ubset of 1786 subjects who indicated “pain, aching, or stiff-
ess” located on the lateral aspect of either hip on most days
ver the last month on a pain diagram underwent a physical
xamination. Subjects with a prosthetic hip were excluded
rom the physical examination. We used this physical exami-
ation to acquire information on tenderness over the greater
rochanter. Subjects who indicated no lateral hip pain were
onsidered not to have GTPS.

hysical Examination
GTPS was defined as tenderness on physical examination in
he absence of generalized myofascial tenderness to palpation. a
xaminers used a Chatillon CMD 10-1 dolorimetera to cali-
rate finger pressure17,18 to 1.4 and 3.0kg of pressure before
alpating subjects’ greater trochanters. Examiners asked sub-
ects “is this tender or painful” while applying 1.4 to 3.0kg of
humb-tip pressure over the lateral and posterior aspects of
ach greater trochanter with the subject in the lateral decubitus
osition.2 A positive response to this question was defined as
enderness in the greater trochanter region. Generalized myo-
ascial tenderness was defined by an affirmative response to the
ame question when 1.4kg of pressure was applied over the soft
issue 2cm proximal to the medial joint line of the knee as well
s at 2 or more of the following points: left and right proximal
rapezius and left and right extensor mass immediately distal to
he lateral epicondyle of an elbow.

ITB tenderness also was assessed and defined as an affirma-
ive response to “is this tender or painful” when applying 1.4kg
f pressure with the thumb over each ITB just proximal to the
ateral femoral condyle with the subject in the lateral decubitus
osition. Internal rotation of each hip was measured from
eutral, using a 25.4cm (10-in) long-arm goniometer, measur-
ng to the nearest 1°, with subjects seated on the edge of the
xamination table with hips and knees flexed to 90°. All
ubjects were examined using a standardized, written protocol,
ith regular reliability checks performed to ensure consistency
etween sites and examiners.
LBP was defined as being “bothered by back pain most or all

f the time” over the last 30 days. Subjects also were asked
During the past 30 days, have you limited your activities due
o back pain?”

Radiograph protocol for the assessment of knee OA in the
OST study has been described previously. Knee OA was

efined as at least 1 definite osteophyte visible at standard
mage size on posteroanterior knee radiographs.19

BMI was calculated as weight (in kilograms) per squared
eight, and obesity was defined as a BMI of 30kg/m2 or higher.
ubjects were encouraged to empty their bladders and bowels,
mpty their pockets, and remove jewelry before stepping on the
cale with paper shorts and a shirt. Weight was measured with
standard medical beam balance with the certified examiner

tanding behind the subject and following a written protocol.
eight was recorded to the nearest 0.1kg immediately after the
easurement. The scale was calibrated monthly with a 50-kg
eight for accuracy as well as 5-, 10-, 15-, and 20-kg weights

or linearity calibration. Additionally, the scale was calibrated
nnually by the local Department of Weights and Measures.

Height was measured with a wall-mounted Harpenden sta-
iometerb and followed a written protocol. Subjects stood
ithout shoes (barefoot or thin stockings) with their heels

ogether and scapulae, buttocks, and both heels touching the
all plate with their head in the Frankfort horizontal plane. A

tandardized script and positioning protocol were used to mea-
ure height on full inspiration to the nearest 1mm. A 0.5-kg soft
eight was placed on the headboard to standardize pressure on

he head during measurement. The measurement was repeated
wice, and, if these differed by more than 3mm, 2 additional
easurements were taken. The stadiometer was calibrated

aily with a 600-mm rod.
The activity level was measured using the Physical Activity

core for the Elderly (PASE).20 Locomotor function was mea-
ured as the time (in seconds) required to walk 20m. The
wenty-meter walk test (20MWT) has been shown to be reli-
ble when performed in a standardized fashion in a corridor
ree of obstructions and distractions.21 Functional mobility was
easured as the time (in seconds) required for a person to stand

rom a seated position in a chair 5 times without using their

rms.22

Arch Phys Med Rehabil Vol 88, August 2007
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A

tatistical Methods
SASc was used for the analyses. The diagnosis of GTPS, as

efined in the Physical Examination section, was treated as
ichotomous for limb-specific analyses (present or absent) and
richotomous (neither, unilateral, or bilateral) for person-spe-
ific analyses. In addition to analyzing BMI as a continuous
easure, a trichotomous categorical variable for BMI was

efined using World Health Organization and National Insti-
utes of Health definitions (�25, �25 and �30, �30kg/

2).23,24 Categorical variables were summarized using fre-
uencies, proportions, and odds ratios (ORs); 95% confidence
ntervals (CIs) were calculated (sex, ITB pain, knee OA, knee
ain, LBP). The Pearson chi-square test was used to compare
roportions. Adjusting for age and sex as covariates and sub-
ect as a repeated-factor, limb-specific GTPS status was re-
ressed on (1) ITB pain, (2) ipsilateral knee OA, and (3)
ontralateral knee OA using logistic regression with general-
zed estimating equations to adjust for correlation within sub-
ect.

Adjusting for age and sex, person-specific GTPS status was
egressed on (1) BMI as a continuous variable, (2) BMI cate-
ory, and (3) LBP using logistic regression with generalized
stimating equations to adjust for correlation within subject.
hen, we assessed the association between limb-specific GTPS
tatus and each of the possible risk factors while adjusting for
ach other and age and sex using multiple logistic regression.
ontinuous variables were summarized with means and stan-
ard deviations (SDs) and intergroup comparison of age was
valuated using the Student t test. The effect of person-specific
TPS on (1) physical activity, (2) chair-rise time, and (3)
0MWT time were individually assessed by linear regression
f each of these on person-specific GTPS. Each of these
odels was adjusted for age and sex, and least squares means
ere estimated for the groups with and without GTPS. The
cheffé procedure was used in a multiple-comparison proce-

3026 MOST Subjects

1786 Subjects reported 
hip pain, aching or 

stiffness
(examined)

1194 without 
tenderness to 
palpation over 

greater trochanter

1168 without hip 
pain, aching or 

stiffness
(not examined)

592 with tenderness 
to palpation over 

greater trochanter

2437 No GTPS

344 Unilateral GTPS
173 Bilateral GTPS

72 Excluded
13 Hip OA

59 Data Missing

2954

75
did not meet 

GTPS definition
CFig 1. Subject distribution.

rch Phys Med Rehabil Vol 88, August 2007
ure. These activity and function analyses were repeated, ad-
itionally adjusting for LBP, person-specific knee pain, and
MI. For all analyses, significance level was set at .05.

RESULTS

revalence of GTPS
A total of 5735 lower limbs from 2954 subjects were eligible

or analysis of GTPS (fig 1). The subjects’ mean age � SD was
2.4�8.1 years, and 60.1% were women. Of these subjects,
17 (17.6%) had GTPS. Specifically, 344 had unilateral and an
dditional 173 had bilateral GTPS, a prevalence of 11.7% and
.9%, respectively (table 1). The prevalence of unilateral and
ilateral GTPS was 15.0% and 8.5% in women and 6.6% and
.9% in men. Comparing subjects with and without GTPS, the
R for GTPS in women compared with men was 3.32 (95%
I, 2.63�4.19). Age and race were not found to be signifi-
antly associated with GTPS status (see table 1).

iomechanic Correlates
ITB tenderness. Logistic regression adjusting for age and

ex revealed that ipsilateral ITB tenderness was significantly
ssociated with GTPS, with an OR of 2.54 (95% CI,
.03�3.17). After multivariate adjustment for all other vari-
bles, ITB tenderness continued to be significantly associated
ith GTPS with an OR of 1.72 (95% CI, 1.34�2.19).
Knee OA. Controlling for age and sex, ipsilateral knee OA
as significantly associated with GTPS, with an OR of 4.33

95% CI, 3.43�5.48). Contralateral knee OA was also signif-
cantly associated with GTPS status with an OR of 2.19 (95%
I, 1.66�2.88). After multivariate adjustment for all other
ariables, ipsilateral (OR�3.47; 95% CI, 2.72�4.42) and con-
ralateral (OR�1.74; 95% CI, 1.32�2.28) knee OA continued
o be significantly associated with GTPS.

Body mass index. Logistic regression of GTPS on BMI,
djusted for age and sex, revealed that BMI was significantly
ssociated with GTPS (P�.001). Compared with subjects with
BMI less than 25kg/m2, the OR for GTPS was 1.34 (95% CI,
.09�1.66) in those with a BMI of 25 or greater and less than
0kg/m2 and 1.54 (95% CI, 1.15�2.07) for those with a BMI
f 30kg/m2 or higher. However, after adjustment for ITB
enderness, ipsilateral and contralateral knee OA, LBP, as well
s age and sex, BMI no longer was associated with GTPS
tatus with an OR of 1.10 (95% CI, 0.80�1.52) comparing
MI equal to or greater than 30kg/m2 with a BMI less than
5kg/m2.
Low back pain. The presence of LBP most or all of the

ime was significantly associated with GTPS with an OR of
.44 (95% CI, 2.76�4.28) after adjustment for age and sex.
fter adjustment for all other variables in the complete model,

he association remained significant with an OR of 2.79 (95%

Table 1: Demographic Distribution of GTPS

Characteristic

GTPS Case
Subjects
(n�517)

Control Subjects
(n�2437)

Intergroup
Comparisons

(P)

Mean age � SD (y) 62.8�8.0 62.3�8.1 .198
Sex (% women) 80.7 55.7 �.001
Race (%) .372

White 82.6 83.4
African American 15.3 15.3
All others 2.1 1.3
I, 2.22�3.50). Similarly, functionally significant LBP that
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991GREATER TROCHANTERIC PAIN, Segal
imited activities over the past 30 days was associated with
TPS with an OR of 3.15 (95% CI, 2.54�3.92).

mpairments
Mean hip internal rotation ROM did not differ between hips

ith GTPS (36.7° from neutral; 95% CI, 36.1°�37.3°) and
ithout GTPS (36.8° from neutral; 95% CI, 36.5°�37.1°) in

hose who underwent physical examination (P�.731). The
resence of self-reported knee pain was associated with GTPS
tatus with an age- and sex-adjusted OR of 2.75 (95% CI,
.22�3.41).

erson-Specific Function
After adjustment for age and sex, GTPS did not significantly

lter least mean square estimates of PASE score: no GTPS,
76.4 (95% CI, 173.1�179.6); unilateral GTPS, 169.0 (95%
I, 160.3�177.8); and bilateral GTPS, 171.9 (95% CI,
59.6�184.2). No significant difference was found among
ASE in multiple comparisons comparing no GTPS with uni-

ateral (P�.307) and bilateral GTPS (P�.790). Unilateral
TPS also did not alter 20MWT time. However, compared
ith subjects without GTPS, mean 20MWT time was 1.5�0.3

econds greater in subjects with bilateral GTPS (P�.001).
imilarly, the time to complete 5 sit-to-stand tasks was
.9�0.2 seconds greater in subjects with unilateral and
.5�0.3 seconds greater in subjects with bilateral GTPS
P�.001). Additionally, controlling for BMI did not change the
verall associations detected.

DISCUSSION
This study was useful in both identifying the prevalence of

TPS in a non-clinic–based population as well as assessing the
alidity of common teachings regarding GTPS. The GTPS
revalence of 17.6% in this community-based sample of older
dults at high risk of knee OA contrasts with the 20% to 35%
eported for spine clinic patients presenting with LBP. We
ound the following were associated with GTPS: female sex,
TB tenderness, knee OA or knee pain, and LBP.

Reasons for the differences in prevalence may relate to the
ore strict definition of GTPS used in this study or the broader

opulation enrolled in this sample, defined as self-report of
uter hip pain in the absence of clinical hip arthritis, who had
enderness to palpation over the greater trochanter and no
eneralized myofascial tenderness on physical examination.
e used this highly specific case definition to maximize the

alidity of our results. However, this may have been more
pecific than the clinical impression of GTPS described in prior
ork.1,3

The increased odds for GTPS in women was consistent with
rior reports, but we could not confirm a report associating
TPS with limited hip internal ROM.8 Although the mecha-
ism for increased GTPS in women is unclear,5 this association
ould relate to anatomy (such as the flared pelvic rim in women
ltering the pull of the ITB), physiology (hormonal effects on
ursal irritation or pain generators), or differences in activity
etween men and women.
The increased odds for GTPS with obesity and overweight

tatus after adjustment for sex and age appeared to be explained
y the combined effect of ITB tenderness, ipsilateral and
ontralateral knee OA, and LBP. The absence of an association
etween obesity and GTPS differed from prior reports,8 pos-
ibly because of the larger sample size and multivariate adjust-
ent used in our study.
The associations with ITB pain, knee OA, and LBP also
ere consistent with orthopedic and physical medicine and
ehabilitation teachings.6,7 Presumably, a tight ITB could ex-
lain tenderness on palpation over the lateral femoral condyle
s well as potentially cause irritation over the greater trochan-
er. Additionally, knee or back pain may relate to GTPS
hrough compensatory movements from 1 musculoskeletal
roblem causing symptoms at additional locations in the ki-
etic chain.
In addition to pain, people with GTPS appear to have a

lowed gait and ability to rise from a chair. The impact on these
unctional activities may be significant to patients’ quality of
ife. However, this study did not detect an impact on partici-
ation in activities measured by the PASE instrument. The
ontrast between differences in function, but not in activity
core, may relate to subjects with GTPS limiting their activities
r to the reduced activity level in obese subjects.
A recent review of GTPS reiterated prior review articles in

tating that “additional research is sorely required to shed light
n . . . this commonly encountered syndrome.”9(p124) This
tudy was useful in investigating the validity of teachings about
TPS that previously had not been analytically assessed or
roven.9 The study of GTPS in a community-based, rather than
clinic-based, sample was useful in clarifying the demograph-

cs of this condition.

tudy Limitations
One limitation of this study was that the population studied

as recruited for the MOST study because of characteristics
hat might predispose them to knee OA including obesity, knee
njury, knee surgery, and knee pain. The presence of this
ecruitment bias may have influenced the prevalence of GTPS
n our sample. However, this bias also may have enabled our
ndings to be more generalizeable to community-dwelling
dults who seek medical care. This may be more pertinent to
linical providers who serve patients with lower-body pain
omplaints.

Another limitation was that this cross-sectional study cannot
stablish causal relations. To elucidate whether ITB tightness,
nee OA, obesity, or LBP lead to or are caused by GTPS,
ongitudinal studies would be necessary. The initial findings of
his study may be useful not only in clinical care but also in
enerating hypotheses for mechanistic studies or therapeutic
rials to benefit patients with GTPS.

CONCLUSIONS
The higher prevalence of GTPS in people who report hip

ain in the absence of knee or generalized pain (24% of
omen, 9% of men) indicates that GTPS is common, and
reater clinical awareness may identify patients for primary
revention and therapy. Slower functional performance in
hose with GTPS suggests that the study of targeted rehabili-
ation may be useful to minimize the impact of GTPS. A
ongitudinal study will be necessary to identify causal factors
nd outcomes of interventions.
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ABSTRACT. McNair PJ, Prapavessis H, Collier J, Bassett S,
ryant A, Larmer P. The Lower-Limb Tasks Questionnaire: an
ssessment of validity, reliability, responsiveness, and minimal
mportant differences. Arch Phys Med Rehabil 2007;88:
93-1001.

Objectives: To develop a questionnaire that focuses only on
hysical tasks related to lower-limb function and, within that
uestionnaire, to explore the psychometric properties of a se-
ies of questions that are related specifically to activities of
aily living (ADLs) and a series of activities more often asso-
iated with recreation.

Design: Inception cohort.
Setting: Private practice.
Participants: Data were primarily from patients who had

xperienced a lower-limb injury that would typically involve
ehabilitation up to 6 weeks.

Interventions: Not applicable.
Main Outcome Measures: Through 5 studies, the following

sychometric qualities were evaluated: content and factor va-
idity, construct and concurrent validity, test-retest reliability
intraclass correlation coefficient [ICC], typical error), respon-
iveness (effect size, standardized response mean, Guyatt’s
esponsiveness statistic), and the minimum important differ-
nce (distribution, anchor-based approaches).

Results: Factor analysis supported the theoretical perspec-
ive that ADLs and recreational activities can be treated as
ifferent domains within the construct of function. Internal
onsistency was high (Cronbach �: ADLs, .91; recreational
ctivities, .95) and the 2 domains explained a moderate level of
he response variance (61%). In the ADL domain, 7 tasks had
reater than 80% of participants regarding them as having
ome importance. For recreational activities, 6 tasks had 79%
r more of participants regarding them as having some impor-
ance. Both domains were moderately correlated to actual per-
ormance of tasks (r � .62, r � .72), and to other question-
aires used for lower-limb injuries (r range, .51�.86). The
oor and ceiling effects of the domains followed an expected
attern that could be related to the loading forces experienced
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n the injured limb during activities. The reliability of the 2
omains was high (ICCs �.95), and the Bland-Altman plots
howed that the distribution of error across the range of scores
as random with low bias scores (�1.0 point). Typical error

cores were 2 points for each domain. All measures of respon-
iveness were high (1.2�6.7). Measures of the minimal impor-
ant difference varied (3�10 points) according to the method-
logic approach used.
Conclusions: The questionnaire possesses good factor struc-

ure and composition, relates well with other measures of
unction, differentiates patients with regard to certain charac-
eristics or processes known to occur after injury, shows high
evels of reliability and responsiveness, and shows evidence of
ood minimal important difference scores. The findings sup-
ort the use of the questionnaire in both clinical scenarios and
n research.

Key Words: Leg injuries; Questionnaires; Rehabilitation;
eliability and validity.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

HE USE OF FUNCTION as an outcome measure has been
promoted by the World Health Organization (WHO).

unction can be measured using self-report questionnaires that
ely on the patient’s perception of their functional ability or,
lternatively, it can be measured by directly observing the
erformance of actual tasks. Clinicians generally find the use of
uestionnaires to be more practical in the clinical environment
here there is limited space for undertaking physical tasks.
here are a multitude of self-report questionnaires available

hat are used to measure function and these can be categorized
s generic, condition-specific, or patient-specific. Generic
cales such as the Medical Outcomes Study 36-Item Short-
orm Health Survey (SF-36) mix a wide range of concepts

ncluding emotional, mental, social, and physical function.
hese scales aim to measure the patient’s overall health status
ut may not provide a complete picture of a particular compo-
ent such as function. Thus in some instances, the physical
unction subscale of these questionnaires may be less respon-
ive to change than condition-specific questionnaires, making
hem less appropriate for use in a clinical setting where sensi-
ivity to change might be of primary importance.1

There are numerous condition-specific questionnaires that
re used to measure different clinical disorders of the lower
imb. This may present a problem for the clinician who is not
specialist, and treats many clinical conditions, because there

s a requirement to store numerous questionnaires, have knowl-
dge of their respective scoring systems, and know how to
nterpret those scores. To facilitate the use of outcomes related
o function, a single questionnaire that covered a multitude of
linical problems in the lower limb would be most beneficial

rom a resource standpoint. Furthermore, with a single ques-

Arch Phys Med Rehabil Vol 88, August 2007
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A

ionnaire, data can be more readily pooled by the clinician for
oth funding and accreditation organizations. Within the field
f research, Deyo2 has also suggested that pooling of data
ould increase case numbers and allow additional statistical

xamination of the results from multiple small studies in which
treatment benefit has been observed yet statistical signifi-

ance had not been achieved. It may also be important in
omparing treatment responses of subgroups of patients across
ifferent studies. In achieving these objectives, the evidence
ase for rehabilitation would be improved.
From a theoretical perspective, it is important that the ques-

ions within a questionnaire remain focused on the construct of
nterest, in this case function. At this time, some question-
aires3 have included questions related to function and ques-
ions related to impairment (eg, pain, swelling), and their
coring involves summing of these quite different constructs.
he rationale for such scoring is not clear. Other question-
aires4 have included general questions related to function (eg,
ifficulties related to usual work task) and summed scores from
uch questions with questions related to specific tasks (eg,
bility to get into or out of a car). In doing so, they are mixing
pecific tasks that might fall within the tasks undertaken in the
eneral question, and hence affect the validity and the respon-
iveness of the questionnaire. It is also apparent that some
uestionnaires4,5 that focus on function include activities of
aily living (ADLs) and activities related to work and sports,
nd these are scored by summating all questions. Thus, in many
linical situations, there will be questions that are suitable for
ome patients but certainly not for all. For instance, including
uestions for an elderly patient with a knee sprain that relate to
ivoting and side stepping while running would not be appro-
riate. In such instances, the patient may surmise on their
bility to do a task that they may have not undertaken for many
ears and may never do in the future. Furthermore, they might
ncorporate within their perception of ability to do the task,
heir age, and perhaps unrelated comorbidities, which limits the
mount of change that might be detected for the task being
onsidered.

Also worthy of consideration is that at different stages of
ehabilitation after an acute injury, it is likely that the difficulty
ssociated with performing tasks related to recreation activity
eg, side stepping, jumping) is different compared with those
asks associated with ADLs, and furthermore the change in
ifficulty as rehabilitation progresses might also be different. In
his respect, how many questions a questionnaire has related to
DLs and recreational activities may weight the question-
aire’s overall score and affect its ability to detect change in the
atient’s overall function at particular times during the reha-
ilitation program. The separation of ADLs from recreational
ctivities may solve some of these problems. However, at this
ime, no questionnaire examining musculoskeletal injuries has
ddressed the delineation of daily living and recreational do-
ains.
Through 5 studies, this study describes the development of a

ower-Limb Tasks Questionnaire (LLTQ) that focuses only on
pecific tasks related to lower-limb function and explores the
sychometric properties of a series of questions that are related
pecifically to ADLs and activities more often associated with
ecreation.

METHODS
The studies presented below were approved by the following

thics Committees: Auckland University of Technology,
uckland Regional Ethics Committee, and the Central Queens-

and University of Technology. All subjects consented to par-

icipate. d

rch Phys Med Rehabil Vol 88, August 2007
tudy 1: Content and Factor Validity
The LLTQ was initially developed from a review of litera-

ure that identified a number of questionnaires and scales used
or lower-limb and spinal problems. Based on this review a list
f 19 tasks used in daily activities, work, and sport was
enerated. This list of tasks was examined by a group of
esearchers and experienced clinicians who worked in the area
f musculoskeletal medicine and rehabilitation together with a
roup of lay people. Their responses led to an additional 11
asks being added to the initial set of questions.

The phrasing of the questions and the scale of measurement
as then developed. WHO6 defines activity limitations as

difficulties” a person may have in executing activities. Be-
ause measures of difficulty have been examined closely by the
pper Extremity Collaborative Research Group who devel-
ped the Disability of the Arm, Shoulder and Hand question-
aire,7 it was thought that the same responses could be used in
he LLTQ. Thus, for each task, subjects are asked to rate their
ifficulty to do the task in the past 24 hours. This choice of time
eriod reflects a need to have patients recall information accu-
ately, and it also appreciates the changes that occur in mus-
uloskeletal injuries over short epochs. If subjects have not
ndertaken the task in the 24-hour period, then they are asked
o make their best estimate on the response that would be most
ccurate. Subjects respond on a Likert scale using the follow-
ng categories: no difficulty, mild difficulty, moderate diffi-
ulty, severe difficulty, and unable. These categories are scored
rom 4 to 0, respectively. To provide feedback concerning the
hrasing and scale of measurement, 80 copies of the question-
aire were mailed to a sample (N�9) of musculoskeletal treat-
ent centers in the Auckland region. The practitioners in these

enters (2�6 practitioners per center) were asked to provide a
ubjective assessment of the readability, understanding of the
coring, content, and ease of use of the questionnaire among
heir patients. Their responses led to some minor editing related
o the format of the questionnaire to enhance the ease that it
ould be scored.

It was apparent from the list of activities in the LLTQ that
ome were related to tasks of daily living and others were more
elated to work and sporting activities. To establish whether
hese separate domains could be identified, a factor analysis
as undertaken. This analysis also allowed an appreciation of
ow strongly each task was related to a particular domain.
sing the above mentioned outpatient (nonhospital) treatment

enters within the Auckland region, 200 copies of the LLTQ
ere mailed to clinicians who identified potential patients for

nclusion. The criteria for inclusion were that participants were
eeking treatment for a musculoskeletal disorder of the lower
imb, were 18 years or older, and were able to ambulate
ormally prior to their injury. Patients were excluded if they
ad additional medical problems, which included cardiac and
eurologic conditions, as well as amputation. The number of
uestionnaires that a center received was decided on by the
wner or manager of the particular center, and over a 2- to
-month period the questionnaires were completed.
To assess the LLTQ factor structure, a principal components

nalysis with oblique rotation was conducted on 159 responses
o the LLTQ (see table 1 for patient information). A prelimi-
ary assessment of psychometric adequacy was conducted
using the Bartlett test of sphericity; Kaiser-Meyer-Olkin sam-
ling statistic) to determine the suitability of the LLTQ item
orrelation matrix for factor analysis. No restrictions were set
imiting the number of factors in the analysis, so the items were
ree to load on any number of factors. Factor retention was

etermined based on eigenvalues greater than 1 (the Kaiser
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riterion) and factor viability with a sufficient number of items,
long with the items in each factor being relevant and contrib-
ting to the overall conceptual nature of that particular factor.
riteria for item inclusion were set with factor loadings greater

han .50 on the primary factor and less than .20 on the second-
ry factor. Internal consistency, which is the degree to which
he individual questions consistently measure the construct of
nterest, was examined using the Cronbach �.

tudy 2: Construct and Concurrent Validity
Because there are no criterion standards for the measurement

f function, a number of issues related to construct and con-
urrent validity were examined. Construct validity is apparent
hen an instrument behaves as would be expected in relation

o another measurement and refers to the ability of a scale to
ifferentiate subjects with regard to certain characteristics
nown to the disease process or injury in ways consistent with
ypotheses. Concurrent validity is similar to construct validity
ut involves correlating an instrument with some criterion that
s administered at about the same time. In the current study, the
ollowing 5 issues were assessed:

First, using data from 59 patients (mean age � standard
eviation [SD], 37�15y) attending outpatient clinics (see table
for the subjects’ information and inclusion and exclusion

riteria as for study 1), the LLTQ correlated with other ques-
ionnaires used for lower-limb conditions (Lysholm Knee Rat-
ng Scale,3 Cincinnati Knee Rating Scale,5 Ankle-Hindfoot
cale,8 SF-36,9 Patient-Specific Function Scale [PSFS]10).
hese questionnaires have elements associated with physical

unction and it was hypothesized that the LLTQ would have
oderate levels of association with these questionnaires. Pear-

on product-moment correlation coefficients were used to ex-
mine this hypothesis.

Second, because the PSFS asks patients to select 3 important
asks in which they have most difficulty because of their injury,
n contrast to the LLTQ that includes a mix of functional
ctivities that might be both easy and difficult to perform, we
ypothesized that the LLTQ would have higher scores of
unction than the PSFS. To test this hypothesis, the same 59
atients attending outpatient clinics completed both scales. The
cores of the LLTQ and the PSFS were expressed as a per-
entage and compared using t tests with the � level set to .05.
ffect size was calculated to determine the magnitude of the
ifferences in the means.
Third, physical performance scores during lower-limb tasks

nd scores from the LLTQ were examined. The hypothesis was
hat there would be moderate correlations between these vari-
bles. Using the inclusion and exclusion criteria above, 117

Table 1: Details of the Participan

Study N Sprains Strains Overu

1. Factors 159 90 34 19
2a. Correlations 59 34 8 10
2b. PSFS 59 34 8 10
2c. Performance 117 117 0 0
2d. Floor/ceiling 119 69 26 15
2e. Importance 123 98 8 10
3. Reliability 70 40 22 6
4. Responsiveness 174 149 8 10
5. MID 119 69 26 15

bbreviations: MID, minimally important difference; OA, osteoarthr
ubjects (mean age, 33�13y) presenting at outpatient clinics r
N�3) with ankle joint sprains participated. The ADL and
ecreational domain scores correlated (Pearson product-mo-
ent correlation coefficients) with the scores of the Motor
ctivity Scale.11 This scale consists of 6 physical activities: a
0-m walk, a 40-m run, figure-8 run over 12m, single-leg hop
s far as possible ensuring the foot clears the ground, single-leg
rossover hop over a 6-m course, and hopping up and down a
ight of 14 steps. A dichotomous scoring system is used for
ach task (0, task was not attempted or not completed success-
ully; 1, task was successfully completed), and the scores of the
ndividual tasks were summed to give a total motor activity
core. Wilson et al11 reported that the Motor Activity Scale had
igh internal consistency (��0.9).
Fourth, using the inclusion and exclusion criteria above,

oor and ceiling effects of the LLTQ were examined in 119
atients (mean age, 31�14y) (see table 1 for patient injury
nformation and inclusion and exclusion criteria as for study 1)
resenting at outpatient clinics (N�6). It was hypothesized that
here would be minimal floor effects for the ADL domain as
ost patients reporting to outpatient clinics can undertake

ome ADLs. With respect to the recreational activities domain,
t was hypothesized that there would be notable floor effects, as
atients with moderate injuries would not be able to perform
any of the high loading tasks required in this domain. The

requency of 0 scores and scores of 40 (maximum) were
xamined and the criterion for a notable effect was a frequency
reater than 5%, a value thought to be reasonable.
Fifth, the importance of the tasks within the 2 domains of the

LTQ was assessed. The success of patient–treatment provider
nteractions is dependent on a shared understanding. Although

authors12,13 have commented that outcome measures should
nclude elements that are considered by the patient to be of
mportance, there remains concern14 that the ability of outcome

easures to truly reflect the patient’s views has been largely
verlooked. In the current study, this aspect was explored by
sking the patients to rate the importance of each of the tasks
n the questionnaire (see questionnaire in appendix 1). The
esponses for this question were: not important, mildly impor-
ant, moderately important, and very important. Using the
tudy 1 inclusion and exclusion criteria, 123 patients (mean
ge, 31�14y) (see table 1 for patient injury information) at-
ending outpatient clinics with lower-limb conditions or inju-
ies participated. In the analyses of these data, the percentages
or the response “not important” were compared with the other
ategories which were grouped together and considered as
some importance.” An analysis of the frequency of these

nditions in the Various Studies

Fractures Contusion OA
Hip/Thigh/

Knee
Lower

Leg/Ankle

3 10 3 78 81
0 6 1 30 29
0 6 1 30 29
0 0 0 0 117
1 6 2 60 59
0 6 1 69 54
1 0 1 32 38
0 6 1 30 144
1 6 2 60 59

SFS, Patient-Specific Function Scale.
ts’ Co

se
esponses was then undertaken.

Arch Phys Med Rehabil Vol 88, August 2007
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A

tudy 3: Test-Retest Reliability
Seventy subjects (mean age, 33�11y) (see table 1 for patient

njury information and inclusion criteria as for study 1) com-
leted the LLTQ on 2 occasions. The interval between occa-
ions was 1 to 7 days. On the second occasion, the patients who
ad identified that they had not changed were asked to com-
lete the questionnaire. The short duration between completion
f responses was used to minimize the bias associated with true
hanges that might have occurred in their condition as a result
f their recent visit to the clinician or natural healing processes.
escriptive statistics were calculated for the dependent vari-

bles. Data were plotted using Bland-Altman graphs15 enabling
n appreciation of the distribution of error. Bland-Altman15

imits of agreement were also calculated. Typical error16 was
alculated using the SD of the difference scores (day 2 minus
ay 1 responses). Intraclass correlation coefficients (ICCs)
etween the days were also calculated. In the latter, a 2-way
ixed-model was used with the mode of assessment (days) as

he fixed variable, and the subjects as the random variable.17

tudy 4: Responsiveness
The data used in this examination were from 174 patients

mean age, 34�14y) (see table 1 for patient injury information
nd inclusion and exclusion criteria as for study 1) attending
utpatient clinics (N�9). They were treated for between 1 to 6
eeks. Additionally, a group of patients who had received an

nterior cruciate ligament (ACL) reconstruction (n�21) were
ssessed. Their inclusion allowed an appreciation of the re-
ponsiveness after significant lower-limb surgery and an ex-
mination of changes in the LLTQ over a greater period of
ehabilitation: at 6 weeks postoperation and at 6 months post-
peration. The following statistics were calculated for both
roups: effect size, which was calculated as the mean at dis-
harge from treatment subtracted from the mean at baseline
ivided by the SD at baseline18; the standardized response
ean, which uses the SD of the change in scores for the

enominator instead of the baseline scores19; and the respon-
iveness statistic, which is a measure of change relative to the
ariability in scores among subjects who are clinically stable,
nd requires the square root of twice the mean squared error of
cores in the denominator.20

tudy 5: Minimal Important Difference
In respect to minimal important difference, 119 patients (mean

ge, 34�13y) (see table 1 for patient injury information and
nclusion and exclusion criteria as for study 1) attending outpatient
linics (N�6) completed the LLTQ on 2 occasions. Initially,
ubjects completed the questionnaire at their first visit to the
hysical therapist. They then completed the questionnaire again 7
o 10 days after the initial visit. In addition to the LLTQ, subjects
nd the clinician completed a global impression of change. The
lobal impression of change asked the following question: How
ould you rate your function since you last completed this form?
he responses were: much better, better, same, worse, and much
orse. Our a priori definitions of an important change were the

ategories: better or worse.
For each subject, the change score in the LLTQ in the ADL and

ecreation activities domains was calculated. To analyze these
ata, distribution-based and anchor-based methods were used. In
espect to the former, SDs of the difference scores were divided by

to provide .33 SD estimates. This parameter reflects a change
evel between small and medium. The standard error (SE) of
easurement was also calculated using the formula:
SE of measurement��x(1��)1⁄ 2 t

rch Phys Med Rehabil Vol 88, August 2007
here �x is the SD of the LLTQ score and � is the Cronbach
coefficient, which is a measure of the internal consistency of

he LLTQ domains (ADLs and recreational activity).21

The anchor-based approach involved the global impression
f change question. The LLTQ data from each subject were
tratified into groups according to their responses to the global
mpression of change question, and descriptive statistics were
alculated. A t test was used to determine whether there were
ignificant differences between those subjects who regarded
heir condition as unchanged and those who reported that they
ere better. To further characterize the LLTQ changes and the

mpression of global change, receiver operating characteristic
ROC) curves were derived, and sensitivity and specificity
alues together with likelihood ratios measures were calcu-
ated. With respect to the latter measures, the area under the
OC curve relates to the overall ability of the questionnaire to
orrectly identify change versus no change in status. Specifi-
ally, the area indicates the probability that a subject who has
tated that he/she had improved will have a higher score than
ne who states that he/she had not changed.

RESULTS

tudy 1: Content and Factor Validity
The Bartlett test of sphericity relating to item interdependence

as significant (�2 test�2304.88, P�.001) and the Kaiser-Meyer-
lkin sampling statistic of .92 was adequate, indicating that LLTQ

tem correlation matrix was suitable for the factor analysis.
wenty tasks were grouped into 2 coherent and interpretable

actors related to ADLs and recreation activities (table 2). These
actors accounted for 61% of the variability in these items. Ten
asks did not load onto either factor. The Cronbach � values for
DLs and recreational activities were .91 and .95, respectively,

ndicating that the constructs and domains of interest had good
nternal consistency. The 2 constructs correlated (r�.78), sharing
pproximately 61% common variance.

tudy 2: Construct and Concurrent Validity
With respect to associations across questionnaires, moderate

o high correlations (range, .51�.86) between the LLTQ ADL
nd recreation activities domains and the other questionnaires
ere observed (table 3).
A comparison of the scores for the LLTQ and the PSFS

howed that significantly higher scores were observed for the
DL domain of the LLTQ (effect size, 1.49), but there was no

ignificant difference between the recreational activities do-
ain and the PSFS (effect size, .07) (fig 1).
In the comparison between physical performance and the

LTQ scores, moderate correlations between the Motor Activ-
ty Scale and the ADL domain (r�.62), and the recreational
omain (r�.72) were observed. These correlations differed
ignificantly from one another (t�2.32, P�.05).

With respect to floor effects, the findings showed that
.7% had a zero score in the ADL domain and 17% had a
ero score in the recreational activities domain. With respect
o ceiling effects, 9.8% had a score of 40 in the ADL
omain, and no subjects had this score in the recreational
ctivities domain.

The findings related to the importance of activities in the
domains of the LLTQ are presented in table 2. It shows

hat the majority of participants regarded all tasks to have
ome importance. In the ADL domain, 7 tasks had greater
han 80% of participants regarding them as having some
mportance. For recreational activities, 6 tasks had 79% or
ore of participants regarding them as having some impor-
ance.
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tudy 3: Test-Retest Reliability
The results related to the Bland-Altman analyses are pre-

ented in figure 2A and B. They show that the distribution of
he error was low and randomly distributed across the range of
cores for ADLs and recreational activities. For the ADL, the
ias and limits of agreement were �.63 (range, �5.8 to 4.5)
nd for the recreational activities, �.52 (range, �5.5 to 4.5).
he typical error was 2 points for both the ADL and recre-
tional activity domains. The ICCs and their lower confidence

Table 2: Factor Analysis—Oblique—Rotated Factor Loadings and
the Percentage of Patients Who Regarded the Particular Task as

Having at Least Some Importance in Their Life

LLTQ Tasks
ADL

Factor
Activities of

Recreation Factor
Percent Rating
Task Important

Walk for 10min .82 NA 98
Walk up and down

10 steps .79 NA 97
Stand for 10min .59 NA 89
Stand for a typical

work day .75 NA 84
Get on and off a bus .85 NA 54
Get up from a

lounge chair .73 NA 84
Push or pull a heavy

trolley .69 NA 62
Get in and out of a

car .81 NA 96
Get out of bed in the

morning .50 NA 94
Walk across a slope .86 NA 74
Jog for 10min NA .82 84
Pivot or twist quickly

while walking NA .83 84
Jump for distance NA .85 57
Run fast/sprint NA .77 79
Stop and start

moving quickly NA .76 84
Jump upward and

land NA .88 68
Kick a ball hard NA .78 67
Pivot or twist quickly

while running NA .84 79
Kneel on both knees

for 5min NA .55 65
Squat to the ground/

floor NA .74 82

bbreviation: NA, not applicable.

Table 3: The Correlation Coeffic

Ques

LLTQ SF-36* SF-36† PSFS‡

ADL .86 .86 .55
RA .82 .84 .51

OTE. All values are statistically significant at P�.05.
bbreviations: AHS, Ankle-Hindfoot Scale; CKQ, Cincinnati Knee Ra
SF-36 for ankle and foot conditions.
SF-36 for knee conditions.

PSFS for ankle and foot conditions.
PSFS for knee conditions.
ntervals (CIs) were .96 (.93) and .98 (.97) for the ADL and
ecreational activity domains, respectively.

tudy 4: Responsiveness
For the ADL domain, for subjects attending outpatient clin-

cs, the effect size, standardized response mean, and the re-
ponsiveness statistic were 1.5, 1.4, and 5.3, respectively. For
he recreational activities domain scores, the same statistics
ere 1.6, 1.3, and 5.8, respectively. With regard to the ACL

econstruction patients, for the ADL domain the effect size,
tandardized response mean, and the responsiveness statistic
ere 1.2, 1.4, and 3.0, respectively. For the recreational activ-

ties domain scores, these same statistics were 3.9, 2.6, and 6.7,
espectively.

tudy 5: Minimal Important Difference
There were insufficient data to examine the category

worse”; therefore what follows relates to the category “bet-
er.” With respect to the distribution-based techniques, the .33
D scores for the ADL and recreational activity domains were
.6 and 2.2 points, respectively. The SEs of measurement for
hese domains were 2.8 and 2.2, respectively.

With respect to the findings for the anchor-based approach,
he mean change score � SD for subjects reporting no change
n their condition was 0.6�1.8 (95% CI, 0.11�1.0) for ADL
nd 0.4�2.0 (95% CI, �0.1 to 0.95) for the recreational
ctivities domain. For those subjects reporting that their con-
ition was better, the mean change score was 10.1�7.9 (95%
I, 7.1�13.0) for ADL and 7.7�6.8 (95% CI, 5.1�10.2) for

he recreational activities domain.
The area under the ROC curves � SE was .91�.04 (95% CI,

82�.99) for the ADL domain and .88�.04 (95% CI, .79�.96)
or the recreational activities domain. For ADL change scores
etween 1 and 4 points, sensitivity ranged from 93% to 83%,
nd specificity from 63% to 98%. The respective likelihood
atios were above 10 (likelihood ratio, 11) for change scores
reater than 2.5 with the maximum likelihood ratio (likelihood
atio, 54) observed at a change score greater than 3.5 points.
or recreational activities, for score changes between 1 and 4
oints, sensitivity ranged from 90% to 73%, and specificity
rom 66% to 92%. The respective likelihood ratios were above
0 (likelihood ratio, 13) for score changes greater than 4.5 with
he maximum likelihood ratio (likelihood ratio, 30) observed
or a score change greater than 6.0 points.

Overall, the results for minimal important difference were
ositive and showed it to be relatively low in most instances.
owever, they also highlight that there are differences in
inimal important difference scores according to the analysis

echnique used.

Across Different Rating Scales

ires

PSFS§ CKQ LYSH AHS

.59 .69 .76 .72

.66 .83 .79 .59

Scale; LYSH, Lysholm Knee Rating Scale; RA, recreation activities.
ients

tionna

ting
Arch Phys Med Rehabil Vol 88, August 2007
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A

DISCUSSION
A key finding of the current study was that the factor

nalysis supported our theoretical perspective that ADLs
nd recreational activities can be treated as different do-
ains within the construct of function. Being able to delin-

ate these 2 domains allows a more complete picture to be
ained of a patient’s function. According to the patient’s
njury and demographics (eg, age), clinicians can use either
omain or both domains to show change as a result of an
ntervention. Clinicians can also appreciate any differences
n progress made in the different domains at various stages
f the rehabilitation program. No previous research has
xamined function in detail from this perspective. The find-
ngs showed that the psychometric qualities of the 2 domains
ppear to be sound. Internal consistency was high (Cronbach
�.91, ��.95) and the factor analysis results produced 2
istinct interpretable domains that explained a moderate
evel of the response variance (61%). In addition, although
he 2 domains correlated (r�.78), they only shared approx-
mately 61% common variance. To put this another way,
here was 39% unexplained variance between the 2 domains.
hese data, taken in concert, suggest that the LLTQ items
re tapping into 2 conceptually different aspects of lower-
imb function. Further evidence of differences in these do-
ains was the finding that the recreational activities domain

f the questionnaire correlated moderately with actual per-
ormance of tasks as measured by the Motor Activity
cale,11 which includes very similar jumping and running
ctivities, and this correlation was notably higher than that
or the ADL domain.

The LLTQ correlated moderately with other questionnaires
sed for lower-limb injuries providing evidence for its concur-
ent validity. High correlations were observed for both domains
f the LLTQ and the physical function section of the SF-36.
hese were most likely due to the latter questionnaire combin-

ng questions related to moderate and vigorous activities as
ell as asking general and specific questions concerning tasks.
ith respect to the PSFS, when standardized to a percentage,

he scores of the LLTQ ADL domain were significantly higher
hereas those of the recreational activities domain were not

ignificantly different. This finding highlights the differences
etween the ADL and recreational activities domains and sug-
ests that patients prioritize their recreational tasks in respect to

ig 1. Comparisons of LLTQ ADL and recreational activity (Rec)
omains with the PSFS. *P<.05.
mportance.
s
(

rch Phys Med Rehabil Vol 88, August 2007
Although the inclusion of categories related to importance of
ach task was included in the questionnaire to assist in estab-
ishing its validity, these categories could be used for weighting
f tasks. In its simplest form, this might involve multiplying the
mportance score by the difficulty score for each task and then
umming the results across tasks. Theoretically, this might lead
o increased levels of validity and responsiveness of the ques-
ionnaire. These ideas have not been examined at this time, but
hey are worthy of further investigation.

The floor and ceiling effects followed an expected pattern
hat could be related to the loading forces experienced on the
njured limb during activities. Within the ADL domain
here loading levels are relatively lower, few subjects

1.7%) had a floor effect, but a notable ceiling effect (9.8%)
as observed. Most people with musculoskeletal injuries
ho are attending an outpatient clinic can undertake some

ctivities of daily living without difficulty, and many are
ble to do these activities with no difficulty. There was a
otable floor effect for recreational activities (17%) indicat-
ng that these activities which involve significantly more

ig 2. The Bland-Altman distribution showing the difference in

cores across days with the average of scores across days for the
A) ADL and (B) recreational activity domains.
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999DEVELOPMENT OF LOWER-LIMB TASKS QUESTIONNAIRE, McNair
oading on body structures were of more difficulty. It would
e unusual for a patient to report that they had no difficulty
ssociated with activities that place significant load on the
ody, and hence no subjects had a maximum score in the
ecreational activities domain at the start of treatment.

The reliability of the 2 domains as measured by ICCs was
bove .93, and hence well above the criterion value of 0.8
uggested for clinical measures.22 The Bland-Altman plots (see
g 2) provided evidence that the distribution of error across the
ange of scores was random, whereas the low bias scores
�1.0) indicated that there was minimal systematic error oc-
urring across days. The limits of agreement for both domains
ere between 4 and 5 points and typical error was 2 points.
hese measures are conceptually different. Typical error pro-
ides a measure of the variation in test-retest scenarios whereas
he limits of agreement provide the interval in which a patient’s
ifference score would fall 95% of the time. In the current
tudy when a patient who is unchanged in status is retested,
heir score has a 1 in 20 chance of being 4 to 5 points above or
elow their baseline score. Hopkins16 has argued that this level
f chance is too stringent, and suggests that half the limits of
greement would be more reasonable.

The responsiveness of a questionnaire plays an important
ole in decisions concerning the efficacy of treatment.20 Previ-
us work has shown that general health status questionnaires
re less responsive than disease- or joint-specific question-
aires. These findings usually reflect the broader set of ques-
ions used in general health scales, some of which may not
ctually be related to the condition or the intervention being
ested, and hence they do not change notably over the course of
ehabilitation. An aim related to the current study was to
roduce a series of questions that could be used for the lower
imb across different disorders and anatomical locations and
et retain adequate levels of responsiveness. In the current
tudy, all measures of responsiveness were above 1.2 and as
igh as 6.7. Based on Cohen’s suggestions23 that small and
edium effect sizes are 0.2 and 0.5 SDs, respectively, our
ndings indicate that both domains of the LLTQ are very
esponsive. With respect to the responsiveness statistic, much
igher values were observed compared with the effect size and
he standardized response mean. This finding reflects the de-
ominator used in the calculations, it being the variability of
atients who are stable, thus Wright and Young1 refer to this
tatistic as providing a signal to noise ratio.

Guyatt et al20 commented that responsiveness reflects a
reatment effect, and not necessarily a minimal important
ifference in the patients’ status. In the current study, 2
pproaches were used to examine the minimal important
ifference. With respect to the distribution approach, based
n Cohen’s work23 concerning the magnitude of effect sizes,
ton et al24 argued that .33 SD provides a reasonable ap-
roximation of a minimal important difference which in the
urrent study equated to score changes of 2.6 and 2.2 for the
DL and recreational activities domains. It should be noted

hat distribution approaches that use the SD only in their
alculations have been criticized because they are subject to
ias as a result of subject heterogeneity that may occur
ithin samples. Thus Wyrwich et al21 have recommended

he use of SE of measurement, which is sample-independent
ecause it uses both the SD and a measure of reliability in its
alculation and is relatively stable across all but the ex-
remes of population’s scores and thus has greater general-
zability. A further advantage of the SE of measurement is
hat it is measured in the original units of the outcome
easure and is therefore easier to comprehend. In the cur-
ent study, the Cronbach � was high for both ADL and n
ecreational activities domains (��.91, ��.95, respec-
ively) indicating the unidimensionality of the data within
ach domain, and this contributed to the relatively low SE
easurement of 2.8 and 2.2 points. With respect to the

nchor-based approach, the minimal important differences
ere higher (10 and 8 points for the ADL and recreational

ctivities, respectively). There are a number of possible
easons for these higher values. First, we did not use the
esponse “slightly better” as our standard for change, but
ollowed the definition used by Farrar et al25 that a change
f clinical importance was a rating of better or much im-
roved. Farrar argues that the concept of being better is
onceptually reasonable and clinically relevant. Neverthe-
ess, it may be that the use of an additional response (slightly
etter) would have provided a lower estimate of the minimal
mportant difference. It should also be noted that the reli-
bility of the global question was not analyzed.

The results from the ROC curves and the subsequent
alculations related to sensitivity and specificity provided
urther information concerning the minimal important dif-
erence for the LLTQ. In this context, the sensitivity refers
o percentage of people who changed that the LLTQ cor-
ectly identified as changed, and specificity refers to the
ercentage of patients who did not change and were cor-
ectly shown not to have changed. It will differ according to
he cutoff score used. If a high threshold change score is
hosen, then the specificity is increased but the sensitivity is
ecreased. Likelihood ratios incorporate measures of sensi-
ivity and specificity, providing the increase in odds favor-
ng a condition being present.26 In the context of the current
tudy, a condition being present would mean a shift in the
evel of function of the patient (ie, no change vs better).
sing the criterion of 10, a value regarded as large shift in

he probability of change being present,26 the cutoff score
or ADL domain was 2.5 points, and the cutoff for the
ecreational activities was 4.5 points. These values are very
imilar to those of the distribution-based minimal important
ifference scores. Thus, given the evidence presented, it
eems reasonable to calculate the mean of the anchor, dis-
ribution and likelihood ratio approaches. This suggests that
or both domains, the minimal important difference is 4
oints. This finding is particularly encouraging because it
hows that the LLTQ domains are able to detect relatively
mall changes in function. This might be of particular ben-
fit in future research where small effects are expected from
n intervention, or where only a small sample of subjects are
vailable for study. An important area for future research is
ow the minimal important difference and responsiveness of
he LLTQ compare with those of other questionnaires.

CONCLUSIONS
This study describes the development of a lower-limb task

uestionnaire that has distinct domains related to ADLs and
ecreational activities. The questionnaire possesses good
actor structure and composition, relates well with other
easures of function, differentiates patients with regard to

ertain characteristics or processes known to occur after
njury, shows high levels of reliability and responsiveness,
nd has evidence of low minimal important difference
cores. Furthermore the inventory is succinct, easy to ad-
inister, and score. The current findings are encouraging

nd support the use of the questionnaire in both clinical
cenarios and in research. As with any questionnaire, its
alidity and usefulness in the clinical scene will be estab-
ished through further comparison with existing question-

aires and continued use over time.

Arch Phys Med Rehabil Vol 88, August 2007
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A

APPENDIX 1: LOWER-LIMB TASKS QUESTIONNAIRE
CTIVITIES OF DAILY LIVING SECTION

Patient: _______________ Date:_____________

INSTRUCTIONS
Please rate your ability to do the following activities in the past 24 hours by circling the number below the appropriate response.

If you did not have the opportunity to perform an activity in the past 24 hours, please make your best estimate on which response
ould be the most accurate.

Please also rate how important each task is to you in your daily life according to the following scale:
1. � Not important
2. � Mildly important
3. � Moderately important
4. � Very important

Please answer all questions.

NO
DIFFICULTY

MILD
DIFFICULTY

MODERATE
DIFFICULTY

SEVERE
DIFFICULTY UNABLE

IMPORTANCE OF
TASK

1. Walk for 10 minutes 4 3 2 1 0 1 2 3 4
2. Walk up or down 10 steps (1 flight) 4 3 2 1 0 1 2 3 4
3. Stand for 10 minutes 4 3 2 1 0 1 2 3 4
4. Stand for a typical work day 4 3 2 1 0 1 2 3 4
5. Get on and off a bus 4 3 2 1 0 1 2 3 4
6. Get up from a lounge chair 4 3 2 1 0 1 2 3 4
7. Push or pull a heavy trolley 4 3 2 1 0 1 2 3 4
8. Get in and out of a car 4 3 2 1 0 1 2 3 4
9. Get out of bed in the morning 4 3 2 1 0 1 2 3 4

10. Walk across a slope 4 3 2 1 0 1 2 3 4
TOTAL (/40) :_____

RECREATIONAL ACTIVITIES SECTION

Patient: _______________ Date:_____________

INSTRUCTIONS
Please rate your ability to do the following activities in the past 24 hours by circling the number below the appropriate response.

If you did not have the opportunity to perform an activity in the past 24 hours, please make your best estimate on which response
ould be the most accurate.

Please also rate how important each task is to you in your daily life according to the following scale:
1. � Not important
2. � Mildly important
3. � Moderately important
4. � Very important

Please answer all questions.

NO
DIFFICULTY

MILD
DIFFICULTY

MODERATE
DIFFICULTY

SEVERE
DIFFICULTY UNABLE

IMPORTANCE OF
TASK

1. Jog for 10 minutes 4 3 2 1 0 1 2 3 4
2. Pivot or twist quickly while walking 4 3 2 1 0 1 2 3 4
3. Jump for distance 4 3 2 1 0 1 2 3 4
4. Run fast/sprint 4 3 2 1 0 1 2 3 4
5. Stop and start moving quickly 4 3 2 1 0 1 2 3 4
6. Jump upwards and land 4 3 2 1 0 1 2 3 4
7. Kick a ball hard 4 3 2 1 0 1 2 3 4
8. Pivot or twist quickly while running 4 3 2 1 0 1 2 3 4
9. Kneel on both knees for 5 minutes 4 3 2 1 0 1 2 3 4

10. Squat to the ground/floor 4 3 2 1 0 1 2 3 4

TOTAL (/40):___

rch Phys Med Rehabil Vol 88, August 2007
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ABSTRACT. Wampler MA, Topp KS, Miaskowski C, Byl
N, Rugo HS, Hamel K. Quantitative and clinical description
f postural instability in women with breast cancer treated with
axane chemotherapy. Arch Phys Med Rehabil 2007;88:
002-8.

Objective: To describe the postural control of women who
eceived taxane chemotherapy for treatment of breast cancer
sing quantitative and clinically feasible measures.

Design: Prospective descriptive study.
Setting: University-based comprehensive cancer center.
Participants: Twenty women who completed taxane treat-
ent for breast cancer and 20 healthy controls participated in

his study.
Interventions: Not applicable.
Main Outcome Measures: Two quantitative measures of

ostural control were used, Sensory Organization Test (SOT)
nd center of pressure (COP) velocities. Two clinically feasible
easures of postural control were used, the Fullerton Ad-

anced Balance Scale (FABS) and Timed Up & Go (TUG) test.
Results: Compared with healthy controls, women with

reast cancer had poorer postural control on all of the outcome
easures. FABS and TUG scores correlated moderately with
OT and COP scores.
Conclusions: After taxane chemotherapy, women with

reast cancer show significantly increased postural instability
ompared with matched controls. Clinically feasible measures
f postural control correlated with quantitative tests. These
esults suggest that these clinical measures may be useful
o screen patients to determine who may benefit from
ehabilitation.
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REAST CANCER IS the most common cancer diagnosis
in women in the United States, with 178,480 women

xpected to be diagnosed with the disease in 2007.1 Chemo-
herapy is often used to treat this type of cancer. In 1994, the
.S. Food and Drug Administration (FDA) approved paclitaxel

Taxol), a drug derived from the Pacific Yew tree, for the
reatment of metastatic breast cancer. In 1999, the FDA ex-
anded the approval to include women with locally advanced
isease (eg, positive lymph nodes, but no distant metastases).
owever, because there are limited natural resources to pro-
uce paclitaxel the FDA approved docetaxel (Taxotere), a
an-made drug with chemical properties similar to paclitaxel,

or the treatment of locally advanced or metastatic breast
ancer in 1998. Abraxane (paclitaxel protein-bound particles
or injectable suspension) was approved in January 2005.
hese drugs comprise the taxane class of chemotherapy agents
nd are often used in combination with anthracyclines and
yclophosphamide (Cytoxan) to treat breast cancer. A growing
ody of evidence suggests these chemotherapy agents may
mprove survivorship and decrease the risk of local recurrence
f breast cancer.2,3 Therefore, as taxane use becomes increas-
ngly common, it is important for patients and health care
roviders to understand the impact that side effects of these
rugs may have on physical function in women with breast
ancer.

The side effects of taxanes include allergic reactions; neu-
ropenia, anemia, and thrombocytopenia; alopecia; joint and/or
uscle pain; mucositis; nausea; and peripheral neuropathy.4-6

any of these effects are decreased with the use of medications
uch as erythropoietin, pegfilgastrim, and anti-emetics.7-9 Al-
hough many promising drugs are being tested, no effective
eripheral nerve protectants are available at this time. Over half
f the patients who receive paclitaxel, docetaxel, or Abraxane
evelop decreased deep tendon reflexes, increased vibration
hresholds, or dysesthesias and paresthesias in a stocking and
love pattern.10-14 These patients may also show decreased
ensory nerve action potential amplitudes on electrodiagnostic
esting.10 A subset of these patients develop a painful periph-
ral neuropathy.15

Peripheral neuropathy can have a significant impact on phys-
cal function. Numerous studies have documented that diabetic
eripheral neuropathy is associated with postural instability.16-20

here is also an increased risk of falls in this patient popula-
ion.21 These patients show greater step width, decreased step
ength, and decreased gait speed in low light conditions on
rregular surfaces.22 Differences in the temporospatial aspects

f gait on challenging surfaces were also observed in adults
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ith diabetic peripheral neuropathy who fell compared with
hose who did not fall.23

Although peripheral neuropathies are reported in women
ith breast cancer who are treated with taxane chemother-

py,10,15,24 to date, no studies have described postural stabil-
ty. Therefore the primary purpose of this prospective study
as to describe the postural stability of women who were

reated with paclitaxel or docetaxel for breast cancer compared
ith matched healthy controls. We hypothesized that after the
nal infusion of taxane therapy, women with breast cancer
ould present with postural instability compared with matched
ealthy controls. In addition, the relationships between quan-
itative and clinically feasible measures of postural control
ere evaluated.

METHODS

articipants
For the study, we recruited 20 women treated with taxane

hemotherapy for breast cancer and 20 healthy women between
he ages of 30 to 60. These women were matched on age,
eight, and weight. All women were screened for pre-existing
estibular, visual, somatosensory, orthopedic, and neurologic
isease before entering the study. Women in the breast cancer
roup were included only if there was no evidence of central
ervous system metastases. All women were required to have
corrected low-contrast visual acuity better than 20/60 and a

orrected high-contrast visual acuity better than 20/40. These
ntry criteria were chosen because postural control is related to
isual acuity, orthopedic problems, neurologic problems, and
estibular problems.25-28 Women in the breast cancer group
ad received 4 cycles of doxorubicin (Adriamycin) and cyclo-
hosphamide (Cytoxan) prior to beginning taxane therapy. All
articipants signed a written informed consent that was ap-
roved by the institutional review board and the protocol
eview committee at the university-based comprehensive can-
er center before participating in the study.

We asked women in both the breast cancer and the healthy
ontrol groups to complete 1 testing session. Women in the
reast cancer group were asked to return and repeat all tests
ithin 1 week of initial testing to establish the intrarater reli-

bility of quantitative and clinically feasible measures of pos-
ural control. Women in the breast cancer group were tested
ithin 30 days of their final taxane infusion and healthy con-

rols were tested at the time of enrollment. All measures, except
or the Fullerton Advanced Balance Scale (FABS), were per-
ormed by 1 physical therapist who was not blinded to partic-
pants’ health status. Measurement bias was low for the quan-

Table 1: Differences in Demographic and Clinical Characteristics B

Variable
BC Group (n

(mean � S

Age (y) 50.35�9
Height (cm) 165.15�5
Weight (kg) 68.19�9
Medications acting on the CNS (n [%]) 9 (45)
Visual acuity (log MAR score)

High contrast .031�.1
Low contrast .221�.1

Peripheral neuropathy
Modified TNS (0–32 points) 6.9�3
bbreviations: CNS, central nervous system; log MAR, log10 of minimum
Values are considered statistically significant different (P�.05).
itative measures of postural control and the Timed Up & Go
TUG) test, because none of these tools require a subjective
valuation of performance of a task. However, measurement
ias was controlled for the FABS as described below.
All participants completed measures of height, weight, and

isual acuity; a questionnaire regarding medical history and
edication use; and quantitative and clinically feasible mea-

ures of postural control, as described below. In addition, all
omen completed several quantitative measures of peripheral
europathy, including the total neuropathy score, the modified
otal neuropathy score, quantitative touch thresholds, quantita-
ive vibration thresholds, and nerve conduction studies. As
reviously reported, the modified total neuropathy score (TNS)
as found to be a clinically feasible measure to evaluate the

everity of taxane-induced peripheral neuropathy15 and there-
ore, only mean modified TNS scores of breast cancer and
ealthy control groups are reported to indicate the severity of
eripheral neuropathy (table 1).

easures of Participant Characteristics
Height was measured in centimeters using a stadiometer.
eight was measured in kilograms using a calibrated scale.
edical history and medication use, including chemother-

py, were self-reported by participants using a question-
aire. If women reported they were using a medication with
nown effects on the central nervous system (ie, gabapentin
Neurontin], zolpidem [Ambien], venlafaxine [Effexor], flu-
xetine [Prozac], or lorazepam [Ativan]) this was noted. No
omen were taking opioid medications. The total number of
omen using centrally acting medications in each group was

ecorded for data analysis. Medical history and medication use
as confirmed by chart review for women in the breast cancer
roup.
We measured visual acuity using 2 Bailey-Lovie log MAR

harts,29,a one with high contrast letters and another with low
ontrast letters, and is reported as a log MAR score. Log MAR
s an acronym for log10 of the minimal angle of resolution and
as developed as an improved measure of visual acuity, given

he limitations of the Snellen chart. As the letters on the
hart become smaller, the angle of resolution also becomes
maller. Therefore the log MAR score represents the mini-
al angle of resolution which the person can clearly see.
articipants stood 6.1m from the chart while keeping both
yes open. If the participant normally wore glasses, they
ere permitted to wear glasses during the entire testing

ession. The participant would read each line of progres-
ively smaller letters until they reached a line where they
ade an error. The log MAR score was calculated by

een Women With Breast Cancer (BC) and Healthy Controls (HCs)

HC Group (n�20)
Statistic (P )(mean � SD)

49.60�9.08 T score�.26 (.798)
163.77�5.54 T score�.78 (.439)
68.70�14.60 T score��.12 (.901)

5 (25) z score�1.36 (.175)

�.041�.161 T score�1.48 (.147)
.123�.097 T score�2.51 (.017)*

1.15�1.27 T score�7.88 (�.001)*
etw

�20)
D)

.34

.57

.39

45
46

.01
angle of resolution; SD, standard deviation.
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A

ecording the log MAR score of the last complete line read
inus .02 multiplied by the number of correct responses on

he next smaller line. A log MAR score of 0 corresponds to
0/20 vision on a Snellen chart. A lower log MAR score
ndicates better visual acuity.

nstrumentation and Data Acquisition for Quantitative
easures of Postural Control
We collected center of pressure (COP) data by using a

istler forceplateb to determine the stability of participants in 4
tatic positions: eyes open with head straight (EOHS), eyes
pen with head back 40° (EOHB), eyes closed with head
traight (ECHS), and eyes closed with head back 40° (ECHB).
ensory feedback parameters for each position are summarized

n table 2. This protocol is comparable with a protocol used to
est the stability of patients with diabetic peripheral neuropa-
hy.20 Participants were asked to complete three 30-second
rials of each condition. A tracing of their self-selected foot
osition was made to control for variation of foot position
etween all testing positions and trials. A cervical range of
otion devicec was worn by participants to ensure that they
aintained 40° of head extension during head back testing

ositions.
Eight channels of analog output from the forceplate were

ampled at a rate of 100Hz during each 30-second trial. Custom
atlab softwared was used to calculate the ground reaction

orces from the digital output. The ground reaction force data
as filtered using a fourth-order Butterworth filter with a cutoff

requency of 5Hz. The filtered ground reaction force data was
hen used to calculate the COP coordinates, displacement, and
elocity (total COP excursion [in centimeters] divided by 30s)
or each trial. The mean COP velocity of 3 trials was used for
tatistical analyses. To determine reliability of this measure in
omen after taxane therapy, all women in the breast cancer
roup were asked to return for testing within 1 week of initial
esting. Seven women agreed to retesting and their data were
sed to calculate the intraclass correlation coefficients (ICCs)
or these tests (EOHS: ICC�.62; ECHS: ICC�.96; EOHB:
CC�.85; ECHB: ICC�.89).

We quantified dynamic postural stability by a composite
quilibrium score and a mean equilibrium score by condition
sing the NeuroCom Sensory Organization Test (SOT)e fol-

Table 2: Sensory Feedback Parameters for Quantitative Measures
of Postural Control

Testing Position
Visual

Feedback
Somatosensory

Feedback
Vestibular
Feedback

Kistler forceplate test
Eyes open/head straight � � �

Eyes open/head back � � Altered
Eyes closed/head straight � � �

Eyes closed/head back � � Altered
SOT

Condition 1 � � �

Condition 2 � � �

Condition 3 Altered � �

Condition 4 � Altered �

Condition 5 � Altered �

Condition 6 Altered Altered �

bbreviations: Visual feedback: �, eyes open; �, eyes closed; al-
ered, visual surround moves; somatosensory feedback: �, platform
teady; altered, platform rotates in the sagittal plane; vestibular
eedback: �, head straight; altered, head tilted back 40°.
owing standard procedures.27,30,31 Participants were asked to c

rch Phys Med Rehabil Vol 88, August 2007
tand as steady as possible during 3 trials of 6 conditions that
hallenge the sensory systems important for postural control
see table 2). The conditions become progressively more dif-
cult, beginning with condition 1 in which the participant
eeps eyes open on a stable platform and a nonmoving visual
urround. The test then progresses by removing visual feed-
ack (by closing eyes), altering visual feedback (by moving the
isual surround), or altering somatosensory feedback (by al-
owing the platform to rotate in the sagittal plane). NeuroCom
oftware was used to calculate an equilibrium score for each
ondition and a total equilibrium score for all conditions. The
quilibrium score, which can range from 0 to 100, represents
he amount of sway of the participant during the trial; a lower
core indicates more sway and a zero indicates a fall. Reliabil-
ty in the participants with breast cancer was calculated using
he same methods used to calculate forceplate ICCs (total SOT:
CC�.86; condition 1: ICC�.82; condition 2: ICC�.92; con-
ition 3: ICC�.67; condition 4: ICC�.75; condition 5:
CC�.81; condition 6: ICC�.65).

linically Feasible Measures of Postural Control
Many clinics do not have a forceplate or a NeuroCom

ystem. There is literature to support that both of these quan-
itative measures correlate to clinical tests of balance in other
opulations.32,33 Therefore, clinically feasible tests of balance
ere used to evaluate the relationships between these measures

nd quantitative measures of postural control. Participants
ompleted the FABS and the TUG test.

The FABS is a relatively new task-based measure of bal-
nce, that includes standing with feet together and eyes closed,
eaching forward to retrieve a pencil held at shoulder height,
urning 360° in a right then a left direction, stepping up and
ver a 15.2cm (6-in) bench, tandem walking, standing on 1 leg,
tanding on foam with eyes closed, 2-footed jumping for dis-
ance, walking with head turns, and responding to an unex-
ected trunk perturbation.34 The FABS was chosen because the
asks challenge the sensory systems (ie, visual, somatosensory,
estibular) used for postural control and therefore may be more
ensitive to balance problems in patients with chemotherapy-
nduced peripheral neuropathy, a primarily sensory neuropathy.
he quality of the performance of each task is scored using
tandardized ordinal scoring criteria, with total scores that can
ange from 0 to 40 points. Higher scores indicate a better
erformance. The FABS test was video-taped and scored by 2
eviewers who were blinded to the participants’ health status.
he total FABS score had high reliability between session 1
nd session 2 in this cohort (ICC�.92).

The TUG test is a timed test of a person’s ability to stand
rom a chair, walk 3m, turn, and return to a seated position. It
as chosen because of its moderate correlation with SOT

quilibrium scores (Pearson r��.48).32 It had high reliability
n the current cohort (ICC�.88).

ata Analysis
We calculated ICCs to establish intrarater reliability for all

ependent variables and to establish interrater reliability for the
ABS. A Kolmogorov-Smirnov test was used to ensure that the
ata met the criteria of normality to allow the use of parametric
tatistics. Although participants in the breast cancer and
ealthy control groups were individually matched by age,
eight, and weight, a more conservative unpaired t test that
ssumed unequal variances was used to compare means in the
reast cancer and healthy control groups for each measure of
ostural control and each patient characteristic, except medi-

ations that act on the central nervous system. The test of 2
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roportions was performed to test for differences in the number
f centrally acting medications. Pearson correlations were cal-
ulated to test for associations between the quantitative and the
linically feasible measures of postural control. Cohen d sta-
istics were calculated to determine effect sizes between
roups, while controlling for differences in standard deviations
SDs). A P value of less than .05 was considered statistically
ignificant. A conservative Bonferroni adjustment was applied
or multiple comparisons of postural control measures (family
�.05; 4 comparisons for forceplate analysis, P�.0125 to be
onsidered significant; 7 comparisons for sensory organization
nalysis, P�.007 to be considered significant). All statistical
alculations were performed using Minitab softwaref except
CCs were calculated using the Department of Obstetrics
nd Gynecology at the Chinese University of Hong Kong
ebpage (http://department.obg.cuhk.edu.hk/researchsupport/

tatstesthome.asp).

RESULTS
All dependent variables and patient characteristics met the

riteria of normality (P�.05) using the Kolmogorov-Smirnov
est except for 4 of the SOT conditions and 5 of the forceplate
onditions. However, those that did not meet the criteria for
ormality were very close to the cutoff (P within .02). Because
arametric statistic tests are considered robust and can with-
tand minor variations from normality,35 we have reported our
ata using parametric techniques.

articipant Characteristics
No significant differences were found between the 2 groups

n age, height, weight, number of centrally acting medications,
nd high contrast acuity (see table 1). However, women in the
reast cancer group had significantly poorer low contrast acuity
P�.017) and a mild, yet significant, peripheral neuropathy
P�.001).

uantitative Measures of Postural Control
As illustrated in figure 1, COP velocities in all 4 testing

ositions were significantly higher for women with breast
ancer compared with healthy controls (P�.0125). As the
onditions increased in difficulty, COP velocities increased for
oth groups. The highest velocities and largest group mean
ifferences were found in positions in which vision was oc-
luded or there was altered vestibular feedback (eyes open with
ead straight: Cohen d�1.01; eyes open with head back: Co-

ig 1. Differences in COP velocities for women with breast cancer
BC) (n�20) and healthy controls (HCs) (n�20). *A Bonferroni ad-
ustment was applied to this analysis. P<.0125 was considered
a
tatistically significant, given there were 4 measures of a similar
ariable.
en d�1.33; eyes closed with head straight: Cohen d�1.28;
yes closed with head back: Cohen d�1.29). In addition, the
quilibrium scores of the SOT were significantly lower in
omen with breast cancer for all conditions except condition 1

fig 2). When SDs are accounted for, the largest group mean
ifferences were observed for conditions 2, 3, 5, and 6, where
ision is either occluded or altered, thereby increasing the
atient’s reliance on somatosensory or vestibular input for
ostural stability (SOT1: Cohen d��.74; SOT2: Cohen
��1.46; SOT3: Cohen d��1.37; SOT4: Cohen d��1.05;
OT5: Cohen d��1.57; SOT6: Cohen d��1.30).

linically Feasible Measures of Postural Control
Interrater reliability was high for the FABS (ICC�.98).

herefore, rater 1 and rater 2 scores were averaged for further
tatistical analyses. Women with breast cancer had signifi-
antly lower FABS scores compared with healthy controls,
ndicating a poorer performance (table 3). In addition, a large
ignificant increase in mean TUG scores (Cohen d�.77) was
ound in women with breast cancer compared with healthy
ontrols (see table 3). The FABS correlated moderately with
ach quantitative measure of postural control (table 4). The
UG scores correlated with COP velocities in the eyes open
ith head back, eyes closed with head straight, and eyes closed
ith head back positions (see table 4).

DISCUSSION
This study is the first to describe differences in various
easures of postural control in women being treated with

axane chemotherapy for breast cancer compared with matched
ealthy controls. As we hypothesized, women who were
reated with taxanes showed poorer static and dynamic postural
ontrol and poorer scores on clinically feasible measures of
ostural control. These findings suggest that in addition to the
ymptoms of peripheral neuropathy, these patients may expe-
ience problems with balance and gait that need further eval-
ation and treatment by a physical therapist.
Problems with postural control may be partially explained by

omatosensory changes secondary to taxane chemotherapy. In
his sample, although the severity of peripheral neuropathy was
elatively mild; the COP velocities from forceplate measures
nd SOT scores for conditions 1, 2, and 3 were similar to
atients with severe peripheral neuropathy secondary to diabe-
es.20,36 Moreover, as previously reported, the modified TNS, a

easure of the severity of peripheral neuropathy, was moder-

ig 2. Differences in SOT scores for women with breast cancer
n�20) and healthy controls (n�20). *A Bonferroni adjustment was
pplied to this analysis. P<.007 was considered statistically signif-

cant, given there were 7 measures of a similar variable.
tely correlated with the total SOT score (r��.66, P�.002),15
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xplaining 44% of the variance in SOT scores. These findings
uggest that other pathologic changes related to chemotherapy
ay contribute to the postural instability in these women.

nstability was not likely secondary to pre-existing disease or
njury of the central or peripheral nervous system, musculo-
keletal system, visual system, brain metastasis, medications,
r physical characteristics of height; weight; or age because
hese variables were controlled for by rigorous exclusionary
riteria or matching. Because a trend was noted in the increased
se of centrally acting medications in the breast cancer group,
hese medications cannot be excluded as possible contributors
o postural instability.

It is possible that changes in the visual system may occur
fter chemotherapy. Although visual changes are not docu-
ented as a primary side effect of the taxanes, doxorubicin, or

yclophosphamide,4-6,37,38 significant difference in low con-
rast vision was found in the women with breast cancer com-
ared with the healthy controls. In addition, several reports
ave documented acute spontaneous visual symptoms, such as
cotoma (an area of lost or depressed vision surrounded by an
rea of more normal vision), photopsia (an appearance of
ashes due to retinal irritation), and blurred vision, associated
ith paclitaxel and cyclophosphamide treatment.39-42 Late ef-

ects, specifically increased incidence of cataract formation,
ave been associated with cyclophosphamide.43 Given these
ymptoms have been documented in patients with and without
eripheral neuropathy, it is not clear whether these visual
ymptoms are associated with peripheral neurotoxicity to the
ptic nerve, vascular changes to the retina, or changes to the
ornea.39 Nonetheless, chemotherapy-induced ocular changes
ay have contributed to the postural instability observed in the
omen with breast cancer.
Although no published reports of taxane induced vestibular

oxicity were found, other chemotherapy agents that cause
eripheral neuropathy, such as platinum compounds, are asso-
iated with vestibular toxicity.44 Our data suggest that the
ostural instability observed in the women with breast cancer
ay have a vestibular component. Most notably, 2 of the

argest differences in mean equilibrium scores occurred during

Table 3: Differences in Scores on Clinically Feasible Measures of

Clinically Feasible Measure
of Postural Control BC Group (n�20) (mean �

FABS score (0–40 points) 33.90�3.46
TUG (s) 6.69�.994

Values are considered statistically significant different (P�.05).

Table 4: Correlations Between Quantitative Measures and
Clinically Feasible Measures of Postural Control in Women With

Breast Cancer

Clinically Feasible Measure of Postural
Control

FABS TUG

Quantitative Measures Pearson r P Pearson r P

SOT composite score .581 .007* �.335 .149
COP velocity

Eyes open/head straight �.581 .007* .300 .198
Eyes open/head back �.541 .014* .549 .012*
Eyes closed/head straight �.523 .018* .498 .025*
Eyes closed/head back �.496 .026* .474 .035*
iValues are considered statistically significant different (P�.05).

rch Phys Med Rehabil Vol 88, August 2007
OT conditions 5 and 6, which occur on an unstable surface
ith either absent or conflicting visual feedback, respectively.

t has been suggested that these conditions reflect the ability of
patient to appropriately use vestibular information to main-

ain postural stability.45 In addition, mean scores for the women
ith breast cancer were 16 points lower on condition 5 and 8
oints lower on condition 6 compared with previously reported
ean scores for patients with peripheral neuropathy and insulin-

ependent diabetes mellitus.36 However, the scores were not as
ow as those of patients with bilateral vestibular hypofunction
BVH) (n�24) (breast cancer SOT5, 44.90�19.70; BVH
OT5, 9.84�17; breast cancer SOT6, 49.00�20.30; BVH
OT6, 10.52�20.56).27 Interestingly, when the SDs for both
ohorts were considered, there appears to be a subset of
omen with breast cancer with scores that approach those
ith BVH.27

Scores on the clinically feasible measures of postural control
ie, FABS, TUG) were significantly poorer in women with
reast cancer. Given that the FABS test correlated moderately
ith all quantitative measures of postural control and the TUG

orrelated moderately with 3 of 4 forceplate measures of pos-
ural control, it may be that these measures could serve as
seful measures of postural control for clinicians who do not
ave forceplate or NeuroCom systems in their clinics. Al-
hough significant differences in the FABS and TUG tests were
ound between women with breast cancer and healthy controls,
he differences were relatively smaller than those observed for
he quantitative tests of postural control.

tudy Limitations
This study has several limitations. First, it was a prospective

escriptive study that examined only 1 time point (ie, at the
ompletion of taxane therapy), rather than an evaluation of
hanges in postural control over time that would indicate
hether postural instability improves after cessation of taxane

hemotherapy. A longitudinal design would have also allowed
he investigators to determine changes in postural control after
oxorubicin and cyclophosphamide treatment and further de-
cribe the changes after receiving taxane therapy. Perhaps there
s an additive affect of chemotherapy agents on somatosensory,
isual, vestibular, or other central nervous systems related to
ostural stability. In addition, pretreatment measures of pos-
ural control were not obtained for the women with breast
ancer. This limitation was partially overcome by matching the
omen with breast cancer to healthy controls on potential

onfounding variables associated with postural control such as
ge, height, and weight. In addition, participants with known
isual, vestibular, orthopedic, or neurologic dysfunction were
xcluded from this study. Other limitations include the rela-
ively small sample size and multiple measures of postural
tability. However, we attempted to control for these limita-
ions by using conservative statistical methods such as unpaired

tests and Bonferroni adjustments. Finally, comprehensive
easures of vision and vestibular function were not obtained

n the study participants. However, vestibular and visual

ral Control in Women With Breast Cancer and Healthy Controls

HC Group (n�20) (mean � SD) T Score (P )

36.48�2.13 �2.83 (.008)*
5.85�0.86 2.43 (.020)*
Postu

SD)
mpairments are not considered primary side effects of
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oxorubicin, cyclphosphamide, or the taxane class of che-
otherapy4-6,37,38 and therefore exhaustive measures of these

mpairments were not included. In future studies, it will be
mportant to include more specific measures of visual and
estibular function. It will also be important to perform mea-
ures before and after each cycle of chemotherapy to determine
hether there is an additive effect of chemotherapy agents on
ostural control versus significant visual and/or vestibular tox-
city related to taxane chemotherapy alone.

CONCLUSIONS
This study is the first to identify significant changes in

ostural stability in women treated with taxane chemotherapy
or breast cancer compared with matched healthy controls.
lthough peripheral neuropathy is monitored as part of stan-
ard care in these patients, postural stability is not traditionally
easured. The FABS and TUG are sensitive to changes in

ostural stability and moderately correlate with quantitative
easures which may make monitoring for postural instability
ore feasible in the clinical setting. More information about

hemotherapy-induced effects on the sensory, visual, and ves-
ibular systems will facilitate our understanding of the origin,
rognosis, and management strategies to restore postural con-
rol in this patient population.

Acknowledgments: We thank Pooja Maniar, DPT, and Hope
elevega, MSPT, for their assistance in scoring the FABS.
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hanges in Postural Control in Hemiplegic Patients After
troke Performing a Dual Task
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ABSTRACT. Bensoussan L, Viton J-M, Schieppati M, Col-
ado H, Milhe de Bovis V, Mesure S, Delarque A. Changes in
ostural control in hemiplegic patients after stroke performing
dual task. Arch Phys Med Rehabil 2007;88:1009-15.

Objective: To determine the effects of an attentional task on
emiplegic patients’ postural control performances.
Design: Retrospective study.
Setting: Department of physical and rehabilitation medicine

t a university hospital.
Participants: Twenty-three hemiplegic patients and 23

ealthy age- and sex-matched control subjects.
Interventions: Not applicable.
Main Outcome Measures: Sway area and sway path of the

enter of pressure were measured during 30 seconds in stand-
ng subjects and patients under 3 conditions: eyes open (EO),
O while performing a simple arithmetic task (EO-AT), and
yes closed (EC).

Results: In the hemiplegic patients, the body sway area
ncreased significantly with EC (P�.001) and during the
O-AT task (P�.017) in comparison with EO. Sway area with
O-AT remained, however, significantly smaller than with EC

P�.014). In the healthy subjects, the body sway did not differ
ignificantly between the EO-AT and EO tasks (P�.42). The
ncrease observed in the sway area and path in the hemiplegic
opulation during the EO-AT task correlated significantly with
ge.

Conclusions: The postural performances of hemiplegic pa-
ients decreased during both the arithmetic task and the EC
ask. The cognitive task had no effect on healthy subjects’
ostural performances. This study is the first to show the
ombined effects of age and dual task on the postural perfor-
ances of hemiplegic subjects.
Key Words: Attention; Hemiplegia; Posture; Rehabilitation.
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HRONIC STROKE PATIENTS have to deal with prob-
lems resulting from postural control alterations. Many

tudies have shown that changes in the postural control process
ccur in hemiplegic patients. Hemiplegic patients show
hanges in the patterns of recruitment and delayed contraction
f the paretic muscle during balance disturbances.1 Weight
istribution on the lower limbs is asymmetric, in favor of the
ound lower limb,2-5 and weight transfer from the sound to the
emiplegic limb is altered.6 Postural adjustments are also af-
ected.7-10 Sway of the center of pressure (COP), as measured
y a force platform, is greater in standing hemiplegic patients
han in healthy subjects.2,4,5,11,12 Some studies have also shown
he existence of greater visual dependence4,5 and altered ver-
ical perception in hemiplegic patients.13-16

Postural control problems are more frequent in patients with
ight brain damage.13,17 Hemineglect may be responsible for
alance disorders in hemiplegic patients after stroke.14 How-
ver, little is known about the interactions occurring between
ognitive processes and the attentional demands involved in
ostural control in hemiplegic patients.
Postural control in healthy subjects is usually assumed to be

n automatic task, but many studies using a dual-task paradigm
ave shown that postural control requires attention.18 To define
ttention, we quote the most frequently used definition, which
as given by William James in 1890: “It is the taking posses-

ion by the mind, in clear and vivid form, of one out of what
eem several simultaneously possible objects or trains of
hought. Focalization, concentration, of consciousness are of its
ssence. It implies withdrawal from some things in order to
eal effectively with others. . . .”19(p403-4) Attention is the first
tep in learning. Information processing could be subdivided
nto 2 processes: an automatic process and a controlled or
onscious process. The controlled process may be perturbed if
nother task has to be performed simultaneously or if the task
s too lengthy. Attention can be selective, focused or divided,
hasic or sustained. Each type of attention can be assessed
sing different tests, such as daily life questionnaires or arith-
etic tests or by measuring reaction time.
The aim of dual-task procedures is to assess the information

rocessing capacity of subjects performing 2 tasks at the same
ime. The tasks can be said to be independent if each task is
erformed correctly, which shows that the attentional require-
ents of the 1 task are not necessary to perform the other task.
owever, if the performance level obtained in 1 of the 2 tasks
ecreases in comparison with that obtained when this task is
erformed alone, this means that the attentional requirements
f the 2 tasks exceed the subject’s attentional capacity.20 Dual
asks have been used with many groups of subjects, such as
ower-limb amputees21 and patients with traumatic brain
njury22 performing a cognitive task (primary task) at the
ame time as a postural task (secondary task). If subjects’
ttentional capacity is exceeded, their performance on 1 of the
tasks, or both, will deteriorate.
With the dual-task paradigm, some studies have shown that
he attentional capacity of hemiplegic patients is lower than

Arch Phys Med Rehabil Vol 88, August 2007
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hat of healthy subjects.23 Other studies have shown that the
ttentional demands increase depending on the difficulty of the
ostural task24 (sitting, standing feet together) and that atten-
ion is altered in hemiplegic subjects with balance disorders
nd in fallers.25 In these studies, changes in the cognitive
erformances have been assessed during a postural task,
hereas changes in postural performances were not assessed
uring the cognitive task. Another study has assessed the
ffects of rehabilitation on hemiplegic subjects’ balance capac-
ty.26 This longitudinal study on patients before and after
ehabilitation showed that the postural control processes
hanged in postacute stroke patients performing dual tasks with
heir eyes closed (EC) as compared with the eyes open (EO)
ondition, in terms of weight bearing and COP velocity. The
emiplegic patients were not compared, however, with healthy
ex- and age-matched subjects. No studies have therefore been
erformed so far on postural control in chronic hemiplegic
atients performing a cognitive task in comparison with
ealthy subjects.
We have also addressed the influence of age on postural

ontrol during the performance of a dual task by hemiplegic
atients. Several studies on healthy older subjects have shown
he occurrence of changes in the postural control of body sway
nder dual-task conditions18,27 and during gait.28 To our
nowledge, however, the effects of age on dual-task perfor-
ance have never been studied in hemiplegic subjects.
The aim of the present study was therefore to determine

hether any changes in the postural control processes occur in
emiplegic patients of various ages with chronic stroke per-
orming a cognitive task, and what differences they may show
n comparison with healthy subjects. The dual task used here
as designed to establish the importance of attention in pos-

ural control, to obtain further information about the postural
ontrol processes, and to develop new tools for assessing
ostural control in hemiplegic patients. Studies on dual-task
aradigms are of considerable clinical importance. Hemiplegic
ubjects frequently perform dual tasks in everyday life, such as
tanding and talking or standing and washing or standing and
ressing. It is therefore necessary to determine what effects the
erformance of dual tasks may have on postural control. If the
erformance of a dual task can sensitize the dynamometric
ecordings, then this paradigm may also constitute a useful
imple test for assessing the postural abilities of hemiplegic
ubjects in clinical practice.

METHODS
We used an AMTI forceplatea measuring 0.6�0.4m to as-

ess the displacement of the COP in hemiplegic patients and
ealthy subjects. The sampling rate was 100Hz. The AMTI-
etforce software programa was used for the data recording and
he Bioanalysis software programa was used for the data pro-
essing. The parameters measured were the sway area and the
way path. A GAITRite systemb was used to assess subjects’
alking speed, in order to characterize the 2 populations of
emiplegic and healthy subjects.

articipants
This retrospective study was carried out on hemiplegic pa-

ients undergoing postural assessment at our department who
ad a stroke at least 5 months previously. Assessments of this
ind are carried out routinely on hemiplegic patients at our
epartment. The inclusion criteria were: poststroke hemiplegia
nd the ability to maintain a standing position without any help
or 30 seconds. The exclusion criteria were: vestibular disease,

erebellar disease, visual impairments not corrected by glasses, c

rch Phys Med Rehabil Vol 88, August 2007
ognitive disorders making it impossible to perform the dual
ask, and aphasia.

We included 23 hemiplegic patients in this study. There
ere 13 men and 10 women (mean age � standard deviation,
0.3�14.9y; range, 22�77y), including 12 left hemiplegic
atients and 11 right hemiplegic patients. Four of these patients
ad suffered from hemorrhagic strokes and 19 from ischemic
trokes. The mean time elapsing since stroke was 37�28
onths (range, 5�110mo).
Hemiplegic patients were compared with 23 healthy age-

nd sex-matched control subjects (10 men, 13 women) with a
ean age of 44.4�14.4 years (range, 24�78y).

ssessment Procedure
We performed a clinical assessment on each subject to

uantify the lesion, neurologic and joint impairments, hemine-
lect, balance, and gait impairments. The Fugl-Meyer Assess-
ent modified by Lindmark and Hamrin29 was used to assess

alance control. Sensory impairments were clinically assessed
o detect any epicritic and proprioceptive sensory deficits. The
ick and touch test and graphesthesia test were used for epi-
ritic sensory assessment, and the arthrokinesia test and pall-
sthesic test for proprioception assessment.

Quantitative assessments of balance were carried out under
he following conditions. The subjects were asked to adopt the
ost stable standing position, barefoot, on a piece of hardback

aper fixed to the forceplate. The foot position chosen by the
ubjects was drawn on the hardback paper to ensure that
he same position would be adopted by the subject under the
arious test conditions. The recording session lasted for 30
econds. The first test was run in the EO condition. After a
reak of 15 seconds, the second test was run in the EC condi-
ion. After a further break of 15 seconds, the third test was run
n the eyes open with an arithmetic task (EO-AT) condition.
he arithmetic task was a 1-digit count-down from 50 (50, 49,
8, . . .). During the EO tasks, the subjects were asked to fix a
arget placed in front of them at eye level. Before each record-
ng began, subjects were asked not to talk (except in the dual
ask), to keep their arms alongside their trunk, and not to move.
n the dual task, subjects were asked to perform the task while
ounting loudly at a normal talking speed to check the execu-
ion of the dual task.

To assess the body weight distribution, we used a second
MTI forceplate. The weight distribution between the lower

imbs was measured in the hemiplegic patients in the standing
osition with their eyes open, with 1 leg on each AMTI
orceplate. The 2 forceplates were used only to determine the
ody weight distribution, and not during the performance of the
ual or eyes closed tasks.

ata Analysis
The displacement (sway path length [in centimeters]) and the

way area of the foot COP (the 95% confidence ellipse drawn
n the distribution of the data points [in cm2]) were analyzed
uring the 30-second recording epoch. These data were ana-
yzed under the 3 conditions EO, EC, and EO-AT. The right
nd the left hemiplegic patients were also compared separately
nder the same conditions.

tatistical Analysis
We used the Student t test to check the differences between

he 2 populations. Analysis of variance (ANOVA) was per-
ormed on all the other comparisons. EO sway path was com-
ared with the EC path and EO-AT, and the EC sway path was

ompared with the EO-AT path in both hemiplegic and healthy
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ubjects. Similar comparisons were carried out on the sway
reas. The results obtained on hemiplegic patients in the 3
onditions were also compared to those obtained on healthy
ubjects under the same conditions. Linear regression was
erformed to compare the effects of age on sway area and path
etween healthy subjects and hemiplegic patients. The data
ubjected to the ANOVA were normally distributed (as con-
rmed using the Kolmogorov-Smirnov test).

RESULTS

opulation
In the hemiplegic patients’ group, there were 12 subjects

ith superficial sensory impairments and 10 subjects with
roprioceptive sensory impairments on the hemiplegic side
test with arthrokinesia), and 4 subjects showed hemineglect in
he Bells test.30 This population included 1 patient with type 2
iabetes without any neuropathy at the clinical examination.
his patient was being treated with oral medication for the
iabetes. No subjects had any clinical signs of neuropathy at
he clinical examination performed on the sound limb. There
ere 3 fallers scoring less than 1 fall a week. The mean value
f the hemiplegic patients’ self-selected walking speed was
42�.23m/s, as compared with that of the healthy subjects,
hich was 1.16�0.14m/s. The weight distribution in hemiple-
ic patients was asymmetric, and significantly in favor of the
ound leg in comparison with the hemiplegic leg (P�.001).

way Area and Path in Hemiplegic Patients
The sway area was greater in the EC condition than in the

O condition in hemiplegic patients (P�.001). The sway area
as also greater in the EO-AT condition than in the EO

ondition (P�.017). The sway area differed significantly be-
ween conditions EO-AT and EC in hemiplegic patients
P�.014) (fig 1).

The sway path was longer in the EC condition than in the EO
ondition in hemiplegic patients (P�.001). The sway path
ength differed significantly between conditions EO-AT and
O (P�.05). The sway path was longer in the EC condition

han in the EO-AT condition (P�.01) (see fig 1).

ig 1. Body (A) sway area and
B) sway path in healthy sub-
ects and hemiplegic patients
or the EO, EO-AT, and EC con-
itions. *P<.05, significant dif-
erence between healthy and

emiplegic subjects for each
ondition.
way Area and Path in Healthy Subjects
The sway area was larger in the EC condition than in the EO

ondition (P�.036) in healthy subjects. The sway area did not
iffer significantly in these subjects between conditions EO-AT
nd EO (P�.42). The sway area was larger in condition EC than
n condition EO-AT in healthy subjects (P�.01) (see fig 1).

The sway path did not differ significantly between condi-
ions EC and EO (P�.12) in healthy subjects. These subjects’
way paths did not differ significantly between conditions
O-AT and EO (P�.58), nor did their sway paths differ
ignificantly between conditions EC and EO-AT (P�.15) (see
g 1).

omparisons Between Hemiplegic Patients
ersus Healthy Subjects
Sway area in the EO condition did not differ significantly

etween hemiplegic patients and healthy subjects (P�.99).
way area in the EC condition differed significantly between
emiplegic patients and healthy subjects (P�.016). A greater
way area was recorded in the EO-AT condition in hemiplegic
atients than in healthy subjects (P�.004) (see fig 1).
Sway path was longer in the EO condition in hemiplegic

atients than in healthy subjects (P�.03). Sway path was
onger in the EO-AT condition in hemiplegic patients than in
ealthy subjects (P�.001). Sway path was also longer in the
C condition in hemiplegic patients than in healthy subjects

P�.001) (see fig 1).

ffects of Age on Dual-Task Performances
In hemiplegic patients, a significant increase in the sway area

P�.05) was found to occur with age in the dual-task condi-
ion. The slope of the linear regression was significantly steeper
n hemiplegic patients than in healthy subjects (t�12.08,
�.001) (fig 2). In hemiplegic patients, a significant increase

n sway path length (P�.01) was found to occur under the
ual-task conditions with age. The slope of the linear regres-
ion was significantly steeper with hemiplegic patients than
ith healthy subjects (t�7.24, P�.001) (see fig 2). The sway
ath length and sway area of the hemineglect patients were also
ompared with those of the other hemiplegic subjects to check
Arch Phys Med Rehabil Vol 88, August 2007



w
m
p
n
(

C
H

r
n
t

W

p
h
w
t
l
I
e

i

w
t
p
b
r
f
I
w
g

p
w
h
r
r
t
e
i
w
t
p
t

i
a
d

F
h
h
(
p

1012 HEMIPLEGIC POSTURAL CONTROL IN DUAL TASK, Bensoussan

A

hether hemineglect was more prevalent with age, because this
ight be a factor contributing to the differences between the

erformances of older and younger patients. The 2 groups did
ot differ significantly in terms of age (P�.727), sway path
P�.681), or sway area (P�.387).

omparisons Between Left Versus Right
emiplegic Patients
Body sway area did not differ significantly between left and

ight hemiplegic patients (P�.63). Body sway path length did
ot differ significantly between left and right hemiplegic pa-
ients (P�.28) (fig 3).

eight Distribution in Hemiplegic Patients
The weight distribution data were analyzed (fig 4) and com-

ared between the left and right hemiplegic groups. In the left
emiplegic group, the asymmetry of the weight distribution
as significantly greater than in the right hemiplegic group. In

he left hemiplegic group, the weight bearing on the sound
ower limb was greater than on the contralateral side (P�.001).
n the right hemiplegic group, there was no significant differ-
nce in the weight distribution between the limbs (P�.067).

DISCUSSION
The results obtained in the present study show that changes

n the postural control processes occur in hemiplegic patients

ig 3. Comparison between left
emiplegic patients and right
emiplegic patients for body

A) sway area and (B) sway
ath.

rch Phys Med Rehabil Vol 88, August 2007
ith chronic stroke of various ages performing a cognitive
ask. Changes in postural control were found to occur in the
atients performing attention-demanding cognitive tasks: the
ody sway area and path length, as recorded by a dynamomet-
ic platform, increased when hemiplegic patients were per-
orming a dual task. This was not the case in healthy subjects.
n addition, the effects of age on the dual-task performance
ere established: under dual-task conditions, body sway was
reater in the older than in the younger hemiplegic patients.
The effects of dual task on postural control have been

reviously documented in patients with other pathologies as
ell as in young and older healthy subjects18 but not in chronic
emiplegic patients as compared with control subjects. Our
esults are in agreement with those of de Haart et al,26 who
eported that a change in postural control occurred under dual-
ask conditions as compared with eyes open conditions. How-
ver, the aim of that study26 was to assess recovery of balance
n postacute stroke patients and no comparisons were made
ith control sex- and age-matched subjects. To our knowledge,

he present study is the first to assess postural control using
osturographic methods in chronic stroke patients under dual-
ask conditions.

In the present study, the hemiplegic patients showed an
ncrease in body sway area and path length in the EC condition
s well as in the EO-AT condition. Nardone et al12 have
escribed this effect under EC versus EO conditions in hemi-

Fig 2. Effect of age on dual-task
condition in postural control for
body (A) sway area and (B)
sway path.



p
a
c
t
h

c
h
p
w
o
d
t
t
d

a
r
a
p
t
i
p
T
h

p
t
a
r
i
t
h

p
p
t
h
s
l
e
a
h

i
m
r
p
h
p
A
i
h
h
i
a
h
n
t
a
t

d
p
g
l
s
s
m
e
t
t
t
p
f
a
u
c
t
b
e
h
s
m
t
a
d
a
a
r
d
g
r
c
p
m

p
f
b
p
l
s
h
w
s
w
m
c

F
p
h
h
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legic patients in comparison with healthy subjects. These
uthors noted that the sway area was larger under EC than EO
onditions in the case of the hemiplegic patients. This suggests
hat attention is as necessary as vision for postural control in
emiplegic patients.
The second important finding to emerge from this study

oncerns the effects of age on the dual-task performances of
emiplegic patients. The stance stability of older hemiplegic
atients decreased in the dual-task condition in comparison
ith younger hemiplegic subjects and healthy subjects. More-
ver, increasing age was found to be closely correlated with
ecreasing postural performances in hemiplegic subjects when
hey performed the arithmetic task. This was in keeping with
he results of studies performed on healthy older subjects
escribed by Woollacott and Shumway-Cook18 in their review.
However, no difference was found to exist between older

nd young healthy subjects performing a dual task. These
esults may be explained by the fact that the arithmetic task was

simple one. Indeed, Woollacott and Shumway-Cook18 re-
orted that the effects of cognitive task performance on pos-
ural control in older subjects depend on many factors, includ-
ng the complexity of the cognitive task, the difficulty of the
ostural task, and the age and balance abilities of the subjects.
here seem, therefore, to be additional effects of age and
emiplegia making dual tasks more difficult to perform.
The dual task seems to be a useful paradigm for assessing

ostural control in hemiplegic patients. Using a simple cogni-
ive task such as the present arithmetic task, we established that
change occurs in hemiplegic patients’ postural control as the

esult of the attentional demands imposed. This cognitive task
s one that can be easily performed by most hemiplegic pa-
ients. The performance of tasks of this kind had no effect on
ealthy subjects.
There are several possible explanations for the change in

ostural control occurring in hemiplegic patients during the
erformance of a cognitive task. In the first place, their atten-
ional capacity may have decreased.23,31,32 Marshall et al23

ave reported that hemiplegic patients performing a visual task
howed an impaired attentional capacity, as shown by the
engthening of the dual-task performance times. Stapleton
t al31 have reported that the sustained and selective auditory
ttention and the selective visual attention are affected in

ig 4. Body weight distribution on each lower limb in all hemiplegic
atients, and separately in left hemiplegic patients and in right
emiplegic patients. *P<.05, significant difference between the
emiplegic side and sound side.
emiplegic patients and that some patients also showed visual t
nattention. Many studies, such as that by LaBerge,20 have
apped the brain location of attentional processing. The brain

egions responsible for processing attention are the prefrontal,
osterior cortical, and thalamic regions. Van der Werf et al32

ave reported attention disorders in stroke patients with com-
lex attention deficits after damage to the intralaminar nuclei.
nother explanation could be that the attentional demands

nvolved in performing cognitive or postural tasks increase in
emiplegic patients. For example, the equinus varus foot of a
emiplegic subject was responsible for difficulties in maintain-
ng the standing position, possibly due to an increase in the
ttentional demands involved in maintaining equilibrium. This
ypothesis is more difficult to check. The third possible expla-
ation is that under dual-task conditions, a decrease in atten-
ional capacity may be associated with an increase in the
ttentional demands involved in performing the postural con-
rol task and the concomitant cognitive task.

In this study, we did not observe the existence of any
ifference in body sway between left and right hemiplegic
atients. Rode et al17 have reported a larger sway area and a
reater displacement of the COP under the sound lower limb in
eft hemiplegic compared with right hemiplegic patients. Le-
ions affecting the right brain hemisphere may result in more
evere postural control disorders in hemiplegic patients, and in
ore pronounced spatial data processing impairments. How-

ver, in that study, 11 subjects previously showed hemineglect
hat had disappeared at the moment of the assessment, but
hose patients may still have had persistent postural represen-
ation deficits. In our population, only 4 of the 12 left hemi-
legic patients had hemineglect. Another possible explanation
or the absence of any differences in body sway between left
nd right hemiplegic patients might be found in the methods
sed in the present study. Our hemiplegic patients were free to
hoose their most stable foot position. This probably reduced
he importance of differences in the changes in postural control
etween the right and left hemiplegic patients’ groups. Another
xplanation for the lack of difference between left and right
emiplegic subjects is that the time elapsing between the acute
troke and the posturographic measurement was as long as 28
onths on average, that is, quite a long time had elapsed since

he acute event. The differences between these 2 groups prob-
bly decrease with time after stroke. However, the body weight
istribution between the lower limbs was found to be more
symmetric in left than right hemiplegic patients: greater rel-
tive weight was placed on the sound lower limb in left than
ight hemiplegic subjects. This asymmetry of the body weight
istribution has been observed in previous studies on hemiple-
ic subjects.13,17 In our study, the hemiplegic patients with
ight brain damage showed greater changes in their postural
ontrol (asymmetry of body weight distribution) than the hemi-
legic patients with left brain damage. This finding is in agree-
ent with the data available in the literature.
The present hemiplegic and healthy subjects were free to

lace their feet in the most stable position. The position of their
eet was not imposed as in other studies in the literature,
ecause many patients could not even stay in the standing
osition with their feet together. The freedom they were al-
owed to choose the position of their feet might explain why the
ame body sway area was recorded in hemiplegic patients and
ealthy subjects in the EO condition. Admittedly, the subjects
ere asked to count aloud during the dual-task condition. Some

tudies have mentioned changes in the body sway occurring
hen subjects are speaking.33 The respiratory and articulatory
ovements involved in speaking might account for these

hanges in the body sway. In our study we had to make sure

hat the arithmetic task was being performed, which is why we

Arch Phys Med Rehabil Vol 88, August 2007
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sked the patients and subjects to count aloud. However, per-
orming the arithmetic task aloud did not affect the postural
ontrol parameters in our healthy subjects. It can therefore be
oncluded that this factor did not bias our study.

Dual tasks provide a useful means of testing postural control
n hemiplegic patients in clinical practice, because this situa-
ion often occurs in everyday life, when a subject is standing
nd talking or standing and washing or standing and dressing,
or instance. In addition, dual tasks provide a simple test that
ncreases the sensitivity of the postural tests commonly used in
linical practice. Studies on dual-task paradigms are therefore
f considerable clinical importance. It would be interesting to
onduct further studies to assess the relationships between the
hanges in postural control occurring during the performance
f dual tasks and the risk of falling to which hemiplegic
atients are exposed. This useful paradigm also provides a
imple means of assessing whether hemiplegic subjects show-
ng good postural control in simple tasks condition may use
ifferent postural control strategies under dual-task conditions,
howing the existence of latent postural control abnormalities.
n fact, this study has shown that the postural control of
emiplegic patients is superimposable on that of control sub-
ects under eyes open conditions, whereas dual tasks involve
hanges in hemiplegic patients’ postural control patterns. Dual
ask conditions therefore increase the sensitivity of the postural
ests available for use on hemiplegic subjects. This paradigm
ould also be used to assess the effects of therapy on hemiple-
ic subjects. It could be used for example to show the effects
f botulinum toxin injection (intended to reduce spasticity) on
ostural control. The dual task can be used here to assess the
ttentional demands involved in postural control: if the pa-
ient’s stability improves after botulinum injection, this means
hat the attentional demand has decreased.

CONCLUSIONS
The results of this study show that hemiplegic patients’

ostural control performances deteriorated during the perfor-
ance of a dual task. The effects of age on hemiplegic patients’

ual-task performances were also reflected in the increase in
way area and sway path length recorded in the cases of the
lder patients performing the dual task. The performance of the
imple arithmetic task had no effect on healthy subjects,
hereas the attentional capacity of hemiplegic patients did not

uffice to perform the dual task, and the quality of their stance
ecreased accordingly. Dual tasks therefore seem to be a useful
eans of assessing postural control in hemiplegic subjects.
asks of this kind could be used in forthcoming studies to
ssess the changes in hemiplegic patients’ ability to cope with
he demands of postural control after treatment.
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ABSTRACT. Rajaratnam BS, Venketasubramanian N, Ku-
ar PV, Goh JC, Chan Y-H. Predictability of simple clinical

ests to identify shoulder pain after stroke. Arch Phys Med
ehabil 2007;88:1016-21.

Objective: To identify simple diagnostic musculoskeletal
ests that can be performed early after stroke to predict patients’
ikelihood of reporting early signs of hemiplegic shoulder pain.

Design: Case control.
Setting: Multicenter acute care hospitals.
Participants: A total of 152 adults after a first episode of

troke, of whom 135 met the inclusion criteria. Thirty patients
ere assigned to the experimental group because they reported
oderate intensity of hemiplegic shoulder pain at rest. The

emaining 105 patients made up the control group.
Interventions: Not applicable.
Main Outcome Measures: Therapists measured the perfor-
ance of combined upper-limb movement including the hand-

ehind-neck (HBN) maneuver, passive pain-free ranges of
houlder motion, 3 musculoskeletal tests, and the strength of
eltoid muscles during each patient’s hospital stay. The nu-
eric rating scale (NRS) identified those who reported mod-

rate or greater intensities of hemiplegic shoulder pain during
est and during assessment.

Results: In our study, 22.2% (95% confidence interval,
5.5�30.2) of the patients reported hemiplegic shoulder pain,
n average 1 week after the onset of stroke. Positive Neer
est (NRS score �5) during the HBN maneuver and a
ifference of more than 10° of passive range of external
otation between shoulders had a 98% probability of pre-
icting the presence of hemiplegic shoulder pain (receiver
perating characteristic, .994; sensitivity, 96.7%; specific-
ty, 99.0%; positive predictive value, 96.7%; negative pre-
ictive value, 99.0%; P�.001).
Conclusions: Three diagnostic clinical tests that can be

erformed during a bedside evaluation increase the likelihood
f determining those who complain of hemiplegic shoulder
ain after an acute episode of stroke.
Key Words: Hemiplegia; Musculoskeletal system; Pain;

ehabilitation; Shoulder pain.
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EMIPLEGIC SHOULDER PAIN is among the 4 most
common, yet preventable, medical complications that pa-

ients may experience after stroke.1-5 It can commence as early
s the first 2 weeks after stroke.1,3-7 Seventeen percent of patients
xperienced shoulder pain within the first week,3 55% within 2
eeks,4 87% by 2 months,4 and 75% within the first year after

troke.8-10 The early onset of hemiplegic shoulder pain adversely
indered the recovery of upper-limb function because it has been
eported that improvement in upper-limb function within the first
weeks poststroke translated to greater usage of the affected limb
uring performance of functional tasks.11

Musculoskeletal conditions of noncentral origin such as gleno-
umeral instability, rotator cuff tears, subacromial and supraspi-
atus impingement, shoulder-hand syndrome, biceps tendonitis,
nd shoulder muscle atrophy also occurred after stroke.7,8,12-17

ess than 2 months after stroke, arthroscopic evaluations by Lo et
l13 identified 11 different types of shoulder pain etiology. Fifty
ercent of patients experienced adhesive capsulitis13 and the inci-
ence rose to 74% within a year.18 Restriction in shoulder external
otation also occurred among patients with severe shoulder pain
ess than 3 months after stroke.18-20 Some authors attributed the
arly limitation in shoulder ranges of motion (ROMs) to soft tissue
ontractures13 because patients with hemiplegic shoulder pain
howed synovial hypervascularization and cellular proliferation
ithout inflammatory infiltration.21 Other histologic findings

mong patients with adhesive capsulitis and shoulder-hand syn-
rome included elevated growth factor �, fibroblasts, tumor ne-
rosis factor �, and infiltration of perivascular leukocytes into the
apsule.22,23 Capsular adhesions further limited passive shoulder
xternal rotation.23,24

During the early phase of recovery, 65% of patients also
xperienced muscle weakness with no or minimal degenerative
hanges within the glenohumeral joint.4 Patients with both low
uscle tone and hemiplegic shoulder pain were at a greater risk

f experiencing glenohumeral instability and impingement syn-
romes.7,14,22,25,26 Glenohumeral instability and subacromial
mpingement are commonly diagnosed by simple and nonin-
asive apprehension, Neer, and sulcus tests,27 but these tests
re not usually performed on patients early after the onset of
heir stroke. Furthermore, there is a lack of reliable diagnostic
linical tests to identify the exact musculoskeletal etiologies
ssociated with hemiplegic shoulder pain.

The purpose of this study was to explore the association
etween early reporting of hemiplegic shoulder pain among
atients who experienced an acute episode of stroke with
ifferences in their shoulder ROMs, muscle strengths, muscle
ones, and positive findings of musculoskeletal clinical tests to
redict the likelihood of underlying shoulder dysfunction. The
econdary aim of the study was to establish valid and simple
iagnostic clinical tests that could predict those patients at risk

f developing hemiplegic shoulder pain.
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METHODS

esign
The institutional review boards of 3 general hospitals ap-

roved this multicenter study that was conducted between
ctober 2002 and May 2003.

articipants
Physical therapists from the hospitals recruited 152 adult

npatients who had experienced a first episode of acute stroke.
troke was diagnosed as a focal disturbance of cerebral func-

ion due to vascular origin lasting more than 24 hours. Patients
ere included in the study if they were medically stable,

ognitively oriented, and able to verbally express their needs.
he exclusion criteria were bilateral stroke, thalamic infarcts,
pper-limb sensory deficit, previous shoulder injury or pathol-
gy, reflex sympathetic dystrophy, receptive dysphasia, or un-
table angina. The cuff tightness test described by Price et al28

onfirmed that patients had the ability to differentiate levels of
ain intensities. Seventeen patients were rejected because they
howed mild alterations in their arm sensation or had early
igns of shoulder-hand syndrome. One hundred thirty-five pa-
ients provided informed consent before they participated in the
tudy.

easurements
The definition of shoulder pain was in accordance with the

rthritis and Rheumatism Council Epidemiological Research
nit criteria of an expression of continuous pain.29 The 11-
oint numeric rating scale (NRS) quantified the intensity of
ain, with 10 being the most intense level of pain and 0 being
o pain. The NRS is a valid and sensitive graded pain intensity
cale that is simple to use and highly recommended for studies
nvolving older patients.30 In the present study, 30 patients
eported moderate and greater (NRS score �5) intensities of
houlder pain at rest during their hospital stay. They were the
xperimental group, referred to as hemiplegic shoulder pain in
he present study. The rest of the recruited patients (controls)
eported mild or no shoulder pain at rest.

Physical therapists conducted all clinical tests at the patients’
edside or during rehabilitation sessions within their hospital
tay (mean, 8.62�6.6d). These tests included the following.

Clinical examination of shoulder ROMs and muscle
trengths. A goniometer was used to quantify the pain-free
anges of passive flexion, passive extension, passive abduction,
nd passive external rotation of all patients. Measurements
ere taken while patients were supine or side-lying and in

ccordance with the established protocol. ROMs were com-
ared with the unaffected upper limb and the differences ex-
ressed as a percentage of the available range of the unaffected
pper limb in a particular direction. Passive ROM of all shoul-
er motions was divided into 2 categorical variables, that is,
0° of difference or less and more than 10° of difference.
The ordinal scale of the manual muscle test quantified mus-

le strength of the anterior, middle, and posterior fibers of the
eltoid muscles. The scale reported a good to very good inter-
ater (weighted � range, .85�.94) and intrarater (weighted �
ange, .81�.96) agreements when performed on patients who
xperienced an acute episode of stroke.31,32 The muscle
trength of the deltoids were categorized into less than gravity,
nd equal to or greater than gravity. To keep the assessment
imple and quick to perform, the strength of other shoulder
uscles was not tested.
The Modified Ashworth Scale (MAS) quantified upper-limb

uscle tone, because the scale has been reported to have good

A
c

o very good interrater (weighted � range, .77�.96) and in-
rarater (weighted � range, .77�.83) agreements among pa-
ients who experienced stroke.32,33 Muscle tone of the upper
imb was categorized as normal when the MAS score was 0 to
� and high when the score was 2 to 4. Low tone reflected a
accid upper limb.
Combined upper-limb movements. The performance of

orsum of hand to lumbosacral junction (hand-behind-back
HBB]) maneuver reflects the combination of shoulder internal
otation and extension, whereas hand-behind-neck (HBN) ma-
euver is a combination of shoulder external rotation and
bduction.34 The therapist placed each patient’s affected arm
assively in both positions, one at a time, while patients re-
orted the intensity of shoulder pain they experienced.
Musculoskeletal tests. Therapists performed the apprehen-

ion, Neer, and sulcus tests on the affected upper limb of all
atients. The apprehension test is performed by placing the
atient in supine position with their arm externally rotated, in
bduction and slight extension. Reporting of shoulder pain or
igns of apprehension during the test suggest the likelihood that
he patient may have signs of anterior shoulder instability
sensitivity, 63%).27,35-37 In the sitting position, the therapist
erformed the Neer test by limiting each patient’s scapular rota-
ion while internally rotating the affected arm in a passive mode
hrough elevation in the scaphoid plane.27,38 Shoulder pain during
his test is suggestive of subacromial impingement.27,35,36,38 The
eer test has a sensitivity of 88.7%.35,36,38-41 The sulcus test was
erformed in the sitting position with patient’s affected arm by
heir side while the therapist pulled the elbow inferiorly to mea-
ure the physiologic separation between the acromial and the
umeral head. Separation of less than 1cm is scored as 1, 1 to 2cm
s scored as 2, and greater than 2cm is scored as 3. A grade 3
ulcus test indicates likely etiology of multidirectional glenohu-
eral instability. The test has a sensitivity of 28%.27,35,36

eliability Phase
A reliability study evaluated the agreement of recording of

emiplegic shoulder pain, HBB maneuver, HBN maneuver,
osterior deltoid strength, and passive external rotation per-
ormed on 17 patients by 2 physical therapists. The second
hysical therapist was unaware of the results of the first ther-
pist and revisited all 17 patients at least 2 hours after the
ompletion of the initial examination. There was a high degree
f reliability between the 2 therapists (table 1).

tatistical Analysis
Reports indicated that approximately 20% of patients experi-

nced hemiplegic shoulder pain during their hospital stay.3,17,24

hus, the minimum sample size required was identified to be

Table 1: Interrater Reliability of Selected Clinical Tests

Clinical Tests ICC

95% CI

Lower
Bound

Upper
Bound

Complaint of hemiplegic
shoulder pain at rest

.969 .918 .989

HBN maneuver .979 .934 .993
HBB maneuver .979 .942 .992
Difference in passive ROM

of external rotation
.916 .786 .968

Strength of posterior deltoid .979 .944 .992
bbreviations: CI, confidence interval; ICC, intraclass confidence
oefficient.

Arch Phys Med Rehabil Vol 88, August 2007
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A

32 patients at a 95% confidence interval (CI) (15�25). SPSSa

or Windows facilitated statistical analysis. During the reliabil-
ty phase of this study, intraclass correlation coefficient (ICC)
t 95% CI was calculated. Parametric t tests determined mean
ifferences between the hemiplegic shoulder pain and controls.
hi-square tests evaluated the association between patients
ith hemiplegic shoulder pain and the categorical variables.
linical measures of HBN maneuver, HBB maneuver, passive

houlder ROMs, and muscle strengths were categorized to
btain receiver operating characteristic (ROC) values from
inary logistic regression analyses. The full predictive clinical
odel consisted of the highest significant ROC value for each

linical test. This study also reported sensitivity, specificity,
ositive predictive value (PPV), negative predictive value
NPV), positive and negative diagnostic likelihood ratios
LR�, LR�), respectively, and probability of all clinical tests
nd variables. Significance level of all tests was P less than .05.

RESULTS

ifferences and Associations of Hemiplegic Shoulder Pain
Table 2 summarizes the characteristics and stroke status of

ll 135 patients. Most patients (83%) were aged over 55 years
ith a mean age of 64.36�10.82 years. Exactly 81.5% expe-

ienced an infarction that led to a stroke, which was consistent
ith the established epidemiologic health trends of the local
opulation.42 In our study, 22.2% (95% CI, 15.5�30.2) of
atients reported hemiplegic shoulder pain at rest (NRS score
5). There was no association between hemiplegic shoulder

ain at rest with age, sex, type of stroke, side of stroke, or
uscle tone (P�.05). All clinical examinations of shoulder
OMs and shoulder muscle strengths differed statistically be-

ween hemiplegic shoulder pain and control patients (P�.001).
emiplegic shoulder pain at rest was associated with lesser
eltoid muscle strengths (P�.001) and greater than 10° differ-
nces in passive flexion (P�.001), passive abduction
P�.001), and passive external rotation (P�.001). However,
here was no association between hemiplegic shoulder pain and
assive ROM extension (P�.275).

redictive Clinical Tests of Hemiplegic Shoulder Pain
Table 3 shows diagnostic properties of individual clinical

ests and their cutoff based on the highest ROC values (P�.05).
he complete predictive model consisted of positive apprehen-
ion and Neer tests, HBN score of 5 or greater, HBB score of
or greater, passive flexion difference of more than 5°, passive

xtension difference of more than 20°, passive abduction dif-
erence of more than 5°, passive external rotation difference of
ore than 10°, and the muscle strength in the 3 deltoid muscles

f less than gravity. The ROC of the complete model of 11
linical tests was .999 and the ROC remained unchanged when
he predictive model consisted of only 6 clinical tests (table 4,

odel A). The ROC values of predictive models B and C
onsisting of 4 and 3 clinical tests, respectively, were slightly
ess. However, their sensitivity, specificity, PPV, NPV, LR�,
nd LR� were the same as model A. Model D versions I
hrough III were combinations of 2 clinical tests each and
eported smaller ROC values compared with model C. Al-
hough model C required only 3 clinical tests, when all 3 tests
ere positive there was a 98% probability of identifying com-
laints of hemiplegic shoulder pain at rest (table 5).

DISCUSSION
The current study found that the proposed predictive model
onsisting of 3 simple bedside clinical tests allowed clinicians m

rch Phys Med Rehabil Vol 88, August 2007
98% probability of provisional early diagnosis of hemiplegic
houlder pain after stroke. The clinical tests were positive Neer
est, moderate or greater shoulder pain during performance of
he HBN maneuver, and a difference of greater than 10° of
assive external rotation at the shoulder joint. Highly sensitive
ests tend to have low specificity values, whereas highly specific
nes have low sensitivity and thus to increase the accuracy of a
iagnosis, 2 or more complementary clinical tests are usually
erformed.38,39,41 The combined accuracy of 3 clinical tests in
odel C had a PPV and sensitivity of 96.7% and a similar

ikelihood ratio, sensitivity, and specificity values as model A that
onsisted of 6 clinical tests (see table 4). Moreover, the high
tandard error (SE) for Neer test (SE�4303.89), and concurrent
ow error for HBN score of 5 or greater (SE�1.473) and passive
xternal rotation difference of more than 10° (SE�2.022) sug-
ested significant interactions occurred between clinical tests in

Table 2: Characteristics, Stroke Status, and Clinical Examinations

Variables
Controls
(n�105)

Hemiplegic Shoulder
Pain (n�30) P

Mean age � SD (y) 64.36�10.8 .256
Age distribution (y)

�60 34.3 46.7
61–70 35.2 20.0
�71 30.5 33.3

Sex .417
Male 54.3 50.0
Female 45.7 50.0

Type of stroke .300
Hemorrhage 17.2 23.3
Infarction 82.8 76.7

Side of stroke .138
Right 60.0 46.7
Left 40.0 53.3

Upper-limb muscle tone .056
Low (flaccid upper limb) 69.5 56.7
Normal (0 to 1�) 16.2 10.0
High (2 to 4) 14.3 33.3

Anterior deltoid strength �.001*
�gravity 31.4 93.3
�gravity 68.6 6.7

Middle deltoid strength �.001*
�gravity 34.3 93.3
�gravity 65.7 6.7

Posterior deltoid strength �.001*
�gravity 47.6 96.7
�gravity 52.4 3.3

Passive ROM flexion .001*
�10% difference 83.8 40.0
�10% difference 16.2 60.0

Passive ROM extension .275
�10% difference 53.3 6.7
�10% difference 46.7 93.3

Passive abduction �.001*
�10% difference 90.5 53.3
�10% difference 9.5 46.7

Passive external rotation �.001*
�10% difference 82.9 6.7
�10% difference 17.1 93.3

OTE. Values are percent unless otherwise indicated.
bbreviation: SD, standard deviation.
Significant at P�.001.
odel C.
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Our results confirmed reports of an association between
houlder pain at rest after stroke and decreased shoulder exter-
al rotation in the affected shoulder.4,13,18,20,24,43-45 Limitation
f shoulder external rotation on the paretic upper limb also
orrelated with the time of onset of stroke43 (r��.538,

Table 3: Diagnostic Properties of Significant Clinical Tests Among

Tests ROC Sensitivity S

Apprehension test (�ve) .695 80.0
Neer test (�ve) .881 100.0
HBN maneuver (NRS)

�2 .648 100.0
�3 .848 100.0
�4 .848 100.0
�5* .979 96.7
�6 .783 56.7
�7 .683 36.7

HBB maneuver (NRS)
�3 .652 100.0
�4 .738 100.0
�5* .845 96.7
�6 .748 66.7
�7 .767 53.31
�8 .700 16.7

Passive flexion
�5° difference* .781 93.3
�10° difference .719 60.0

Passive extension
�5° difference .705 93.3
�10° difference .733 93.3
�15° difference .762 93.3
�20° difference* .781 93.3
�25° difference .757 73.3

Passive abduction
�5° difference* .867 93.3
�10° difference .686 46.7

Passive external rotation
�5° difference .833 93.3
�10° difference* .881 93.3
�15° difference .790 66.7

Anterior deltoid � gravity .810 93.3
Middle deltoid � gravity .793 96.7
Posterior deltoid � gravity .795 93.3

bbreviation: �ve � positive test value.
Cutoff is highest ROC value.

Table 4: Diagnostic Properties of Predictive Models of Clinical Te
Shoulder Pai

Predictive Models

Model A (ROC �0.8)
Neer (�ve), HBN maneuver �5, HBB maneuver �5, passive

abduction �5° difference, passive external rotation �10°
difference, anterior deltoid � gravity

Model B (ROC �.85)
Neer (�ve), HBN maneuver �5, passive abduction �5° difference,

passive external rotation �10° difference
Model C (ROC �.88)
Neer (�ve), HBN maneuver �5, passive external rotation �10° dif
Model D (2 clinical tests, 3 versions)
(I): Neer (�ve) and HBN maneuver �5
(II) : Neer (�ve) and passive external rotation �10° difference

(III): HBN maneuver �4 and passive external rotation �10° difference
�.01). The current finding indicated that as early as a week
fter stroke, 93.3% of patients with hemiplegic shoulder pain at
est had a difference of more than 10° in range of shoulder
xternal rotation between limbs. Although obligatory external
otation is necessary for pain-free gliding of the supraspinatus

nts Who Complained of Hemiplegic Shoulder Pain at Rest (n�30)

city PPV NPV LR� LR� P

0 35.8 91.2 2.0 3.0 .001
2 54.5 100.0 4.2 � �.001

5 28.8 100.0 1.4 � .014
5 48.4 100.0 3.3 � �.001
5 48.4 100.0 3.3 � �.001
0 96.7 99.0 96.7 30.0 �.001
0 100.0 89.0 � 2.3 �.001
0 100.0 84.7 � 1.6 .002

5 29.1 100.0 1.4 � .011
6 35.3 100.0 1.9 � �.001
4 50.0 98.7 3.5 21.9 �.001
9 52.6 89.7 3.9 2.5 �.001
0 100.0 88.2 � 2.1 �.001
0 100.0 80.8 � 1.2 .001

9 41.8 97.1 2.5 9.4 �.001
8 51.4 88.0 3.7 2.1 �.001

6 33.7 96.2 1.8 7.1 .001
3 36.4 96.6 2.0 8.0 �.001
0 39.4 96.9 2.3 8.8 �.001
9 41.8 97.1 2.5 9.4 �.001
1 48.9 91.1 3.3 2.9 �.001

0 57.1 97.7 4.7 11.9 �.001
5 58.3 85.6 4.9 1.7 .002

3 50.0 97.5 3.5 10.9 �.001
9 60.9 97.8 5.5 12.4 �.001
4 69.0 90.6 7.8 2.7 �.001
6 45.9 97.3 3.0 10.2 �.001
9 42.0 98.5 2.5 18.8 �.001
7 43.8 97.2 2.7 9.8 �.001

r Early Identification of Patients Who Complained of Hemiplegic
Rest (n�30)

ROC Sensitivity Specificity PPV NPV LR� LR�

.999 96.7 99.0 96.7 99.0 96.7 30.0

.994 96.7 99.0 96.7 99.0 96.7 30.0

.994 96.7 99.0 96.7 99.0 96.7 30.0

.991 96.7 99.0 96.7 99.0 96.7 30.0

.963 82.4 98.0 93.3 94.3 41.2 5.6
Patie

pecifi

59.
76.

29.
69.
69.
99.

100.
100.

30.
47.
72.
82.

100.
100.

62.
83.

47.
53.
59.
62.
78.

80.
90.

73.
82.
91.
68.
61.
65.
sts fo
n at

f

.992 96.7 99.0 96.7 99.0 96.7 30.0
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endon during arm elevation, 17% of patients who did not
omplain of hemiplegic shoulder pain also had limitation in
houlder external rotation on their paretic limb (see table 2).
atients with shoulder instability also reported signs of shoul-
er impingement during arm elevation.46 More investigation is
equired to evaluate the dynamics that occur at the glenohu-
eral joint of patients with hemiparetic upper limbs when they

erform elevation tasks. Another study from our laboratory is
urrently studying the shoulder muscle activation patterns
mong patients with anterior shoulder instability and those with
emiparetic shoulder dysfunction to better understand the neu-
omotor control strategies that patients adopt during pain-free
erformance of overhead reaching tasks.
A number of researchers have questioned the accuracy of

eporting pain associated with this poorly understood phenom-
non of hemiplegic shoulder pain.25,28,47 Price et al28 expressed
hat stroke subtypes influenced the reporting of pain intensity at
he shoulder. However, Bohannon and Andrews25 felt that the

ethod of assessing shoulder pain was the most important
actor. Constant and Murley34 assessed shoulder pain intensity
mong orthopedic patients during the performance of func-
ional tasks. In the current study, shoulder pain was also as-
essed during performance of functional tasks including HBB
nd HBN maneuvers, and the cutoff intensity level of reporting
f shoulder pain was moderate (NRS score �5), which was
onsistent with findings of another study involving 54 pa-
ients.24 They too reported that approximately 20% of stroke
atients experienced shoulder pain at intensities equal or
reater than 5. Currently, there is no reliable criterion standard
o accurately evaluate signs of acute shoulder pain.39 The
resent study found that complaints of moderate pain at rest
nd 3 positive clinical tests can act as a pseudo-valid standard
o identify those who are at risk of hemiplegic shoulder pain.

oreover, the physical therapist’s interrater reliability mea-
urements of shoulder external rotation in the present study
see table 1) were similar to scores reported by Braus et al.22

ur ICC values were also better than .19 and .73 scored by
heumatologists and physical therapists, respectively, when
hey measured shoulder external rotation during abduction with
oniometry40 (see table 1). An ICC value of .89 is deemed to
e acceptable for clinical practice.41

Chronic conditions such as complex regional pain syndrome
ave identified predictive symptoms and their critical levels,
nd these findings led to better understanding and management
f this chronic condition.48 To our knowledge, this study is the
rst to establish that a combination of 3 simple clinical tests
an accurately predict the early onset of shoulder pain after
troke. The results enrich our understanding of the possible
athophysiology associated with this poorly understood yet

Table 5: Diagnostic Probabilities of Predictive Model C That Can
Be Used to Identify Patients With Complaints of Hemiplegic

Shoulder Pain at Rest (n�30)

Neer Test
HBN

Maneuver
Passive External

Rotation Difference (deg) Probability (%)

Negative �4 �10 0.0
Negative �4 �10 0.0
Negative �5 �10 0.0
Negative �5 �10 0.0
Positive �4 �10 1.7
Positive �4 �10 11.0
Positive �5 �10 84.0
Positive �5 �10 98.0
reventable medical condition. We plan to further evaluate the

rch Phys Med Rehabil Vol 88, August 2007
musculoskeletal tests identified against examination under
nesthesia and magnetic resonance imaging of the shoulder,
hich are deemed to be the criterion standards to evaluate

houlder dysfunction.

tudy Limitations
This study quantified pain intensity at the hemiplegic shoul-

er using an NRS, which is easy to administer and score.30 We
dopted this approach because there is no criterion standard to
redict the onset of hemiplegic shoulder pain. To minimize
alse-positive reporting of shoulder pain, the current study
aised the cutoff intensity threshold to an NRS score of 5 or
ore, consistent with practices of others.24 Furthermore, the

uff tightness test verified the ability of patients to discriminate the
ntensity of pain in the upper limbs. The current study could have
sed another pain intensity measuring tool to confirm reliability of
he NRS, but this would have prolonged the assessment procedure
nd probably caused frustrated patients to respond inaccurately.
e acknowledge that it would be ideal to perform costly inves-

igations such as radiography, magnetic resonance imaging, or
ltrasound as criterion standards to evaluate all 135 patients par-
icipating in the current study. With the results of the current
tudy, we can now incorporate these investigative procedures for

smaller population of acute stroke patients to evaluate the
oncurrent validity of the current battery of 3 clinical tests to
redict the early onset of hemiplegic shoulder pain. Another
ossible limitation of the current study was the inclusion of
atients who suffer infarctions at various sites of the brain. Al-
hough our exclusion criterion eliminated patients with thalamic
nfarctions and central shoulder pain syndrome, neural reorgani-
ation after stroke may have stimulated the thalamus to induce
houlder pain. The unaffected ipsilateral shoulder may also have
mpaired ranges of shoulder motion and muscle strengths that
ould provide inaccurate comparisons.49-51 Finally, there were
nly 30 patients in the experimental group who met the criteria of
oderate hemiplegic shoulder pain. The small number of patients

n the experimental group suggests that the current predictive
odel requires further investigation for universal acceptance.
hus, we are embarking on recruiting more patients to supplement

he current study’s data pool.

CONCLUSIONS
The study provides 3 simple clinical tests to predict those who

re likely to complain of hemiplegic shoulder pain early after
troke. Early diagnosis of this pathology will encourage early inter-
ention and presumably an improved outcome for the patients.

Acknowledgments: We thank the physicians and therapists from
an Tock Seng Hospital, Changi General Hospital, and National Univer-
ity Hospital for their active support during the course of this study.

References
1. Langhorne P, Stott DJ, Robertson L, et al. Medical complication

after stroke: a multicenter study. Stroke 2000;31:1223-9.
2. McLean DE. Medical complications experienced by a cohort of

stroke survivors during inpatient, tertiary-level stroke rehabilita-
tion. Arch Phys Med Rehabil 2004;85:466-9.

3. Ratnasabapathy Y, Broad J, Baskett J, Pledger M, Marshall J,
Bonita R. Shoulder pain in people with a stroke: a population-
based study. Clin Rehabil 2003;17:304-11.

4. Gamble GE, Barberan E, Laasch H, Bownsher D, Tyrrell PJ, Jones AK.
Post stroke shoulder pain: a prospective study of the association and risk
factors in 152 patients from a consecutive cohort of 205 patients present-
ing with stroke. Eur J Pain 2002;5:467-74.

5. Black-Schaffer RM, Kirsteins AE, Harvey RL. Stroke rehabilita-
tion. 2. Co-morbidities and complications. Arch Phys Med Reha-

bil 1999;80(5 Suppl 1):S8-16.



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

1021IDENTIFYING SHOULDER PAIN AFTER STROKE, Rajaratnam
6. Gamble GE, Barberan E, Bownsher D, Tyrrell PJ, Jones AK. Post
stroke shoulder pain: more common than previously realized. Eur
J Pain 2000;4:313-5.

7. Jung HY, Joong SY, Park BS. Recovery of proximal and distal
arm weakness in the ipsilateral upper limb after stroke. NeuroRe-
habilitation 2002;17:153-9.

8. Roy CW, Sands MR, Hill LD. Shoulder pain in acutely admitted
hemiplegics. Clin Rehabil 1994;8:334-40.

9. Van Ouwenaller C, Laplace P, Chantraine A. Painful shoulder in
hemiplegia. Arch Phys Med Rehabil 1986;6:22-36.

0. Wanklyn P, Foster A, Young J. Hemiplegic shoulder pain (HSP):
natural history and investigation of associated features. Disabil
Rehabil 1996;18:497-501.

1. Higgins J, Mayo NE, Desrosier J, Salbach NM, Ahmed S. Upper-
limb function and recovery in the acute phase of poststroke. J
Rehabil Res Dev 2005;42:65-78.

2. Roy CW, Sands MR, Hill LD. The effect of shoulder pain on
outcome of acute hemiplegia. Clin Rehabil 1995;9:21-7.

3. Lo S, Chen C, Lin H, Jim T, Meng N, Kao M. Arthrographic and
clinical findings in patients with hemiplegic shoulder pain. Arch
Phys Med Rehabil 2003;84:1786-91.

4. Culham EG, Noce RR, Bagg SD. Shoulder complex position and
glenohumeral subluxation in hemiplegia. Arch Phys Med Rehabil
1996;76:857-64.

5. Poulin de Courval L, Barsauskas A, Berenbaum B, et al. Painful
shoulder in the hemiplegic and unilateral neglect. Arch Phys Med
Rehabil 1990;71:673-6.

6. Dursun E, Dursun N, Ural CE, Cakci A. Glenohumeral joint
subluxation and reflex sympathetic dystrophy in hemiplegic pa-
tients. Arch Phys Med Rehabil 2000;82:944-6.

7. Jespersen HF, Jorgensen HS, Nakayama H, Olsen TS. Shoulder
pain after stroke. Int J Rehabil Res 1995;18:273-6.

8. Ikai T, Tei K, Yoshida K, Miyano S, Yonemoto K. Evaluation and
treatment of shoulder subluxation in hemiplegia. Am J Phys Med
Rehabil 1998;77:421-6.

9. Bohannon RW, Larkin PA, Smith MB, Horton MG. Shoulder pain
in hemiplegia: statistical relationship with five variables. Arch
Phys Med Rehabil 1986;67:514-6.

0. Zorowitz RD, Hughes MB, Idank D, Ikai T, Johnston MV. Shoul-
der pain and subluxation after stroke: correlation or coincidence?
Am J Occup Ther 1996;50:194-201.

1. Zhang L, Wang GG, Sharp AW. Little evidence of synovitis in
hemiplegic shoulder pain [abstract]. Arch Phys Med Rehabil
2003;84(9):A39.

2. Braus DF, Krauss JK, Strobel J. The shoulder-hand syndrome after
stroke: a prospective clinical trial. Ann Neuro 1994;36:728-33.

3. Rodeo SA, Hannafin JA, Tom J, Warren RF, Wickiewicz TL.
Immunolocation of cytokines and their receptors in adhesive cap-
sulitis of the shoulder. J Orthop Res 1997;15:427-36.

4. Broeks JG, Lankhorst GJ, Rumpling K, Prevo AJ. The long-term
outcome of arm function after stroke: results of a follow-up study.
Disabil Rehabil 1999;21:357-64.

5. Bohannon RW, Andrews AW. Shoulder subluxation and pain in
stroke patients. Am J Occup Ther 1990;44:507-9.

6. Ryerson S, Levit K. The shoulder in hemiplegia. In: Donatelli R,
editor. Physical therapy in the shoulder. 3rd ed. New York: Churchill
Livingstone; 1997. p 205-27.

7. Woodward TW, Best TM. The painful shoulder: Part 1. Clinical
evaluation. Am Fam Physician 2000;61:3078-88.

8. Price CI, Curless RH, Rodgers H. Can stroke patients use visual
analogue scales? Stroke 1999;30:1357-61.

9. Pope D, Croft P, Pritchard C, Silman A. Prevalence of shoulder
pain in the community: the influence of case definition. Ann

Rheum Dis 1997;56:308-12. a
0. Von Korff M, Jensen MP, Karoly P. Assessing global pain sever-
ity by self-report in clinical and health services research. Spine
2000;25:3140-51.

1. Bohannon RW, Smith MB. Assessment of strength deficits in
eight paretic upper extremity muscle groups of stroke patients
with hemiplegia. Phys Ther 1987;67:522-5.

2. Gregson JM, Leathley MH, Moore P, Smith TL, Sharma AK,
Watkins CL. Reliability of measurement of muscle tone and
muscle power in stroke patients. Age Ageing 2000;29:223-8.

3. Pandyan AD, Johnson GR, Price CI, Curless RH, Rodges H. A
review of the properties and limitations of the Ashworth and modified
Ashworth Scales as measures of spasticity. Clin Rehabil 1999;13:373-83.

4. Constant CR, Murley AH. A clinical method of functional assess-
ment of the shoulder. Clin Orthop Relat Res 1987;Jan(214):160-4.

5. Tzannes A, Paxinos A, Callanan M, Murrell GA. An assessment
of the interexaminer reliability of tests for shoulder instability. J
Shoulder Elbow Surg 2004;13:18-23.

6. Tzannes A, Murrel GC. Clinical examination of the unstable
shoulder. Sports Med 2002;32:447-57.

7. Mok DW, Fogg AJ, Hokan R, Bayley JI. The diagnostic value of
arthroscopy in glenohumeral instability. J Bone Joint Surg Br
1990;72:698-700.

8. Callis M, Akgun K, Bistane M, Karacan I, Callis H, Tuzun F.
Diagnostic values of clinical diagnostic tests in subacromial im-
pingement syndrome. Ann Rheum Dis 2000;59:44-7.

9. Australian Acute Musculoskeletal Pain Guideline Group. Evi-
dence based management of acute musculoskeletal pain. Brisbane:
Australian Acad Pr; 2003. p 119-46.

0. Hoving JL, Buchbinder R, Green SM, et al. How reliable do rheu-
matologists measure shoulder movement? Ann Rheum Dis 2002;61:
612-6.

1. Marx RG, Bombardier C, Wright JG. What do we know about the
reliability and validity of physical examination tests used to ex-
amine the upper extremity? J Hand Surg [Am] 1999;24:185-93.

2. Venketasubramanian N. Stroke in Singapore—an overview. Sin-
gapore Med J 1998;39:564-5.

3. Andrew AW, Bohannon RW. Decrease shoulder range of motion
on paretic side after stroke. Phys Ther 1989;69:768-72.

4. Rajaratnam BS, Luah CY, Saw LA. EMG study of the motor
recruitment pattern in hemiparetic shoulder during active shoulder
abduction. In: Proceedings of the 13th International Congress of
the World Confederation of Physical Therapists; 1999 May 23-28;
Yokohama (Japan).

5. Rajaratnam BS. Motor recruitment pattern in the hemiplegic
shoulder. In: Proceeding of the 3rd National Congress of the
Singapore Physiotherapy Association; 1999 May 18; Singapore.

6. Prato N, Peloso D, Franconeri A, et al. The anterior tilt of the
acromion: radiographic evaluation and correlation with shoulder
disease. Eur J Radiol 1998;8:1639-46.

7. Bender L, McKeena K. Hemiplegic shoulder pain: defining the
problem and its management. Disabil Rehabil 2001;23:698-705.

8. Perez RS, Keizer C, Bezemer PD, Zuurmond WW, de Lang JJ.
Predictive values of symptoms level measurements for complex
regional pain syndrome type 1. Eur J Pain 2005;9:49-56.

9. Mesker CG, Koppe PA, Konijnenbelt H, Veeger HE, Janssen TW.
Kinematic alterations in the ipsilateral shoulder of patients with
hemiplegia due to stroke. Am J Phys Med Rehabil 2005;84:97-105.

0. McCrea PH, Eng JJ, Hodgson AJ. Time and magnitude of torque
generation is impaired in both arms following stroke. Muscle
Nerve 2003;28:46-53.

1. Dewald JP, Beer RF. Abnormal joint torque patterns in the paretic
upper limb of subjects with hemiparesis. Muscle Nerve 2001;24:
273-83.

Supplier

. Version 13.0; SPSS Inc, 233 S Wacker Dr, 11th Fl, Chicago, IL 60606.

Arch Phys Med Rehabil Vol 88, August 2007



O

V
D
X
P

P
s
R

t
o

d
p
f
d
s
t

c

s
i
c

m
F
(

b
s
m
w
c
1
s
e
a
(
m
o
t
t
s

t

t
U

s
o

T
K

1022

A

RIGINAL ARTICLE

ariation of Muscle Coactivation Patterns in Chronic Stroke
uring Robot-Assisted Elbow Training
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ABSTRACT. Hu X, Tong KY, Song R, Tsang VS, Leung
O, Li L. Variation of muscle coactivation patterns in chronic
troke during robot-assisted elbow training. Arch Phys Med
ehabil 2007;88:1022-9.

Objective: To investigate the variation of muscle coactiva-
ion patterns during the course of robot-assisted rehabilitation
n elbow flexion and extension for chronic stroke.
Design: A detailed electromyographic analysis was con-

ucted on muscle activation levels and muscle coactivation
atterns, represented by a cocontraction index of a muscle pair,
or the muscles of biceps brachii, triceps brachii, anterior
eltoid, and posterior deltoid, during training of elbow exten-
ion and flexion, actively assisted by a robot, from 0° to 90° by
racking a target moving at a speed of 10°/s on the screen.

Setting: Rehabilitation center research laboratory.
Participants: Seven hemiplegic chronic stroke patients re-

eived elbow training.
Interventions: Each subject received 20 sessions (1.5 hours/

ession) of the elbow training on his/her paretic side at an
ntensity of 3 to 5 times a week for a training period of 7
onsecutive weeks.

Main Outcome Measures: Muscle cocontraction index,
uscle activation level, and Modified Ashworth Scale (MAS),
ugl-Meyer Assessment (FMA), and Motor Status Scale
MSS) scores.

Results: The electromyographic activation levels of the
iceps brachii, triceps brachii, and anterior deltoid of each
ubject decreased during the training. The overall electro-
yographic activation levels of the biceps and triceps,
hich, summarizing the performance of all subjects, de-

reased significantly in the middle sessions (from the 8th to
2th sessions) of the training (P�.05), associated with the
ignificant decrease (P�.05) in the MAS score. The overall
lectromyographic activation level of the anterior deltoid
lso decreased significantly from the 8th to 20th sessions
P�.05). Significant decreases in the cocontractions of all
uscle pairs were observed in all subjects and also in the

verall cocontraction index (P�.05). The cocontraction be-
ween the biceps and triceps significantly decreased when
he overall electromyographic levels of the 2 muscles were
table from the 10th to 20th sessions (P�.05). Significant
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mprovements (P�.05) on the FMA and MSS score were
lso found by the pre- and postassessments.

Conclusions: In the 20-session robot-assisted training, the
xcessive muscle activations reduced mainly in the first half of
he training course, which could be related to the learning
rocess of the tracking skill and also to the reduction in muscle
pasticity. The muscle coordination for achieving elbow track-
ng improved significantly in the latter sessions of the training,
epresented as decreased cocontraction indexes between the
uscle pairs.
Key Words: Assistive technology; Electromyography;
uscles; Rehabilitation; Robotics; Stroke.
© 2007 by the American Congress of Rehabilitation Med-

cine and the American Academy of Physical Medicine and
ehabilitation

TROKE IS A LEADING CAUSE of permanent disability
in adults, with clinical symptoms such as weakness, spas-

icity, contracture, loss of dexterity, and pain at the paretic side.
pproximately 70% to 80% of people who sustain a stroke
ave upper-extremity impairment1,2 and require continuous
ong-term medical care to reduce their physical impairment.
he traditional view on poststroke rehabilitation is that signif-

cant improvements in motor recovery only occur within the
rst year after stroke, associated greatly with the spontaneous
ecovery of the injured brain.3 However, recent studies suggest
hat intensive therapeutic interventions, such as constraint-
nduced movement therapy and task-relevant repetitive practice
f the affected limb,4,5 can also contribute to significantly
educed motor impairment and improved functional use of the
ffected arm in persons with chronic stroke (�1y after stroke).

In the absence of direct repair on the damaged brain tissues
fter stroke, neurologic rehabilitation is an arduous process,
ecause poststroke rehabilitation programs are usually time-
onsuming and labor-intensive for both the therapist and the
atient in one-to-one manual interaction. Recent technologies
ave made it possible to use robotic devices as assistance by
he therapist, providing safe and intensive rehabilitation with
epeated motions to persons after stroke.6 The most commonly
eported motion types provided by developed rehabilitation
obots are: (1) continuous passive motion, (2) active-assisted
ovement, and (3) active-resisted movement.4 During treat-
ent with continuous passive motion, the movements of the

atient’s limb(s) on the paretic side are guided by the robot
ystem while the patient stays in a relaxed condition. This type
f intervention was found to be effective in temporarily reduc-
ng hypertonia in chronic stroke,7 and in maintaining joint
exibility and stability for persons after stroke in the early
tage (within 3wk of onset).8 However, passive movement
id not significantly benefit motor improvement.8 In active-
ssisted robotic treatment (or interactive robotic treatment), the
ehabilitation robot would provide external assisting forces
hen the patient could not complete a desired movement

ndependently. For chronic stroke, it has been found that with

oluntary attempts by the patients, the interactive robotic treat-
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ents were more effective for motor functional improvement
han treatments using continuous passive motions.8 Robotic
reatment with active-resisted motion involved voluntarily
ompleting movements against programmed resistance.9 It has
een found that repetitive practice of hand and finger move-
ents against loads resulted in greater improvements in motor

erformance and functional scales than Bobath-based treat-
ent,10 transcutaneous electric nerve stimulation, and supra-

hreshold electric stimulation on hand and wrist muscles.11 In
obotic therapy, repeated practice against opposing force
ainly improved the muscle force from the elbow and shoulder

n a reaching task, and also benefited the functional improve-
ents in the wrist and hand for chronic stroke.9

Despite positive documentation of overall clinical outcomes
fter robot-assisted rehabilitation for chronic stroke, the precise
ffects of the interventions on the motor system recovery have not
een well described. A solution to this is to follow the evolution
f specific markers of motor ability over the course of rehabilita-
ion treatment. Changes of movement smoothness during robot-
ssisted stroke recovery have been described by Rohrer et al12;
owever, the kinematic parameters used in their study for the
valuation of movement smoothness did not directly reveal the
volution of poststroke motor system during rehabilitation. Im-
airment in hemiparetic stroke is usually accompanied by abnor-
alities of spasticity, muscle weakness, and disturbances in mus-

ular coordination mainly reflected by varied muscle coactivation
atterns.13 In many hemiparetic persons after stroke, when the
hysical signs (spasticity, weakness) have been treated effectively,
otor impairment associated with abnormal muscle coactivation

atterns could still be present and severe.14 Dewald et al15 sug-
ested that the primary source of motor dysfunction or global
isability in many hemiparetic patients after stroke was abnormal
ovement coordination, that is, abnormal muscle coactivation

attern. With the quantitative analyses on the electromyography
ecorded from the paretic upper limb in persons after stroke,
educed muscle coactivation patterns were found, and a relatively
igh correlation of motion at adjacent joints was also observed
uring isometric contractions in the previous works conducted by
ewald16 and Hu17 and colleagues. The related clinical observa-

ion is that the muscle coordination in hemiplegic persons after
troke is almost entirely stereotyped and does not permit different
ombinations of muscles.13 To our knowledge, muscle coactiva-
ion patterns in chronic stroke patients over the course of robot-
ssisted training have not been thoroughly studied yet. The pur-
ose of the current study was to quantitatively investigate the
ecovery process in motor control related to the elbow and shoul-
er joints in chronic stroke by monitoring the evolution of muscle
oactivation patterns during an elbow flexion and extension train-
ng actively assisted by a rehabilitation robot.

METHODS
After obtaining approval from the Human Subjects Ethics

ub-Committee of the Hong Kong Polytechnic University, we
ecruited 7 hemiplegic subjects after stroke for the study. All of
he subjects were in the chronic stage (at least 1y postonset of
troke; 6 men, 1 woman; age, 51.1�9.7y). All subjects re-
eived a robot-assisted elbow training program consisting of 20
essions, with at least 3 sessions a week and at most 5 sessions
week, and finished in 7 consecutive weeks. Each training

ession was completed in 1.5 hours. Before and after the
raining, we adopted 2 clinical scales to evaluate the voluntary
otor function of the paretic upper limb (the elbow and shoul-

er) of the subjects: the Fugl-Meyer Assessment (FMA; for
lbow and shoulder; maximum score, 42)18 and the Motor
tatus Scale (MSS; shoulder/elbow; maximum score, 40).19
pasticity of the paretic elbow of each subject before and after s
he training was assessed by the Modified Ashworth Scale
MAS) score.20 The clinical assessments of this study were
onducted by a blinded therapist.

During each training session, each subject was comfortably
eated, and the affected upper limb was placed horizontally on
n electromyography-driven motor system (a Dynaserv motor,a

ssociated with an AKC-205A torque sensor; accuracy,
03Nmb) developed by Song et al21 with the elbow joint posi-
ioned at the origin, as shown in figure 1. The forearm of the
ffected side was placed on a manipulandum, which could rotate
ith the motor; and the elbow angle signals were measured by the
otor via readings of the positions of the manipulandum. A belt
as used to fasten the shoulder joint in order to keep the joint
osition still during elbow extension and flexion. Electromyogra-
hy electrode pairsc with a center separation of 2cm were attached
o the skin surface of the muscle belly of biceps brachii, triceps
rachii (lateral head), anterior deltoid, and posterior deltoid, ac-
ording to the configuration specified in Cram’s work.22 The
lectromyography electrode pairs were not moved once placed.
he electromyographic signals were preamplified,d band-pass
ltered (from 10 to 500Hz) and recorded through an analog-

o-digital card,e together with the angle signals, with a sam-
ling frequency of 1000Hz.
The electromyographic signals for the muscles of interest

uring the resting state were first recorded before any voluntary
otion taken by a subject in each session, which served as the

lectromyographic baselines of the individual muscles for the
ession. The isometric maximum voluntary flexion (IMVF;
uration, 5s) and extension (IMVE; duration, 5s) of the elbow
t a 90° elbow angle were then measured at a repetition of 3
imes, respectively, with a 5-minute rest break after each con-
raction to avoid muscle fatigue. Other studies have reported
hat the maximum extension and flexion torques could usually
e found at 90° of the elbow angle for hemiplegic subjects after
troke.23 During the training, each subject was required to carry
ut voluntary elbow flexion and extension in the elbow range
rom 0° to 90° (0° representing full extension) by tracking a
arget cursor moving at an angular velocity of 10° per second
n the screen for both flexion and extension. From the study by
heng et al24 and our own experimental experiences,21 10° per

econd was chosen as a reasonable speed for subjects after
troke to follow, in order to prevent too difficult or too easy a
ace for the subjects to achieve. Background music and verbal
ncouragement were given to subjects during the training.
uring tracking, active-assisted torques were generated by the
otor system during the extension only,21 based on the robot

esign, with the supportive torque controlled by electromyo-
raphic signals.24 The active-assisted torque during the exten-
ion movement was defined as:

Ta � G · TIMVE · Mt (1)

here G is a constant gain used to adjust the magnitude of the
ssistive torque and TIMVE is the maximum value of the exten-
ion torque at the elbow angle of 90°. Mt in equation 1 was
efined as

Mt �
EMGTRI � EMGtrest

EMGtIMVE � EMGtrest

(2)

here EMGTRI was triceps brachii electromyographic activity
fter the processes of full-wave rectification and moving aver-
ge with a 100ms window, EMGtrest was the averaged EMGTRI
uring the resting state, and EMGtIMVE was the maximum
alue of EMG during IMVE. The reasons for applying
TRI
upportive torques in extension only were that hemiplegic

Arch Phys Med Rehabil Vol 88, August 2007
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ubjects usually have more difficulty in carrying out extension
han flexion,23 and their flexors were commonly more spastic
han extensors.25 It has been found that the elbow tracking and
eaching performances of poststroke subjects could be imme-
iately improved when using this type of active-assisted robot
evices from different research group studies.21,24 In the cur-
ent study, each subject was allowed to practice tracking for 10
inutes before the start of the training, to familiarize them-

elves with the course. In each training session, there were 18
racking trials, and each trial had 5 cycles of elbow extension
nd flexion. In all trials, active-assisted torques were given in
xtension associated with the gain, G in equation 1, equal to
%, 50%, and 100% alternatively applied to the tracking trials
n a session. Resistive torques were also applied to each trial
ith values of a percentage of the torques during the maximum
oluntary contractions (extension and flexion), that is,

Tr � a · TMVC

here Tr was the resistive torque, a was the percentage (10% or
0%, alternatively applied to the tracking trials in a session),
nd TMVC that included 2 parts, the maximum TIMVF (applied
n the flexion phase only) and TIMVE (applied in the extension
hase only). The net torque provided by the robot during the
raining is

Tn � Ta � Tr

here Ta is the supportive torque and Tr was the resistive
orque. The purposes of applying the resistive torques propor-

Trajectory
Tracking Screen

A/D
System

EMG
Electrode

EMG (BIC, TRI,
AD, and PD)

Angle display

Angle

Preamplification
and filtering

EMG TRI
ional to the IMVF and IMVE during the training were (1) to t
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mprove the muscle force generation of the paretic limb,26 and
2) to keep the effective muscular effort at a level associated
ith a possible increase in muscle force during the training.
lthough Ta and Tr would tend to cancel, the 2 torques were
irectly related to the personal effort of the subjects during the
raining. Therefore, the net torque provided by the robot was
nteractive to the motor ability of subjects. Subjects were
llowed to have a rest break of 2 minutes between consecutive
racking trials.

Electromyographic activity from the muscles of interest and
ngle signals during the training were recorded and stored in a
omputer during the even-numbered sessions of the training for
ffline processing. The elbow angle signals were low-pass
ltered with a cutoff frequency of 20Hz. The torque signals
uring the IMVF and IMVE were also low-pass filtered with a
utoff frequency of 10Hz. A 4th-order, zero-phase forward and
everse Butterworth digital filter was adopted for the filtering
rocesses. Figure 2A shows the representative signals recorded
rom a subject during the training. The linear envelope of the
ecorded electromyographic signals was obtained by (1) full-
ave rectification, (2) low-pass filtering (10Hz cutoff frequency
ith fourth-order, zero-phase forward and reverse Butterworth
lter), (3) subtraction of the average electromyographic activity
uring the resting state, and (4) normalized to the maximum value
f electromyographic activation in each muscle during either a
raining session or the IMVF and IMVE of each session.27 Most
f the electromyographic maximum values were observed in
MVF and IMVE, and only few (4 sessions) were found during

EMG-driven
motor System

Torque

Fig 1. The experimental setup
used for elbow extension and
flexion training. Subjects con-
ducted elbow flexion and exten-
sion on the horizontal plane, by
tracking a target cursor moving
at 10° per second on the screen.
Electromyography (EMG) elec-
trode pairs were attached to the
skin surface of the muscles bi-
ceps brachii (BIC), triceps
brachii (TRI), anterior deltoid
(AD), and posterior deltoid (PD).
After preamplification and filter-
ing, the electromyographic sig-
nals were digitized and stored
along with the angle and torque
signals. The electromyographic
activity of triceps brachii was
also used as a control signal to
the electromyography-driven
motor system for providing the
supportive torque during the
training. Abbreviation: A/D, an-
alog to digital.
he tracking task. The coactivations among muscle pairs during
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he training were studied by the cocontraction index (CI) as
ntroduced in Frost et al’s study,27 that is,

CI �
1

T
�T

Aij(t)dt (3)

here Aij(t) was the overlapping activity of electromyographic
inear envelopes for muscles i and j, and T was the length of the
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ig 2. Representative signals
aptured in the training experi-
ent. (A) The raw electromyo-

raphic signals from the triceps
rachii and biceps brachii, and
orque signals during IMVF and
MVE after the filtering; and the
iceps brachii and triceps
rachii electromyographic sig-
als and the angle signals dur-

ng a tracking trial. (B) Illustra-
ion of the calculation of
ocontraction indexes (CI)
with the unit of %Max) of the

uscle pairs during a tracking
rial.
ignal. The value of a cocontraction index for a muscle pair p
aried from 0 (no overlapping at all in the signal trial) to 1
total overlapping of the 2 muscles with both electromyo-
raphic levels kept at 1 during the trial). The representative
egments of electromyographic envelopes from the muscle
airs in a tracking trial are shown in figure 2B. The electro-
yographic activation level of a muscle in a tracking trial was

lso calculated by averaging the electromyographic envelope
f the trial. The cocontraction indexes for different muscle
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A

nd the root mean square error (RMSE) between the target and
he actual elbow angle were calculated for each trial of all even
essions. The averaged values of the cocontraction indexes and
MSEs of all trials in a session for each subject were used as

he experimental readings for statistical analyses. Statistical
nalyses on the variation of the overall cocontraction indexes,
verall electromyographic activation levels, and the overall
MSEs across the sessions, summarizing the performance of
ll subjects, were carried out by analyses of variance (ANO-
As) with Bonferroni post hoc test. A paired t test was used for

omparison of the clinical scores before and after the training.
he statistical significant level was .05.

RESULTS
Table 1 shows the clinical scales used for the impairment

valuation before and after the 20-session training. It was
ound that the mean values of scores for FMA and MSS had
ncreased significantly (t tests, P�.05) and the mean value of

AS decreased significantly (t tests, P�.05) after the training.
or each subject, the clinical scales indicated improvements in
t least 2 items.

Figure 3 shows the variation of the overall RMSE of the
lbow angle during the tracking training. The overall RMSE
aried significantly across the sessions with a decreasing ten-
ency (1-way ANOVA, P�.05). The statistically significant
ecrease occurred at the 10th session compared with the values
or the 2nd, 4th, and 6th sessions (post hoc tests, P�.05). The
ariation of RMSE from the 2nd to 8th sessions was not
ignificant. There was also no significant changes in RMSE
rom the 10th to 20th sessions, except a local minimum at the
9th session (post hoc tests, P�.05). Decreasing tendencies in
ean RMSE value were also observed in all individual subjects

y comparing the mean RMSE values of the 2nd and 20th
essions and the decreases varied from 15.6% (subject 6) to
9% (subject 3). For subjects 1, 2, 3, 4, and 7, the maximum
MSEs were observed at the 2nd session, whereas for subjects
and 6, the maximum RMSEs appeared at the 6th session.
Figure 4 shows the electromyographic activation levels of

ach muscle during the training. The overall electromyographic
ctivation level of the 4 muscles varied significantly across the
essions during the training (1-way ANOVA, P�.05). A sig-
ificant decreasing tendency in the overall electromyographic
ctivation level for the biceps brachii, triceps brachii, and
nterior deltoid were found by comparing the maximum value
observed at the 4th session for the biceps brachii, at the 8th
ession for the triceps brachii and anterior deltoid) with the
alue at the last session (post hoc tests, P�.05). Decreases in
he mean electromyographic activation level of the biceps
rachii, triceps brachii, and anterior deltoid for the individual

Table 1: The Clinical Scales Mea

Pretraining Scores

Subject MAS FMA

1 1 15
2 2 14
3 1� 14
4 2 14
5 2 12
6 2 14
7 2 10

Mean � SD 1.8�0.4 13.3�1.7 1

bbreviation: SD, standard deviation.
ubjects were also found, varying from 3.3% (subject 2, triceps
i
v

rch Phys Med Rehabil Vol 88, August 2007
rachii) to 84.7% (subject 7, biceps brachii), with the maxi-
um values appearing in or before the 10th session. The result

howed the significant decreases of the overall electromyo-
raphic activation level for the biceps brachii and triceps
rachii mainly occurred before the 12th session (post hoc tests,
�.05). There was no significant decrease in the overall elec-

romyographic activation level of the biceps brachii from the
0th session till the end, and the overall activation level of the
riceps brachii did not change from the 12th to 20th sessions.
he decreasing tendency of the overall anterior deltoid activa-

ion level was significant from the 8th session to the 20th
ession (post hoc tests, P�.05). There was no decrease found
n the overall posterior deltoid activation level throughout the
raining; and the electromyographic levels at the 6th, 8th, and
0th sessions were even significantly higher than that of the
nd session (post hoc tests, P�.05). The posterior deltoid
ctivation levels for individual subjects did not display a con-
istent trend.

Figure 5 shows the muscle cocontraction patterns during the
raining, represented by the cocontraction index of each muscle
air. The variations in the overall cocontraction index of all
uscle pairs were significant (1-way ANOVA, P�.05), and

he overall cocontraction index of all muscle pairs reached their
aximum at the 8th session. There was no significant change
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ig 3. The variation of the mean RMSE values of individual subjects
from S1 to S7, represented by symbols shown in the legend); and
he global RMSE summarizing the performance of all subjects dur-

d Before and After the Training

Post-Training Scores

MAS FMA MSS

1 17 19.6
0 17 18.6
1 14 17.6
1� 15 16
1 15 18.6
1 14 14.4
1� 14 21

2.3 0.9�0.5 15.1�1.3 18.0�2.2
sure

MSS

15
16.4
14
12
18.6
12.6
14.4

4.7�
ng the tracking across the training sessions, represented by the
alues of mean and standard deviation (SD) (error bars).
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ound in the overall cocontraction indexes of the triceps brachii
nd posterior deltoid and biceps brachii and triceps brachii (see
g 5) during the first 8 sessions. The overall cocontraction

ndexes of the biceps brachii and anterior deltoid, anterior
eltoid and posterior deltoid, and biceps brachii and posterior
eltoid at the 8th session were significantly higher than the
ocontraction indexes at the 2nd session (post hoc tests,
�.05). The overall cocontraction indexes of the muscle pairs
iceps brachii and anterior deltoid, anterior deltoid and poste-
ior deltoid, and triceps brachii and anterior deltoid reached a
ocal minimum (post hoc tests, P�.05) at the 6th session before
he appearance of the maximum mean values at the 8th session.
or all muscle pairs, there was a significant decrease in the
ocontraction index value from the 8th session to the 10th
ession (post hoc tests, P�.05). After the 8th session (from the
0th to 20th sessions), the overall cocontraction index values of
he biceps brachii and triceps brachii, biceps brachii and ante-
ior deltoid, anterior deltoid and posterior deltoid, and triceps
rachii and anterior deltoid showed a significant decreasing
endency until the end of the training (post hoc tests, P�.05).
he overall cocontraction indexes of the triceps brachii and
osterior deltoid and biceps brachii and posterior deltoid varied
onsignificantly from the 10th session to the 20th session. The
aximum values of the cocontraction indexes of the muscle

airs for each subject appeared mostly on or before the 8th
ession, except the cocontraction indexes of biceps brachii and
nterior deltoid for subject 2 (at the 12th session), anterior
eltoid and posterior deltoid for subject 2 (at the 10th session),
riceps brachii and anterior deltoid for subject 4 (at the 16th
ession), and biceps brachii and posterior deltoid for subject 6
at the 10th session). By comparing the maximum cocontrac-
ion index value with the cocontraction index at the last ses-
ion, decreases in the cocontraction indexes of the muscle pairs
or the individual subjects were found to vary from 7.6%
biceps brachii and posterior deltoid for subject 1) to 82.5%
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ig 4. The variations of electromyographic activation level for the
iceps brachii, triceps brachii, anterior deltoid, and posterior deltoid
uscles. The electromyographic activation levels from individual

ubjects (ie, S1 to S7) are represented by their respective symbols
hown in the legend. The global electromyographic activation lev-
ls of the muscles, summarizing the performance of all subjects, are
epresented by values of mean and SD (error bar).
biceps brachii and triceps brachii for subject 7).
m
v

DISCUSSION
After the 20 sessions of robot training of the elbow exten-

ion/flexion, motor improvements could be observed in all
ubjects, associated with the improved clinical scores, and
ecreases in the RMSE, cocontraction indexes, and electro-
yographic activation levels. The decrease in the clinical score

f MAS suggested a reduction in spasticity of the impaired
pper limb of the subjects. Increases in the FMA score and
SS implied improved motor functions of the paretic upper

imb during prescribed voluntary movements. However, pre-
nd post-tests using the clinical scales can only provide general
bservations on the functional improvements, with little infor-
ation revealed about the recovery process associated with the

pecific treatment.
The decrease in the mean values of the RMSE during track-

ng across the sessions in all subjects (see fig 3) suggested
mprovement in tracking performance. Adult cerebral cortex is
apable of significant functional plasticity, and postinjury be-
avioral experience is a major modulator of neurophysiologic
nd neuroanatomic changes that take place in the undamaged
issue.28 It has been found that task-oriented physical training
ould help the redevelopment of lost motor functions by orga-
izing neuromuscular pathways with compensatory motor cen-
ers.28 Intensive repeated robot-assisted training has helped the
unctional motor recovery process for persons after stroke even
uring the chronic state.5 Fasoli et al9 indicated that poststroke
otor recovery was similar to motor learning to some extent,

nd what was known about motor learning may predict the
ourse of motor recovery. In motor learning studies, the learn-
ng of a skilled movement has been characterized by a plateau
f little or no change in performance.29 Therefore, in this work,
fter the 10th session, the tracking skill had been stably devel-
ped or learned by the subjects after stroke, because the RMSE
eached its steady state after the 10th session.

The changes in muscle coactivation patterns during the task-
riented and robot-assisted training were analyzed by the elec-
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ig 5. The variations in cocontraction index of the muscle pairs,
riceps brachii and posterior deltoid, biceps brachii and triceps
rachii, biceps brachii and anterior deltoid, anterior deltoid and
osterior deltoid, triceps brachii and anterior deltoid, and biceps
rachii and posterior deltoid. The cocontraction indexes of individ-
al subjects are represented by symbols shown in the legend. The
alues of the global cocontraction indexes for a muscle pair sum-

arizing the performance of all subjects are represented by the

alues of mean and SD (error bar).
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A

romyographic activation levels of individual muscles and the
ocontraction indexes of different muscle pairs. Before the
0th session, the overall RMSE values during tracking were
elatively high. This was associated with the higher overall
lectromyographic levels of the biceps brachii, triceps brachii,
nd anterior deltoid muscles in these sessions (see fig 4), during
hich the cocontractions, that is, the overall cocontraction

ndexes, between the different muscle pairs were also high (see
g 5). Two major reasons could explain the higher electromyo-
raphic levels before the 10th session: the overactivation of
uscles during the initial period of motor learning for a skillful

ask,30 and the spasticity after stroke, which could cause extra
uscle activities.31 The high cocontraction levels in the muscle

airs observed during this period were also mainly associated
ith the excessive electromyographic activities of the muscles.
he significant decreases in the overall electromyographic lev-
ls of the biceps brachii and triceps brachii, that is, the main
gonist and antagonist muscles related to the elbow joint,
ccurred in the middle sessions of the training (from the 8th to
2th sessions), but the overall electromyographic levels of the
muscles were almost stable in the latter sessions (after the

2th session). This possibly implies that the reduction in the
uscle spasticity, measured by the MAS after the training,
ainly occurred in the middle sessions (ie, from the 8th to 12th

essions). The reduction in the electromyographic levels be-
ween an antagonist muscle pair also released the cocontraction
etween the muscles during elbow flexion and extension, il-
ustrated by the cocontraction index values in the latter content.
t is also understood that the reduction in electromyographic
ctivation level during tracking was possibly because of the
ncreased muscle force with resistive training, that is, the
ubjects could perform the tracking tasks with less muscle
ffort. However, the resistance applied to each session was
roportional to the maximum flexion and extension torques of
he same session, which was associated with the possible
mprovement in muscle force generation. Therefore, the reduc-
ions in electromyographic levels observed should be mainly
ttributed to the decrease in excessive muscle activations. The
ecreasing trend of the overall anterior deltoid electromyo-
raphic level suggests the reduction in the excessive muscle
ctivations of the shoulder during the elbow tracking. Com-
ared with the anterior deltoid muscle, the overall electromyo-
raphic level of the posterior deltoid muscle decreased little
cross the training sessions. This is possibly because flexors are
sually more spastic than extensors in persons after stroke and
uscle weakness is more commonly observed in extensors

ather than flexors.25,32

The cocontraction between the antagonist muscle pair
round a joint in subjects without impairment could contribute
o stabilizing of the joint in a static motion,33 and to movement
ccuracy in a dynamic motion.34 However, excessive cocon-
ractions are energetically expensive,34 and abnormal muscle
oactivation patterns, mainly concontractions, in the paretic
imb after stroke even degrade the accuracy and efficiency of
imb movements.15 The significant decreases in the cocontrac-
ion index values of all muscle pairs (see fig 5) was associated
ith the improvement in the tracking accuracy represented by

he reduced RMSE (see fig 3). These decreases suggest overall
mprovement in the coordination of the individual muscles, or
ore effective and efficient muscle coordination for achieving

he tracking task by the elbow flexion and extension. There are
major reasons that could explain the decreased cocontraction

ndex of a muscle pair: the reduction in the electromyographic
ctivation level of the muscles, and the reduced cocontracting
hase of the 2 muscles. The decrease in the overall cocontrac-

ion index of the triceps brachii and posterior deltoid was d

rch Phys Med Rehabil Vol 88, August 2007
ainly due to the reduction in the electromyographic level of the
riceps brachii, because the variation of this cocontraction index
as consistent with the change in the overall triceps brachii

lectromyographic levels. However, for the overall cocontraction
ndex between the biceps brachii and triceps brachii, further de-
rease after the 10th session was observed when the overall
lectromyographic levels of the 2 muscles were almost un-
hanged. This suggests that the decrease was not related to the
eduction in the excessive electromyographic activation of the
ntagonist muscle pairs, but was associated with the reduced
ocontracting phase of the biceps brachii and triceps brachii. It
lso indicated an improved contracting and relaxing phasic pattern
f the biceps brachii and triceps brachii during elbow extension
nd flexion in the latter sessions of the training. The decrease in
he overall cocontraction index of the biceps brachii and triceps
rachii appeared later, with a longer time course than the de-
reases in electromyographic levels of the respective biceps
rachii and triceps brachii muscles. No steady state was reached
y the decreasing cocontraction index of the biceps brachii and
riceps brachii in the 20 sessions. It implied that further improve-
ent in the muscle coordination between the biceps brachii and

riceps brachii could possibly be obtained by providing additional
essions; and electromyographic cocontraction index, that is, co-
ontraction index, could be used as a simple measure for moni-
oring the improvement in muscle coordination during the train-
ng. For many persons after stroke, their elbow movements are
sually associated with unnecessary shoulder activities. The de-
rease in the overall cocontraction indexes of the biceps brachii
nd anterior deltoid, triceps brachii and anterior deltoid, and bi-
eps brachii and posterior deltoid after the 10th session indicated
he better isolation of the elbow movement from the shoulder,
hich was related to the reduction in excessive activation of the

nterior deltoid muscle. The decrease in the overall cocontraction
ndexes of the biceps brachii and anterior deltoid, anterior deltoid
nd posterior deltoid, and triceps brachii and anterior deltoid to the
0th session also suggests that further reduction in these cocon-
raction indexes was possible with more training sessions. It has
een reported in existing literature that poststroke training for the
istal joints could increase the motor capacity related to the
ntralimb proximal joint35 and the elbow training in this work
ight also benefit the functional recovery of the shoulder joint.
As reported by subjects in this study, the major improvement

hey all could feel after the training was the significant reduc-
ion in contracture and stiffness at the elbow and shoulder
oints. This could be related to the great reduction in MAS
core after the training (decreased almost half in the mean
alue compared with that of the pretraining) (see table 1).
owever, the improvements in FMA and MSS did not have as
uch change as in MAS after the training. Further improve-
ent in motor functions assessed by FMA and MSS is possible
ith more training sessions in future studies, because the
ecrease in cocontraction index values did not reach a plateau
fter the 20 sessions of training in this study.

CONCLUSIONS
In this study, significant motor improvements assessed by
AS, FMA, and MSS were observed after the 20-session

raining on elbow tracking task actively assisted by a rehabil-
tation robot. The muscle coactivation patterns during the in-
eractive robot-assisted training on elbow flexion and extension
ere analyzed by the electromyographic activation level of

ndividual muscles and the electromyographic cocontraction
ndex of the muscle pairs. The electromyographic activation
evels of the major agonist and antagonist muscle pair of the
lbow joint, biceps brachii and triceps brachii, significantly

ecreased in the first half of the training course, which was
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ssociated with an improvement in tracking skill and a decrease
n spasticity. The electromyographic level of the anterior del-
oid also decreased during the training, suggesting a better
solation of elbow movements from the shoulder in the paretic
imb. The coordination among the individual muscles related to
he elbow and shoulder joints in the paretic upper limb im-
roved mainly in the latter half of the training course, and was
eflected in the reduction in the overall cocontraction indexes
f the different muscle pairs. The results obtained in this study
rovide further understanding of the recovery process, espe-
ially muscle coordination, during interactive robot-assisted
raining, which would be useful for the design of robot-assisted
raining programs. We suggest that clinical studies with larger
ubject sample sizes to examine robot-assisted rehabilitation
ffects related to different training intensities could be carried
ut in the future studies.
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ABSTRACT. Haziza M, Kremer R, Benedetti A, Trojan
A. Osteoporosis in a postpolio clinic population. Arch Phys
ed Rehabil 2007;88:1030-5.

Objectives: To determine (1) the frequency of osteoporosis
t the hip and lumbar spine in a postpolio clinic population and
2) the association of lower-extremity muscle strength and
ther potential contributing factors to osteoporosis with bone
ensity measured at the hip.
Design: Cross-sectional study involving a chart review.
Setting: A university-affiliated hospital postpolio clinic.
Participants: Patient charts (N�379) were reviewed; 164

26%) were included, and 215 (74%) were not included pri-
arily (74%) because of the unavailability of bone density

esults.
Interventions: Not applicable.
Main Outcome Measures: Bone density (in g/cm2) and T

core were assessed at the femoral neck and lumbar spine.
uscle strength was evaluated by manual muscle testing in 7

ilateral lower-extremity muscles.
Results: The occurrence of osteoporosis at the hip and

umbar spine was 20 (32%) of 62 and 6 (10%) of 61 in men, 3
9%) of 33 and 2 (6%) of 32 in premenopausal women, and 18
27%) of 67 and 7 (11%) of 65 in postmenopausal women,
espectively. In a logistic regression model, the presence of
steoporosis at the hip was significantly associated with
trength sum score in the same extremity in which the bone
ensity was performed after adjusting for other important risk
actors (age, body mass index, time since polio).

Conclusions: Osteoporosis occurred commonly at the hip in
postpolio clinic population. Hip bone density was associated
ith muscle strength in the same lower extremity.
Key Words: Osteoporosis; Poliomyelitis; Rehabilitation;

isk factors.
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CUTE PARALYTIC POLIOMYELITIS is primarily a
disease of the motor unit. It occurs as a result of motor

euron invasion by the poliovirus, resulting in denervation of
uscle fibers.1 This process can produce flaccid asymmetric
eakness and muscle atrophy, which causes reduced mobility

nd increases the risk for falls. Because of the success of the
oliovirus vaccine, poliomyelitis, once among the most feared
uman infectious diseases, is now almost entirely preventable
y proper immunization. Even though acute paralytic polio is
ery rare in North America today, it is still a problem in less
eveloped parts of the world and a large number of people with
revious paralytic polio are alive today.1

Osteoporosis is defined as a progressive systemic skeletal
isorder characterized by low bone mineral density (BMD),
esulting in bone fragility and increased susceptibility to frac-
ures.2,3 Osteoporosis is a chronic condition of multifactorial
tiology and is usually clinically silent until a fracture occurs.
he prevalence of osteoporosis in a postpolio clinic population

s unknown. Because of chronic weakness and reduced activity,
hese patients likely have a higher prevalence of osteoporosis
nd an increased risk for falls with resultant fractures.4 Several
isk factors for osteoporosis have been identified, such as
dvanced age, female sex, familial predisposition, early meno-
ause, smoking, heavy alcohol intake, reduced physical activ-
ty, and muscle weakness.2,3,5-8 The last 2 are of particular
mportance for this study. Osteopenia is defined as a decrease
n BMD that can be a precursor condition for osteoporosis.3

owever, not every person diagnosed with osteopenia will
evelop osteoporosis. Because the relation between fracture
ate and osteopenia is not as well established as with osteopo-
osis,2,6 we have chosen to be concerned primarily with osteo-
orosis in this study.
The identification of patients at risk for osteoporosis could

ead to a prompt diagnosis and preventative treatment instituted
efore a possible fall or fracture occurs. Therefore, early de-
ection of osteoporosis would help prevent hip fractures, which
ause considerable economic and social costs and increase
orbidity and mortality among patients affected. In a Swedish

tudy,8 it was found that the annual number of patient days in
n acute care hospital for hip fracture was higher than for breast
ancer, myocardial infarction, or diabetes.

The objectives of this study were to (1) determine the fre-
uency of osteoporosis and osteopenia at the hip and lumbar
pine in a postpolio clinic patient population; (2) to evaluate the
ssociation of lower-extremity strength with bone density at the
ip; and (3) to evaluate the association of bone density and
ther potential contributing factors to osteoporosis such as age,
eakness at acute polio, time since acute polio, body mass

ndex (BMI), mobility status, and history of smoking and
lcohol abuse.

METHODS

tudy Design
This was a cross-sectional study. Data were obtained from a

hart review of patients who had been evaluated and followed
t a university-affiliated hospital postpolio clinic. The study

as approved by the institutional research ethics board.
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A bone densitometry was requested depending on the doc-
or’s judgment after patient evaluation. A bone densitometry
valuation was considered for essentially all clinic patients.
he examination was requested by the clinic physician if no
uch evaluation had been performed in the past few years in
ostmenopausal women and in premenopausal women and in
en with lower-extremity weakness. All patients were evalu-

ted by the same physician. The majority of the bone densi-
ometry examinations were performed at the same center
50/65 [78.1%] in men, 23/32 [74.2%] in premenopausal
omen, 46/67 [68.7%] in postmenopausal women).

tudy Population
Active patient charts (N�379) of the postpolio clinic were

eviewed between October 2003 and January 2004. Inclusion
riteria for the study were (1) history and physical examination
onsistent with previous paralytic polio and (2) bone densitom-
try result available. Reasons for noninclusion were (1) pres-
nce of other medical disorders that can cause osteoporosis (eg,
ntreated thyroid disease, Paget’s disease, primary hyperpara-
hyroidism, Cushing’s syndrome, gastrectomy, malabsorption
yndrome), (2) current or previous use of medications, which
an cause osteoporosis (eg, steroids, certain anticonvulsants),2

nd (3) presence of other significant neurologic difficulties
other than paralytic polio and postpolio syndrome).

ata Collection and Outcome Measures
The dependent variables were bone density at the femoral

eck and lumbar spine (in g/cm2) and the presence or absence
f osteoporosis and osteopenia at the femoral neck and lumbar
pine. Osteoporosis and osteopenia were defined as per the

orld Health Organization (WHO) criteria (a T score at or
elow �2.5 for osteoporosis and a T score between �1 and
2.5 for osteopenia).3,7,9 Bone density of the hip was assessed

rbitrarily on the left, if possible. Some patients had bone
ensity assessments performed only at 1 site because of the
resence of a total hip arthroplasty, spinal fusion, severe de-
enerative changes, and other causes.
Data on the following independent variables were obtained:

ge at evaluation, sex, BMI, age at polio, weakness at acute
olio, age at menopause, history of fractures (yes, no), smoking
istory (yes, no), alcohol abuse history (yes, no), mobility, and
urrent muscle strength. Weakness at acute polio was assessed
n a 0 to 6 scale, with 6 being most severe (0, no weakness; 0.5,
artial weakness; 1, complete paralysis for each of 4 limbs;
espiratory involvement: 0, no involvement; 0.5, partial in-
olvement; 1, use of iron lung or respirator; speech/swallowing
ysfunction: 0, no involvement; 0.5, partial involvement; 1,
ignificant difficulties). A similar measure has been found to be
alid.10 Construct validity was evaluated by comparing weak-
ess at acute polio in patients who were and were not hospi-
alized. Hospitalized patients were significantly weaker on this
easure than those not hospitalized. Mobility was assessed as
hether or not the patient walked daily and whether or not a
heelchair or scooter was used. If the age at menopause was
nknown for a subject, it was arbitrarily set at age 50 years, as
one in previous studies.2,11,12

Motor strength scores were calculated by using data obtained
rom the first postpolio clinic neurologic examination, which
sed a standardized form. Motor strength was evaluated by
anual muscle testing by using the Medical Research Coun-

il’s (MRC) 0 to 5 scale by the same physician for all patients.
uscle strength was assessed in 7 bilateral lower-extremity
uscles (hip flexors, hip extensors, hip abductors, knee exten-
ors, knee flexors, ankle dorsiflexors, ankle plantarflexors). A w
um score for each and both lower extremities was calculated
or each patient by using the sum of the manual muscle testing
esults for hip flexors, knee extensors, and ankle dorsiflexors. A
imilar measure that used MRC-based physician muscle
trength examination in 4 extremities has been found to have
xcellent interrater reliability in Guillain-Barré syndrome, a
hronic neurologic disorder characterized by weakness and
ensory deficits.13 Our sum score used the same 3 bilateral
ower-extremity muscles.

tatistical Analysis
We calculated the occurrence of osteopenia and osteoporosis

t the hip and lumbar spine (as defined by the WHO criteria) in
patient groups (men, premenopausal women, postmenopausal
omen). The association between bone density measurement

t the hip and muscular strength was assessed by calculation of
earson correlation coefficients for the same 3 groups (men,
remenopausal women, postmenopausal women). Confidence
ntervals (CIs) for the correlation coefficients were calculated
y using the Fisher r-to-z transformation. For the univariate
nalyses of potential predictive factors in included and not
ncluded patients and in patients with and without osteoporosis
t the hip, we used t tests for continuous variables and chi-
quare tests for dichotomous variables. When the expected
umber of subjects in a cell was less than 5, we used a Fisher
xact test for dichotomous variables. We present P values that
ere not adjusted for multiple comparisons. These tables are
escriptive in nature, and the P values are used to indicate
hich factors might be important to include in the multivariate

nalyses. We compared pre- and postmenopausal women with
steoporosis and osteopenia at the hip and lumbar spine with a
hi-square test or Fisher exact test. A logistic regression model
as estimated in the entire population of subjects to evaluate

he association of osteoporosis at the hip with lower-extremity
trength after adjusting for other important predictive factors.
hus, additional variables considered for the multivariate lo-
istic regression model were those that could be considered
onfounders on a substantive basis. These included the poten-
ial predictive factors previously listed. Age was dichotomized
t 50 years because we assumed that women were menopausal
t age 50 or more as done in previous studies.2,11,12 BMI was
ichotomized at 25, which is commonly used as the definition
f obesity. Menopausal status was not entered into the equation
or women because in many cases menopausal status was
nknown and women aged 50 or more were deemed to be
enopausal. Sex-specific models showed a different effect of
MI in men and women, leading us to assess an interaction
etween sex and BMI. This interaction was also plausible from
substantive standpoint. Variables were kept in the model if

hey were borderline or statistically significant or if their in-
lusion changed other estimates materially. The statistical soft-
are used for analyzing the data was SAS.a

RESULTS
After completion of the review, an opportunity sample of

64 patients was included in the study. A total of 215 patients
ere not included (159/215 [74%]) primarily because of the
navailability of bone densitometry results. Other reasons for
oninclusion were the presence of other neurologic disorders
12/215 [5.6%]), other medical disorders (Cushing’s syndrome,
yperparathyroidism) (5/215 [2%]), and a diagnosis not com-
atible with poliomyelitis (14/215 [7%]).
To evaluate the similarity of patients included in the study to

he more general postpolio clinic population, patients included

ere compared with those not included. Men included in the

Arch Phys Med Rehabil Vol 88, August 2007
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A

tudy were significantly weaker than those not included (mean
trength sum score in both legs � standard deviation [SD],
6.8�8.3 vs 23�7.8; P�.001). Premenopausal women in-
luded in the study were significantly older than those not
ncluded (44.5�4.5y vs 41.2�7.3y, P�.02). They were also
ignificantly weaker (strength sum score in both legs, 16.1�9.7
s 21.3�9.5; P�.02). Postmenopausal women included were
lso weaker at the time of the acute polio than those not
ncluded (weakness at polio score, 2.9�1.7 vs 2.2�1.5;
�.02) and were weaker at time of the evaluation (strength
um score in both legs, 17.9�8.6 vs 21.4�8.2; P�.01). The
verall patient population included was weaker when compar-
ng the strength sum score in both legs (P�.05). There were no
ifferences between men included and not included with regard
o age at evaluation, weakness at polio, time since polio, and
MI. No differences were noted between premenopausal
omen included and not included with regard to age at polio,
eakness at polio, time since acute polio, and BMI. There were
o differences between postmenopausal women included and
ot included with regard to age at evaluation and at polio, time
ince acute polio, and BMI. We also compared patients in-
luded with those not included because of the unavailability of
one density results. Similar results were noted between these
groups to those described earlier with the exception that men

ncluded were significantly older than those not included
58�10.8y vs 53.3�11.9y, P�.03), and premenopausal
omen included were not significantly weaker (strength sum

core in both legs, 16.1�9.7 vs 20.2�9.8; P�.09).
The occurrence of osteoporosis and osteopenia at the hip is

s follows: 20 (32%) of 62 and 26 (40%) of 62 in men, 3 (9%)
f 33 and 13 (39%) of 33 in premenopausal women, and 18
27%) of 67 and 28 (42%) of 67 in postmenopausal women,
espectively. The occurrence of osteoporosis and osteopenia at
he lumbar spine is as follows: 6 (10%) of 61 and 17 (28%) of
1 in men, 2 (6%) of 32 and 7 (22%) of 32 in premenopausal
omen, and 7 (11%) of 65 and 20 (31%) of 65 in postmeno-
ausal women, respectively. Osteoporosis at the hip tended to
ccur more frequently in postmenopausal women than pre-
enopausal women (P�.07), but there were no differences in

Table 1: Association Between Hip Bone Density and Musc
postmenop

Group Muscle Strength Variable

Men Hip flexors
Hip extensors
Hip abductors
Strength sum score in same lowe
Strength sum score in both lower

Premenopausal women Hip flexors
Hip extensors
Hip abductors
Strength sum score in same lowe
Strength sum score in both lower

Postmenopausal women Hip flexors
Hip extensors
Hip abductors
Strength sum score in same lowe
Strength sum score in both lower

OTE. Muscle strength was evaluated by manual muscle testing us
y summing the muscle strength results for the hip flexors, knee ex
The number of muscle groups or strength sum scores.
95% CI of the Pearson correlation coefficient.
he occurrence of osteoporosis at the lumbar spine and in the P

rch Phys Med Rehabil Vol 88, August 2007
ccurrence of osteopenia in premenopausal women compared
ith postmenopausal women.
In univariate analyses (table 1), in men, moderate correla-

ions were found between hip bone density and hip flexor
trength (Pearson correlation coefficient, r�.27; 95% CI,
02�.49) and between hip bone density and strength sum score
hip flexors, knee extensors, ankle dorsiflexors) in the same
xtremity in which the bone density was performed (Pearson
�.32; 95% CI, .08�.53). In premenopausal women, hip bone
ensity and strength sum score in the same lower extremity
orrelated moderately (r�.35; 95% CI, .01�.62), and, in post-
enopausal women, moderate correlations were found be-

ween hip bone density and same hip flexor strength (r�0.3;
5% CI, .07�.50), strength sum score in the same lower
xtremity (r�.25; 95% CI, .01�.46), and strength sum score in
oth lower extremities (r�.27; 95% CI, .03�.48).
A comparison of potential predictive factors in patients with

nd without osteoporosis at the hip is presented in tables 2
nd 3. Premenopausal women with osteoporosis were younger
t acute polio, and postmenopausal women with osteoporosis
ere weaker at acute polio, but there were no other differences
etween patients with and without osteoporosis with regard to
ge and weakness at acute polio, time since acute polio, current
ge, and BMI. There were also no differences between patients
ith and without osteoporosis in terms of mobility status and
istory of smoking and alcohol abuse. Because there were only
premenopausal women with osteoporosis, we also compared

otential predictive factors for osteoporosis in premenopausal
omen with and without osteopenia at the hip. These results
ere similar to those for osteoporosis with the exception that
remenopausal women with osteopenia did not differ from
hose without osteopenia with regard to age at acute polio.

In a multivariate model (table 4), osteoporosis at the hip was
ignificantly associated with strength sum score in the same
ower extremity (odds ratio [OR], .42 per 5-point increase in
trength score; 95% CI, .28�.64; P�.001) after adjusting for
ime since acute polio (OR�1.04; 95% CI, 1.00�1.09;
�.03), age at evaluation less than 50 years (OR�.47; 95% CI,
.14�1.50; P�.20), male sex (OR�.87; 95% CI, 0.28�2.62;

ength in a Postpolio Clinic (men, premenopausal women,
l women)

n* Mean � SD Pearson r (95% CI)† P

62 3.2�1.9 .27 (.02 to .49) .03
25 3.2�2.3 .19 (�.22 to .54) .38
31 3.2�2.0 .11 (�.25 to .54) .54

emity 62 9.3�5.1 .32 (.08 to .53) .01
mities 62 16.8�8.3 .10 (�.15 to .34) .46

33 3.0�2.0 .22 (�.13 to .52) .21
16 2.7�2.4 .36 (�.17 to .73) .17
19 2.6�2.0 .23 (�.25 to .62) .34

emity 33 8.7�5.8 .35 (.01 to .62) .04
mities 33 16.1�9.7 .17 (�.18 to .49) .34

67 3.1�2.0 .30 (.07 to .50) .01
24 3.8�1.8 .07 (�.34 to .46) .76
27 3.4�1.9 .03 (�.35 to .41) .90

emity 67 10.0�5.2 .25 (.01 to .46) .04
mities 67 17.9�8.6 .27 (.03 to .48) .03

e MRC’s 0 to 5 scale. A lower-extremity sum score was calculated
ors, and ankle dorsiflexors.
le Str
ausa

r extr
extre

r extr
extre

r extr
extre

ing th
tens
�.80), and interaction between weight and sex (P�.08).
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eing overweight appeared to be harmful for men (OR�2.4;
5% CI, 0.71�8.00) and protective for women (OR�0.57;
5% CI, 0.19�1.71).

DISCUSSION
In this exploratory study, we found that osteoporosis and

steopenia at the hip were common in men and in premeno-
ausal and postmenopausal women who are referred for bone
ensitometry in a postpolio clinic population. However, we
ound a lower frequency of osteoporosis at the lumbar spine in

Table 2: Comparison of Potential Predictive Factors in Patients
With and Without Osteoporosis at the Hip: Categorical Variables

Potential Predictive Factors

Osteoporosis

PYes (%) No (%)

Men
Mobility status

Walking daily 19/20 (95.0) 35/42 (83.3) 0.26
Use of wheelchair or scooter 5/20 (25.0) 10/42 (23.8) 1.00

History of smoking 4/20 (20.0) 6/42 (14.3) 0.71
History of alcohol abuse 1/20 (5.0) 1/42 (2.4) 0.54

Premenopausal women
Mobility status

Walking daily 1/3 (33.3) 22/30 (73.3) 0.21
Use of wheelchair or scooter 2/3 (66.7) 9/30 (30.0) 0.25

History of smoking 1/3 (33.3) 8/30 (26.7) 1.00
History of alcohol abuse 0/3 (0.0) 1/30 (3.3) 1.00

Postmenopausal women
Mobility status

Walking daily 12/18 (66.7) 44/49 (89.8) 0.06
Use of wheelchair or scooter 6/18 (33.3) 13/49 (26.5) 0.76

History of smoking 4/18 (22.2) 6/49 (12.2) 0.44
History of alcohol abuse 0/18 (0.0) 1/49 (2.0) 1.00

Table 3: Comparison of Potential Predictive Factors in Patients
With and Without Osteoporosis at the Hip: Continuous Variables

Potential Predictive Factors

Osteoporosis

PYes No

Men 20 42
Age at acute polio (y) 5.7�5.5 7.5�9.8 .34
Weakness at acute polio

(0�6 scale) 1.9�1.3 2.5�1.5 .15
Time since acute polio (y) 55.3�12.1 49.2�11.8 .07
Current age (y) 61.0�11.3 56.8�10.7 .16
BMI (kg/m2) 25.6�4.1 26.2�5.4 .64

Premenopausal women 3 30
Age at acute polio (y) 2.3�0.6 5.7�8.1 .03
Weakness at acute polio

(0�6 scale) 2.6�2.1 2.2�1.5 .67
Time since acute polio (y) 41.7�2.4 38.9�9.6 .62
Current age (y) 44.0�2.2 44.6�4.8 .85
BMI (kg/m2) 25.6�4.6 25.8�3.9 .96

Postmenopausal women 18 44
Age at acute polio (y) 9.1�9.3 5.7�4.9 .15
Weakness at acute polio

(0�6 scale) 3.7�1.7 2.6�1.6 .01
Time since acute polio (y) 56.3�13.3 56.2�8.9 .97
Current age (y) 59.9�11.4 62.0�8.5 .17
BMI (kg/m2) 26.3�6.2 26.6�5.3 .86
rOTE. Values are n or mean � SD.
ur population. A significant correlation was found between
one mass and muscle strength (strength sum score in the same
ower extremity in which bone densitometry was performed) in
oth our univariate and multivariate analyses. We did not find
ther significant associations between bone mass and other
nown risk factors such as smoking, alcohol consumption, age,
nd sex.

To our knowledge, this is the most comprehensive study of
steoporosis in postpolio patients to date. Osteoporosis is likely
nderdiagnosed in this population and in other neuromuscular
isorders, especially in men and premenopausal women. Os-
eoporosis is mostly associated with older patients, primarily
ostmenopausal women, leaving this group of high-risk pa-
ients without appropriate treatment. Our findings of a high
requency of osteoporosis in a postpolio clinic population and

significant correlation of bone mass with lower-extremity
uscular strength should alert clinicians and prompt them to

ystematically refer these patients for bone densitometry.
We found that osteoporosis at the hip was common in a

ostpolio clinic population in men (32%) and in premenopausal
12.5%) and postmenopausal women (27%). These numbers
re higher than those for the general population for men at the
ip in Canada (4.8%)12,14 and for postmenopausal women at
he hip in Canada (7.9%).2,11,12 We found that the frequency of
steopenia is very high in a postpolio clinic patient population
n 3 different groups (men, 45%; premenopausal women,
7.5%; postmenopausal women, 34%). Therefore, these pa-
ients are at high risk for developing osteoporosis in the future.
t has been shown that the fracture risk increases 1.5- to 3-fold
or each SD decrease in BMD2 and that, at any given age, the
ifetime risk of a proximal femoral fracture rises as bone
ensity diminishes.6,15,16

Surprisingly, the T-score values obtained at the lumbar spine
n our population did not show the same prevalence for osteo-
orosis as at the hip. One explanation for this finding would be
hat most of our patients likely have degenerative disorders of
he spine, including scoliosis in some. These musculoskeletal
bnormalities can likely falsely elevate the T score at the
umbar spine, as described in previous studies.17 Another ex-
lanation could be that in this patient population osteoporosis
ay be a regional phenomenon; the primary predictive factor

or osteoporosis at the hip was weakness in the same lower
xtremity. Therefore, those patients with lower-extremity
eakness are more susceptible to regional osteoporosis affect-

ng mostly the hip rather than diffuse osteoporosis affecting
oth the lumbar spine and the hip.18 Similar findings have been

Table 4: Adjusted (multivariate model) ORs for Osteoporosis at
the Hip

Variable OR 95% CI P

Strength sum score in same
lower extremity (per
5-point increase in
strength score) 0.42 0.28–0.64 �.001

Age at evaluation (�50y) 0.47 0.14–1.5 .20
Overweight (BMI �25kg/m2)

For men 2.37 0.71–8.0 .08*
For women 0.57 0.19–1.71

Time since acute polio (y) 1.04 1.003–1.089 .03
Male sex 0.87 0.28–2.62 .80

OTE. Model is based on 164 patients included in the study, with
nd without osteoporosis at the hip.
P value for interaction.
eported in the spinal cord injury population.19,20 These pa-

Arch Phys Med Rehabil Vol 88, August 2007
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A

ients also have a higher prevalence of osteoporosis at the hip
ompared with the vertebral spine likely related to immobili-
ation.19,20 Nonetheless, osteoporosis, even if localized primar-
ly to the hip, remains an important risk factor for hip frac-
ures.6,16,21 In fact, hip fracture is most closely linked to BMD
ompared with other types of fractures.2,16,21

Moreover, in this exploratory study, in our multivariate
odel, we found a significant association between osteoporosis

t the hip and strength sum score in same extremity with an OR
f .42 for each 5-point increase in the strength sum score, after
djusting for several other risk factors (time since acute polio,
ge at evaluation, male sex). This indicates that with each
-point increase in the strength sum score (ie, greater strength),
ostpolio clinic patients were less likely to have osteoporosis
by a factor on average of .42). In addition, we found that an
ncreased time since acute polio (with resultant muscular weak-
ess) was a significant predictor of osteoporosis, stressing once
gain the protective aspect of muscle strength. Our study
eflects the important role that muscle strength plays in pro-
ecting bone from osteoporosis.4,8,18 In fact, it has been shown
hat in the general population being physically active reduces
he risk of later hip fracture by up to 50%.8,21,22

An unexpected finding in our study was that being over-
eight appeared to be harmful for men tending to increase their

isk to have osteoporosis, whereas for women being over-
eight tended to be protective. Several previous studies have

hown that a low body weight is negatively correlated with
eak bone mass.8 In fact, the more weight a woman gains since
ge 25, the lower her risk of hip fracture.5 In addition, higher
diposity is protective against the risk of both hip and vertebral
ractures in women.7,8,22 However, we do not believe that
revious studies have shown a difference in the association
etween osteoporosis and BMI in men and women.

tudy Limitations
Our study had several potential limitations. The patients

ncluded in our study were from a university-affiliated hospital
ostpolio clinic and those that had undergone a bone densi-
ometry as requested by the clinic physician. They were likely
ore severely affected by previous paralytic polio and more

ikely at greater risk for osteoporosis. Hence, our estimate on
he prevalence of osteoporosis may be overestimated compared
ith the general postpolio population. The patients included in
ur study were in fact weaker than those not included. Never-
heless, the bone densitometry assessments performed were not
lways on the weaker side (the left side is usually done by
onvention). In fact, 19.3% were performed on the weaker side
n men, 18% in premenopausal women, and 12% in postmeno-
ausal women. This could have underestimated the prevalence
f osteoporosis with normal bone densitometry results when
ot performed on the weaker side. Our study did not find a
ignificant correlation between bone density and alcohol or
obacco use, which are 2 recognized risk factors.2,5,8,21 This can
e explained by an insufficient number of patients who used
lcohol or tobacco and by the fact that the exact amount of
igarettes and alcohol consumption was not recorded. This
tudy had potential bias because some potential predictive
actors were ascertained by self-report and retrospectively. The
trengths of our study are the relatively large study population,
tudy comprehensiveness, and consistency in data acquisition
nd ascertainment of bone density (most patients evaluated at
he same radiologic department and all patients evaluated by

he same physician by using a standardized form).

rch Phys Med Rehabil Vol 88, August 2007
CONCLUSIONS
In this retrospective, cross-sectional study, we found that

steoporosis and osteopenia at the hip occur commonly in
ostpolio clinic patients referred for bone densitometry in men,
remenopausal women, and postmenopausal women compared
ith the general population. However, because patients in-

luded in the study were weaker than patients not included, our
stimates of the occurrence of osteoporosis in a postpolio clinic
opulation are likely elevated. Hip bone density was associated
ith muscle strength in the same lower extremity in which the

xamination was performed in men, premenopausal women,
nd postmenopausal women attending a postpolio clinic in both
nadjusted and adjusted multivariate analyses. The diagnosis
an therefore be missed if the bone densitometry is not per-
ormed on the same side as the weaker lower extremity. Based
n these results, we recommend that all postpolio patients be
valuated for osteoporosis at both hips (or less preferably at the
ip of the weaker lower extremity) and at the lumbar spine. It
s possible that with treatment BMD will improve and fracture
isk will decline. We recommend further research to confirm
he results of our exploratory study and to evaluate the effects
f treatment on osteoporosis and fracture rate in the postpolio
nd other neuromuscular disease patient populations.
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RIGINAL ARTICLE

owering of Sensory, Motor, and Pain-Tolerance Thresholds
ith Burst Duration Using Kilohertz-Frequency Alternating

urrent Electric Stimulation

lex R. Ward, PhD, Stacey Lucas-Toumbourou, MPH
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ABSTRACT. Ward AR, Lucas-Toumbourou S. Lowering of
ensory, motor, and pain-tolerance thresholds with burst dura-
ion using kilohertz-frequency alternating current electric stim-
lation. Arch Phys Med Rehabil 2007;88:1036-41.

Objective: To determine the optimum burst duration for
iscrimination between sensory, motor, and pain-tolerance
hresholds using 50-Hz bursts of kilohertz-frequency sinusoidal
lternating current (AC) applied transcutaneously to human
ubjects.

Design: A repeated-measures randomized controlled trial.
Setting: A research laboratory.
Participants: Twenty-six healthy young adults.
Interventions: Bursts of AC electric stimulation at frequen-

ies of 1 and 4kHz. Burst durations ranged from 250�s (for 1
ycle of 4kHz AC, ie, a single biphasic pulse) to 20ms (con-
inuous AC).

Main Outcome Measures: We measured sensory, motor,
nd pain-tolerance thresholds at frequencies of 1 and 4kHz.

Results: We found that threshold voltages decreased to a
inimum with increasing burst duration. The minimum thresh-

ld identified the “utilization time” over which summation of
ubthreshold stimuli occurs. Above the utilization time, thresh-
lds increased. Estimated utilization times differed for sensory
�7ms), motor (�10ms), and pain-tolerance (�20ms). As a
onsequence, relative thresholds varied with burst duration. A
aximum separation between sensory, motor, and pain-toler-

nce thresholds was found to occur with bursts in the range 1
o 4ms.

Conclusions: Short-duration kilohertz-frequency AC bursts
ight have a more useful role in rehabilitation than either

ulsed current or the long duration bursts that characterize
ussian and interferential currents. Further clinical studies are
eeded.
Key Words: Electric stimulation; Pain threshold; Rehabili-

ation.
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RANSCUTANEOUS ELECTRIC stimulation is com-
monly used for pain control and for benefits resulting from

uscle contraction such as muscle re-education (modulating
ensory-motor neural connectivity), minimizing muscle atro-
hy, and strengthening. Figure 1 illustrates the difference be-
ween the 2 stimuli types commonly used in clinical practice:
hort-duration pulsed current and kilohertz-frequency alternat-
ng current (AC). Pulsed current stimulators typically deliver
ulse durations in the range 20 to 400�s and a pulse frequency
etween 1 and 120Hz. They may be biphasic (fig 1) or
onophasic. AC stimulation typically uses a symmetrical bi-

hasic waveform (sinusoidal or rectangular in shape) with
requencies between 1 and 10kHz, applied in bursts with a
urst frequency between 1 and 120Hz and a burst duty cycle of
0% or more.1,2

The widespread use of kilohertz-frequency AC in rehabili-
ation, particularly in the form of so-called interferential cur-
ent and Russian current, seems to be due to unsubstantiated
linical belief that AC stimulation is more comfortable and
ore effective than pulsed current.1 These clinical presump-

ions have, until recently,3-8 not been questioned, but there is
ome historical evidence.9-15

ilohertz-Frequency AC Stimulation and Summation
Unlike the pulsed current stimulation used clinically, with

ilohertz-frequency AC stimulation there is the possibility of
ummation of subthreshold depolarizations: a phenomenon first
escribed by Gildemeister.12,13 Summation occurs when a
urst of AC of sufficiently high frequency is used as the
timulus. During each burst, the nerve fiber membrane is
ushed closer to threshold with each successive pulse in the
ave-train because the nerve does not have time to recover
etween pulses. Eventually threshold is reached and an action
otential is produced. This means that short-duration bursts
ill allow for little summation, so the thresholds will be high.
onger duration bursts allow greater summation so the thresh-
ld will be lower. Based on his observations of somatosensory
esponse, Gildemeister concluded that there was a limit to the
ime over which pulses could summate: a plateau is reached
here further increases in burst duration do not result in any

urther decrease in threshold voltage. He reported this as the
nuttzeit” or “utilization time” over which summation can
ccur.
Schwarz and Ehrig16 used frog and rat nerve trunk prepara-

ions to measure compound action potentials in response to
ingle bursts of kilohertz-frequency AC with 1 to 30 cycles per
urst. AC frequencies used were in the range 770Hz to 40kHz.
hey found that threshold stimulus voltages decreased as the
umber of cycles per burst increased. They observed a nuttzeit,
plateau in their graphs of threshold versus burst duration, that
as the same (�2�4ms) for all the AC frequencies used.
Later work by Schwarz and Volkmer17 used single fiber

reparations to directly measure the change in membrane po-
ential at a node of Ranvier when successive pulses of a

.4kHz-frequency AC stimulus were applied. They found that
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1037THRESHOLDS AND BURST DURATION: KILOHERTZ-FREQUENCY ALTERNATING CURRENT, Ward
ith each successive pulse, the measured membrane potential
hanged until, after several pulses, threshold was reached and
he nerve fiber fired. This was the first reported direct obser-
ation of summation of subthreshold depolarizations.
This raises the question of whether any different physiologic

ffects of pulsed current and bursts of kilohertz-frequency AC
eg, relative discomfort, force production) are explicable in
erms of summation. Summation occurs when successive
ulses are applied before the nerve-fiber membrane can re-
over. With kilohertz-frequency AC there are multiple pulses,
lose together, in a burst so pulses can summate. The separa-
ion between pulses is hundreds of microseconds. With pulsed
urrent used clinically, the separation between pulses is much
arger (almost 10ms at a pulse frequency of 100Hz and larger
t lower frequencies). Even with burst-mode transcutaneous
lectric nerve stimulation, the pulse frequencies in the burst are
ormally 150Hz or less, so that the separation between pulses
s about 7ms or more, too long to allow appreciable summation
f the kind described here. Thus kilohertz-frequency AC (in-
luding Russian and interferential currents) would appear to
llow for summation, whereas pulsed current (as used clini-
ally) would not.

There is a limit to summation, specified by the utilization
ime, which is the time over which summation can occur. When
ulses are applied in bursts, a longer burst duration (larger
umber of pulses) results in lower nerve-fiber thresholds, that
s, a greater summation effect, provided the burst duration is
ess than the utilization time. When the burst duration exceeds
he utilization time, no further lowering of thresholds occurs.

iscomfort and Kilohertz-Frequency AC Stimulation
A recent study,8 which assessed discomfort over the fre-

uency range of 0.5 to 20kHz, found that discomfort decreased
s frequency increased from 0.5 to 4 to 5kHz then increased as
requency increased to 20kHz. The observation that minimum
iscomfort occurs at a frequency of 4 to 5kHz helps to justify
hat AC stimulation is advantageous in that it evokes least
iscomfort in this frequency range.
Burst duration is also an important factor determining dis-

omfort. Ozcan et al6 reported that continuous 4kHz AC and
true” interferential current (with a beat frequency of 50Hz)
aused more discomfort and elicited less quadriceps muscle
orque than 10ms, 50-Hz bursts of 4-kHz AC (as used in
remodulated interferential stimulation). Ward et al8 examined
range of AC frequencies (0.5�20kHz) at different burst

urations to stimulate the wrist extensors and found that a burst

ig 1. Stimulus types commonly used in rehabilitation. (A) Biphasic
ulsed current, that is, single cycles of AC. (B) Bursts of AC with a
urst duration of ‘x’ milliseconds. The examples shown have a
eriod of 20ms (1/50s) so the pulse/burst frequency is 50Hz. The
uty cycle is the fraction of the period for which current is delivered
expressed as a percentage) so in (B) the duty cycle is (x/20)x100.
uration of about 4ms resulted in least discomfort and that A
aximum muscle torque is elicited using bursts of about 2ms.
urst duration appeared to be the important factor and not the
umber of cycles per burst.

he Present Study
Although it has been found6,8 that short burst durations

1�4ms) are associated with greatest torque production and
east discomfort, no convincing explanation has yet been ad-
anced regarding this phenomenon. A likely explanation is that
he different nerve fiber types associated with sensory stimu-
ation, motor activation, and discomfort respond differently to
C burst stimulation because of their different electrophysi-
logic properties. Different nerve fiber types have different
efractory periods, different periods of hypo- and hyperexcit-
bility, and different recovery times.18-20 This implies that
ensory, motor, and pain fibers will respond differently to
timuli with varying burst duration. The summation rate and
mount of summation would be expected to vary between fiber
ypes and, at burst frequencies around 50Hz (as commonly
sed clinically for motor stimulation), the time between bursts
the interburst interval) could be within the refractory period
nd so affect the measured threshold. Thus it might well be that
elative discomfort and stimulus-elicited torque depend on
urst duration because of these factors.
The present study was intended to provide some insight into

he importance of the factors described above. We examined
hether sensory, motor, and pain responses are affected to the

ame extent if stimulus characteristics, specifically the burst
uration and AC frequency, are changed.

METHODS
The 26 participants in this study were volunteers who re-

ponded to notice-board advertisements and met the inclusion
riteria. That is, they did not have a pacemaker (or indwelling
timulator) or any breaks in the skin under the area where the
lectrodes were to be placed, and had no known neurologic or
usculoskeletal pathologies affecting the upper limb to be

ested. The group of participants (11 men, 15 women) included
cademic staff members and undergraduate students of the
niversity (age range, 19�56y; mean, 23y). Approval was
btained from the Ethics Committee of the Faculty of Health
ciences of La Trobe University prior to the commencement of

his study.
After we explained the procedure to each participant, and

btained informed consent, the skin of the dorsal surface of the
eft forearm was cleaned with an alcohol swab, and conductive
ubber electrodes, measuring 37�45mm, were attached using
onductive, adhesive skin mounts.a The electrodes were posi-
ioned to stimulate the wrist extensors: 1cm apart on a line from
he head of the radius to the distal radio-ulnar joint with the
roximal electrode 1cm distal to the head of the radius and the
istal electrode 5cm distal to the proximal electrode along this
ine.

The stimulator was a purpose-built device designed to pro-
uce constant voltage stimuli consisting of bursts of sinewaves
ith user selection of the sinewave frequency, burst frequency,

nd number of sinewaves per burst. Calibration accuracy of
oth the sinewave frequency and burst frequency was �2%
nd there was no discernible variation in either parameter over
he time course of the testing sessions.

Participants experienced stimuli at 2 sinewave frequencies
1kHz, 4kHz), applied in bursts at a burst frequency of 50Hz.
timulus waveforms had a predetermined number of sinewave
ycles per burst and therefore a predetermined burst duration.

t 1kHz, 1, 2, 3, 4, 6, 8, 10, 15, and 20 cycles per burst were

Arch Phys Med Rehabil Vol 88, August 2007
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sed (20 cycles meaning continuous stimulation, ie, no inter-
urst interval). At 4kHz, 1, 2, 4, 8, 12, 16, 24, 32, 40, 48, 60,
nd 80 cycles per burst were used (80 cycles being continuous
timulation and so no interburst interval). The 21 different
ombinations of AC frequency and cycles per burst were
pplied in a randomized order for each participant. Random-
zation was achieved by creating a column of random numbers
n an Excel spreadsheet,b which listed the combinations of
requency and number of sinewaves, then sorting the list by the
andom number column.

Once the randomized order was determined, we used it to
etermine sensory thresholds. Participants were asked to man-
ally increase the stimulus intensity until the first perception of
utaneous sensation was reached. The experimenter recorded
his threshold for 3 measurements at each particular frequency
nd number of cycles per burst, for each of the 21 combinations
f sinewave frequency and burst duration. Once all sensory
easurements had been obtained, motor thresholds were de-

ermined in the same sequence as used for sensory thresholds.
he motor threshold was taken as the first overt indication of
uscle activity: visible contraction under the electrodes or
rist or finger extension noted by the experimenters. Finally,
ain-tolerance thresholds were measured. Participants in-
reased the intensity to a value where they felt that any further
ncrease would be too painful. Although pain tolerance is a
ubjective measure, the repeated-measures design allowed be-
ween-subject variation to be factored out so that it was not a
onfounding variable. All measurements were taken in a single
xperimental session of approximately 1 hour.

Prior to measurements at each threshold, participants exper-
mented with the intensity control to familiarize themselves
ith the stimulus and establish the criterion which would be
sed to determine each threshold.

RESULTS
We averaged the 3 measurements of each threshold (at each

articular frequency and number of cycles per burst) for each
articipant, then averaged over the group of participants. Fig-
re 2 shows the group-averaged variation in sensory, motor,
nd pain-tolerance thresholds with burst duration (in millisec-
nds) at 1 and 4kHz. The error bars shown are standard
eviations. A surprising feature is that the graphs appear to
each a minimum threshold rather than simply decreasing to a
lateau. This is most clearly evident in figure 2A where a
inimum sensory threshold is reached at a burst duration of 5

o 7ms for both 1 and 4kHz AC. Motor thresholds seem to be
inimal at a little over 10ms (fig 2B) and pain-tolerance

hresholds, more difficult to discern, possibly about 20ms (fig
C). Again the variation is similar at 1 and 4kHz.
The error bars shown in figure 2 are large and this calls into

uestion whether the apparent variations in threshold with burst
uration are real or spurious. To test whether the variations
ere significant, we performed repeated-measures analyses of
ariance (ANOVAs) separately for each threshold and kilo-
ertz frequency. All 6 ANOVAs found a significant between-
ubject effect (table 1). F values were in the range 149 to 302
nd the corresponding P values were all .000. The variation
ith burst-duration was also significant: F values were in the

ange 14 to 66 and the corresponding P values were all .000.
he higher F values for the between-subject variance indicate

hat the large error bars in figure 2 are more due to between-
ubject variance than between burst-duration variance. With
he between-subject variance subtracted, the burst duration
ariation apparent in figure 2 is found to be significant (P�.000

or each threshold and kilohertz frequency) (see table 1). t

rch Phys Med Rehabil Vol 88, August 2007
If the minimum thresholds for sensory, motor, and pain
esponses occur at different burst durations (as suggested by fig
), relative thresholds, in particular pain divided by sensory and
ain divided by motor, would be expected to vary and there
ill be an optimal burst duration where maximum discrimina-

ig 2. The variation in (A) sensory, (B) motor, and (C) pain threshold
ith AC burst duration using 1kHz ( ) and 4kHz ( ) AC stimulation.
alues are group averages. Error bars show the standard deviations

SDs).
ion between thresholds is achieved. Because each threshold
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ppears to have a different minimum, the optimal burst dura-
ion could depend on the thresholds being compared. To ex-
lore and test these predictions, we calculated relative thresh-
lds (pain threshold/sensory threshold and pain threshold/
otor threshold) for each burst duration at each kilohertz

requency (fig 3).
The graph of pain threshold/sensory threshold (see fig 3A)

hows little difference between the 1- and 4-kHz results. A
istinct maximum is seen in the 4-kHz results, at a burst
uration of about 2ms. At 1kHz, it is difficult to establish a
aximum as the shortest burst duration possible at this fre-

uency is 1ms but the consistency with the 4-kHz results
upports the notion of bursts of about 2ms being optimal for
iscrimination between pain and sensory responses at both
ilohertz frequencies. The graphs of pain threshold/motor
hreshold (see fig 3B) also appear to show a maximum at about

to 3ms but the apparent variation is less convincing. Inter-
retation of the 1-kHz results is difficult because, as noted
arlier, the shortest burst duration possible at this frequency is
ms. It should also be noted that more error is introduced when
elative thresholds are calculated, because the errors com-
ound. The data in figure 3 thus have about double the scatter
f those in figure 2. This is reflected in the size of the error bars.

conservative and rational conclusion is therefore that the 1-
nd 4-kHz results probably do not differ and that best discrim-
nation between each threshold appears to occur at about 1- to
-ms burst duration.
To test whether the apparent variation of relative threshold

ith burst duration (see fig 3) was significant, we conducted
epeated-measures ANOVAs for each relative threshold and
ach kilohertz frequency (4 ANOVAs). The results are sum-
arized in table 2. All 4 ANOVAs found a significant be-

ween-subject effect. F values are in the range 45 to 122 and the
orresponding P values are all .000. The burst-duration effect
as significant at 4kHz and also at 1kHz for the pain/sensory

hresholds. F values were in the range 2.6 to 8.9 and the
orresponding P values are all less than .003. The 1-kHz
ain/motor relative threshold did not show a statistically sig-
ificant variation (F�1.6) but the P value (.113) suggests that
f the null hypothesis is accepted (ie, no variation with burst
uration), this conclusion has an 89% probability of being
rong, that is, a type II error: accepting the null hypothesis
hen in fact there is actually a difference.
Again, the higher F values for the between-subject variance

ndicate that the large error bars in figure 3, as in figure 2, are
ore due to between-subject variance than between burst-

uration variance.
The repeated-measures ANOVAs that found a statistically

Table 1: Results of the Repeated-Measures ANOVAs for Sen

Frequency Threshold

1kHz Sensory Betw
Burst

4kHz Sensory Betw
Burst

1kHz Motor Betw
Burst

4kHz Motor Betw
Burst

1kHz Pain Betw
Burst

4kHz Pain Betw
Burst
ignificant variation in relative threshold with burst duration do
d
g

ot indicate which particular burst duration or range of burst
urations is “best.” Post hoc tests are needed. With a repeated-
easures design and multiple burst durations, it is not appro-

riate to conduct post hoc comparisons of every burst duration
ith all of the others. Because 10 burst durations were used at
kHz and 12 at 4kHz, there are 45 possible pairwise compar-

ig 3. Relative thresholds at 1kHz ( ) and 4kHz ( ). (A) Pain/
ensory and (B) pain/motor threshold. Values were calculated by

Motor, and Pain-Tolerance Thresholds With Burst Duration

r F P

ubject F25,9�302 .000
tion F9,25�13.8 .000
ubject F25,11�250 .000
tion F11,25�32.6 .000
ubject F25,9�215 .000
tion F9,25�43.2 .000
ubject F25,11�262 .000
tion F11,25�66.6 .000
ubject F25,9�181 .000
tion F9,25�53.4 .000
ubject F25,11�149 .000
tion F11,25�37.5 .000
sory,

Facto

een s
dura

een s
dura

een s
dura

een s
dura

een s
dura

een s
ividing individual participant’s thresholds then calculating the
roup average. Error bars show the SDs.
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sons at 1kHz and 66 at 4kHz. The Bonferroni adjustment
actor to the acceptable P value would be large, that is, rather
han accepting significance at the .05 level, the level would
ave to be .05/45�.001 for the 1-kHz results and .05/66�.0008
or the 4-kHz results. This would increase the risk of a type II
tatistical error to an unacceptably high level.

Inspection of figure 3 indicates that a burst duration in the
ange 1 to 4ms could possibly be optimal. Accordingly data for
urst durations in the range 1 to 4ms was averaged and com-
ared with averaged data for all longer burst durations
6�20ms) and with averaged data for all shorter burst dura-
ions (.25ms and .50ms at 4 kHz). This reduced the number of
ost hoc comparisons to 1 (at 1kHz) or 2 (at 4kHz), so the
onfounding effect of a large Bonferroni adjustment was min-
mized. Paired t tests showed that at both 1 and 4kHz the
ain/motor and pain/sensory thresholds were significantly
igher for 1- to 4-ms bursts as compared with longer burst
urations (P�.000). Comparison of the 4-kHz results at 1 to
ms with those at .25 to .50ms found no significant difference
P�.109). The small P value, however, indicates that the
hance of a type II error is high if one accepts the null
ypothesis. The low P value suggests that there is a small
ifference that would only be convincingly shown with larger
umbers of participants.

DISCUSSION
Our finding that thresholds decrease with increasing burst

uration is unsurprising: the phenomenon was first reported by
ildemeister13 in 1930 and it became known as the Gildemeis-

er effect, whereby successive subthreshold pulses summate
nd threshold is reached by summation of subthreshold stimuli.
ummation of subthreshold stimuli has been shown more re-
ently using noninvasive12,13 and invasive16,17 techniques. Our
ata reaffirm this established electrophysiologic phenomenon
s the peak stimulus intensity decreased with increasing num-
er of AC cycles (and hence burst duration) until a minimum,
he utilization time (or Nuttzeit), was reached. The idea is that
hen the nerve fiber membrane undergoes subthreshold depo-

arization, the resulting ion concentration changes take time to
ecover. Extra stimulus pulses occurring before recovery can
herefore summate, pushing ion concentrations further from
heir resting values until threshold is reached and an action
otential is produced. So summation can occur, but only if
dditional stimulus pulses are delivered within the recovery
ime (the Nuttzeit).

We found that sensory, motor, and pain-tolerance thresholds
ppeared to vary differently with burst duration (see fig 2). Our
ndings indicate that the utilization time is different for sen-
ory, motor, and pain-tolerance thresholds. This suggests that
he utilization time is shortest for large diameter sensory fibers,
onger for equal or smaller diameter motor fibers, and longest

Table 2: Results of the Repeated-Measures ANOVAs for Relati

Frequency Relative Threshold

1kHz Pain/sensory B
B

4kHz Pain/sensory B
B

1kHz Pain/motor B
B

4kHz Pain/motor B
B

or pain fiber stimulation. c

rch Phys Med Rehabil Vol 88, August 2007
A difference in utilization time means that pain/sensory and
ain/motor threshold ratios will vary with burst duration. This
uggests the possibility that there will be optimal burst dura-
ions where maximum sensory or motor responses can be
licited with minimal risk of pain. A high pain/sensory or
ain/motor threshold indicates better separation between the
hresholds and so a greater ability to evoke a sensory or motor
esponse without producing pain. Figure 3 indicates that for
oth pain/sensory and pain/motor discrimination, a burst dura-
ion in the range of 1 to 4ms is desirable.

Three major findings of the present study are thus that: (1)
ummation of subthreshold stimuli results in bursts of AC
roducing lower thresholds than single, biphasic pulses; (2)
here is a minimum in the threshold/burst-duration graph that is
ifferent for sensory, motor, and pain-tolerance stimulation
see fig 2); and (3) as a consequence, there is best discrimina-
ion between pain versus motor and pain versus sensory stim-
lation at particular burst durations, identified in figure 3 as in
he range of 1 to 4ms.

The optimal discrimination at low (1�4ms) burst durations
see fig 3) suggests that greater sensory and motor stimulation
efore evoking a pain response is possible at shorter burst
urations. This helps to explain earlier findings8 that greatest
uscle torque is elicited, and that least discomfort also results,

y using short duration bursts. Ward et al8 used 50-Hz bursts of
C to compare a range of AC frequencies and duty cycles

burst durations) and found that 1-kHz AC with a low burst
uration (1�2ms) was optimal for torque production whereas
higher frequency and burst duration (4-kHz AC, 2�4ms

ursts) was optimal for minimizing discomfort. These optimal
urst durations (1�4ms) are much shorter than the 10ms typ-
cally used clinically for sensory and motor stimulation1 and
dapting them may lead to more comfortable perception of the
C stimulation.
The present study also helps to explain why stimulation

sing bursts of kilohertz-frequency AC is more comfortable
han stimulation using pulsed current.1,3,7,8 The shortest burst
uration with kilohertz-frequency AC is that of 1 AC cycle,
hich is actually a biphasic pulsed current stimulus. The 4-kHz

esults in figure 3 suggest that when single biphasic pulses
minimum burst duration) are used, the relative thresholds are
ess than with 1 to 4ms bursts. A lesser discrimination between
ensory, motor, and pain thresholds with single pulses is con-
istent with the observation that stimulation using pulsed cur-
ent is more uncomfortable than when bursts of kilohertz-
requency AC are used.1,3,7,8

A clinical implication is that for sensory stimulation there is
east likelihood of evoking pain if short-duration bursts are
sed. Further, for motor stimulation with the least discomfort,
hort-duration bursts will be more effective than either single-

resholds (pain/sensory and pain/motor) With Burst Duration

actor F P

en subject F25,9�122 .000
duration F9,25�8.9 .000
en subject F25,11�66.0 .000
duration F11,25�4.4 .000
en subject F25,9�44.7 .000
duration F9,25�1.6 .113
en subject F25,11�75.6 .000
duration F11,25�2.6 .003
ve Th

F

etwe
urst
etwe
urst
etwe
urst
etwe
ycle AC or long-duration bursts.
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CONCLUSIONS
The mechanism associated with peripheral nerve excitation

sing bursts of kilohertz-frequency AC is most likely a sum-
ation effect with a distinct time frame (the utilization time)

ver which summation is possible. The present study also
ound that utilization times differed for sensory (�5�7ms),
otor (�10ms), and pain-tolerance (�20ms) thresholds, indi-

ating that there is a specific burst duration where separation
etween sensory, motor, and pain thresholds is greatest.
A comparison of relative thresholds identified the range of 1

o 4ms as best for sensory, motor, and pain-threshold discrim-
nation.
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RIGINAL ARTICLE

ain Perception After Running a 100-Mile Ultramarathon

artin D. Hoffman, MD, Jean Lee, MS, MD, Holly Zhao, MD, PhD, Alex Tsodikov, PhD
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ABSTRACT. Hoffman MD, Lee J, Zhao H, Tsodikov A.
ain perception after running a 100-mile ultramarathon. Arch
hys Med Rehabil 2007;88:1042-8.

Objective: To determine if pain perception is affected by an
xtreme bout of exercise that causes ongoing exercise-related
ain.

Design: Repeated-measures design.
Setting: Pre-race registration area and finish area of an

ndurance race.
Participants: Twenty-one competitors in the 2005 Western

tates 100 Mile Endurance Run and 11 control subjects who
ere assisting at the race but not running.
Interventions: Not applicable.
Main Outcome Measures: Overall pain and pain ratings on
pressure pain test before and after the event.
Results: Mean overall pain � standard deviation on a

00-mm scale increased (P�.05) from 3�6mm before the run
o 39�28mm after the run among the runners. The faster
unners showed a mean reduction (P�.05) in pain ratings after
he race of 15�20mm (on a 100-mm scale), whereas there was
o change for the slower runners and controls. Findings were
onfirmed by model-based analysis.

Conclusions: The faster runners in a 100-mile (161-km)
unning race experience a modest temporary reduction in pres-
ure pain perception that does not appear to be augmented by
ngoing pain related to the exercise. The lack of a reduction in
ain perception among the slower runners may be because an
xtreme bout of exercise of this nature can “exhaust” the
ystems responsible for exercise-induced analgesia in all but
he most well-trained of runners, or that these systems were not
ctivated because the slower runners were unable to maintain a
igh enough exercise intensity during the later stages of the
ace.

Key Words: Analgesia; Exercise; Pain; Pain threshold;
hysical effort; Rehabilitation.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

REVIOUS RESEARCH HAS shown that aerobic exercise
can induce an acute analgesic effect.1,2 However, the du-

ation and intensity of exercise required to elicit such an effect
as not been fully clarified. Exercise-induced analgesia has
een shown to occur from fairly high intensities for durations
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f as little as 8 to 10 minutes3-5 and up to 40 to 50 minutes,6,7

ut longer bouts of exercise at low intensities have not been
tudied. Some work has suggested that intensities of over 70%
f maximal aerobic capacity are required, and that pain thresh-
ld increases with increasing intensities above this level.3-5 Our
ecent work8 showed that aerobic exercise of 30 minutes at
5% of maximal oxygen uptake (V̇O2max) resulted in a signif-
cant exercise analgesia effect, but 30 minutes of exercise at
0% of V̇O2max or 10 minutes at 75% of V̇O2max were
nadequate to show the effect. This suggests that there may be
hresholds for both intensity (�50%�70% of V̇O2max) and
uration (�8�10min) required for exercise-induced analgesia.
As far as we know, none of the studies examining postex-

rcise analgesia have quantified the extent of naturally occur-
ing pain as a result of the exercise. As such, no attention has
een directed at how naturally occurring pain from the exercise
ight relate to the exercise-induced analgesic effect. An ex-

reme bout of exercise, such as an ultramarathon competition,
rovides a venue to study pain perception in the presence of
ngoing exercise-related pain. During and after such arduous
xercise, some naturally occurring pain has been shown to be
resent.9 Whether the pain caused by this type of exercise
ould augment or reduce the usual exercise-induced analgesia

hat is observed after exercise is unknown.
The purpose of the present study was to determine whether

ain perception is altered among competitors after completing
100-mile (161-km) running race. Given the previous findings

hat exercise intensities of greater than 50% to 70% of V̇O2max
ere required to elicit exercise-induced analgesia and the rec-
gnition that this may be close to the intensity that is sustained
or a 161-km run,10,11 we theorized that only the most trained
unners, who were able to maintain a higher intensity through-
ut the race, would show exercise-induced analgesia. We also
ypothesized that exercise-induced analgesia among the faster
unners would be augmented by the presence of several hours
f naturally occurring pain from the exercise.

METHODS

articipants
We performed the study at the Western States 100 Mile

ndurance Run (June 25�26, 2005), a point-to-point trail run
hrough the Sierra Nevada Mountains in Northern California.

ith over 5500m of ascent and 6700m of descent, this 161-km
ace is considered to be among the most arduous organized
unning events in the United States. The 2005 race was partic-
larly challenging due to sections of snow cover on the trail for
early the first 30km. A 30-hour time limit is allowed for
ompletion of the race.

Two groups of subjects participated in this study. Runners
ere recruited from the group of competitors in the race.
everal weeks prior to the race, information about the study
as sent to all entries. Some runners agreed to participate in the

tudy in advance and others were recruited during race regis-
ration 1 to 2 days before the race. Control subjects were
ecruited among the crew members and race assistants who
ould be available 1 to 2 days before the race and again at the

ace finish, and had also indicated they would remain awake

uring the event.
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Exclusion criteria for participation included the presence of
ny chronic pain condition, diseases affecting sensory nerves,
regnancy, the use of narcotic analgesics, and known cardiac,
ulmonary, or metabolic disorders.
Procedures were approved by the institutional review board.

ll subjects were provided general information about the intent
f the study in order to obtain informed consent, but the
ypothesized results were not discussed in detail prior to com-
letion of their participation in the testing.

xperimental Design
All subjects underwent 2 pain tests during the 2 days prior

o the race. These 2 tests were separated by at least 30 minutes.
he first test was considered to be for practice in order to allow

he subjects to become familiar with the procedures. The sec-
nd test was used in the data analysis.
After completing the race, the runners were directed to an

rea near the finish line where they underwent a third pain test.
iven that our previous work has suggested that exercise-

nduced analgesia may persist for less than 30 minutes under
ome conditions,8 our goal was to perform the post-race test
ithin 10 to 30 minutes after completion of the race. Control

ubjects who were assisting a runner in the study underwent the
hird pain test shortly before or after the runner finished, and
hose control subjects who were assisting with the race under-
ent the third test when they were available during the span of
early 14 hours over which the runners were finishing.
Prior to the pain tests, we asked the subjects to list any pain
edications taken in the previous 24 hours and to indicate their

verall pain level by placing a mark on a 100-mm visual analog
cale (VAS) anchored with “no pain” and “worst possible
ain.”

ressure Pain Testing
We performed the pain tests with a pressure pain stimulator

imilar to that previously used by others12-14 and the same
evice as in our previous work.8,15 The device uses a
�0.25mm Lucite edge through which a constant force of 9.8N
s applied against the dorsal surface of the middle phalanx of
he nondominant index finger, halfway between the distal and
roximal interphalangeal joints.
Subjects listened to a recorded message reviewing the pro-

edures prior to each test. At 10-second intervals the audio
ecording instructed subjects to indicate the level of perceived
ain by placing a mark on separate 100-mm VASs anchored
ith “no pain” on the left side and “worst possible pain” on the

ight side. Each pain stimulus lasted 2 minutes. During testing,
he subjects were seated with arms supported on a table. Good
eproducibility of these techniques with repeat testing at a
5-minute interval, as well as across days, has been previously
hown.8,15

tatistical Methodology
The main focus of the study was to examine for a change in

ain perception as a result of running the race. This was a
ongitudinal study with 2 time points at which pain ratings were
easured (before and after the race). Each pain test was also

ongitudinal in nature. However, the within-test pain ratings
ver time were not modeled, and were represented as a single
ummary (average) value. Each mark on the VAS was con-
erted to a numeric value by measuring the distance in milli-
eters from the left side of the scale to the mark. Pain ratings
ere relatively stable during the last minute of the pain test, so

he last 6 data points (ie, the final minute) were averaged to

ield a single value for each trial. t
Repeated before-after measurements induce correlation be-
ause they are shared by the same subject. This was taken into
ccount using linear random-effects models for the analysis.16

he models allowed for fixed effects of explanatory variables
s well as a random normally distributed subject-specific in-
ercept term. Main effects as well as interactions were exam-
ned in search of the best model. The following variables were
ncluded in the model selection procedure: time, a binary
ariable modeling the effect of the race on within-subject
utcome score; group, modeling the effect in runners compared
ith controls; a cluster of anthropomorphic and other subject

haracteristics including age (continuous), sex (binary), height
continuous), body mass (continuous), weekly running dis-
ance, training volume during the previous month (a measure
f subject’s physical activity level), finish time (continuous and
ategorical dichotomized at the median) defined in runners and
odeling the performance in the race, and delay (continuous)
odeling the effect of delay in pain testing after the race. The

earch for the best model was not automatic. It involved testing
ey meaningful hypotheses based on a hierarchical family of
odels and the likelihood ratio test presented in table 1. A

umber of those hypotheses involved interaction effects target-
ng analgesic response operating differently in specific sub-
roups of subjects defined by the main variables mentioned
bove. These included interaction of group with time, which
llowed us to study the effect of race separately in runners and
ontrols, and time with finish time modeling the effect of race
eparately in slower and faster runners.

Observed versus predicted residual plots (not shown) were
sed to confirm model adequacy.

ata Analysis
There were 25 runners and 13 control subjects who agreed to

articipate in the study. Twenty-one of the runners completed
he study, because 2 did not finish the race, one was in the
edical tent for an extended period after completing the race,

nd one forgot to return for the pain test after the race. Eleven
f the controls completed the study because 2 forgot to present
or the final pain test. The time of day for the post-race pain test
as distributed from approximately 5:00 to 11:00 AM for the

ontrols, and approximately 12:30 to 11:30 AM for the runners.
wo controls reported having obtained some sleep during the
ight.
We initially used descriptive statistics to summarize data by
arginal means before and after the race, standard errors (SEs),

nd paired t tests targeting mean within subject change in pain
est scores from before to after the race. Runners were split into

equally sized groups (slower, faster) by using a cutpoint at
he median of finish time of 25.55 hours. A histogram of finish
ime is shown in figure 1.

The results shown in table 2 strongly suggest that the anal-
esic effect of the race predominantly manifests itself in the
aster runners. The descriptive observation in table 2 was then
onfirmed in rigorous model-based analyses. A key sequence
f models considered in the search and associated hypotheses
s given in table 1. The search for the best model started with

model having 3 fixed effects modeled by categorical vari-
bles: time (post-race vs pre-race); group (runners vs controls),
nd time by group (interaction term modifying post- vs pre-
ace difference in runners as compared with the controls). The
bove variables directly pertain to the effect of exercise on
nalgesia, the main hypothesis of this study.

A round of forward selection attempted to include age (con-
inuous), sex (categorical), height (continuous), body mass
continuous), weekly running distance (continuous), and finish

ime (continuous) in the initial time plus group plus time by

Arch Phys Med Rehabil Vol 88, August 2007



g
A
f

s
p
t
n
i
g
c
t
m
i
m
6
P
p

e
t
m
a
t
5

c
o
c

s
s
c
F
(
r
i
5
3
v

N
A
*

F
the subjects participating in the study. Median finish time of the
participants in the study was 25.55 hours.
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roup model. Likelihood ratio test was not significant and
kaike information criterion was worse than the starting model

or all attempts.
Having completed the above exploratory stage of best model

election, we refined the model to allow fine measurement of
erformance level by introducing finish time as a modifier for
he effect of the race. Because continuous finish time showed
o significance, we treated finish time as a categorical variable
n the subsequent analysis. We were testing whether a sub-
roup of subjects with better performances showed a signifi-
ant effect of the race. The target group was defined based on
he finish time variable dichotomized using a cutpoint at the

edian. When analyzing a model containing the effect of time
n runners (a group by time interaction), runners showed a

ean � SE within-subject reduction of pain rating of
.6�4.0mm. This effect showed a trend toward significance at

equal to .109 and we followed with a targeted analysis of
ain rating effects in runners.
Post hoc analysis using variable cutpoints revealed the low-

st (unadjusted) P value of .008 at a cutpoint of 26 hours with
he estimated effect � SE of 13.8�4.9. Using this cutpoint, the
ean finish times � standard deviation (SD) were 22.8�2.1

nd 28.5�1.4 hours for the faster and slower runners, respec-
ively. Pain ratings among the faster runners were reduced from
2�20 to 37�18mm (fig 2).
The ongoing exercise-related pain showed no significant

orrelation with analgesia in the runners (P�.50) when the
verall pain level was added to the model of race-induced
hanges in pain ratings.

The faster runners included 8 men and 4 women, and the
lower runners included 8 men and 1 woman. Examination of
ome mutually related variables shed light on the difference in
haracteristics between the faster and slower runners (table 3).
aster runners tended to be younger (P�.053) and ran greater
P�.001) distances in training during the month before the
ace. At the same time, there were no differences in body mass
ndex (BMI) (P�.080), pre-race pain ratings (52�20 vs
1�30, P�.92) (see fig 2), pre-race overall pain levels (1�3 vs
�4, P�.30) (fig 3), post-race overall pain levels (39�28

earch for the Best Model

Hypothesis (Term Removed) LR P*

fect of race in controls (time, main effect) 0.00 .965
fference between runners and controls pre-race
up, main effect)

1.58 .228

fect of age (age) 0.51 .474
fect of sex (sex) 0.65 .419
fect of height (height) 0.36 .549
fect of body mass (mass) 1.17 .276
fect of exercise training volume before the race
ekly running distance)

0.98 .321

fference between slower runners and controls
me � post-race & slower runners))

�0.00 .984

fect of a delay in pain testing after the race (delay) 0.62 .431

statistics.
Table 1: Hypotheses Tested in S

Model Symbolic Representation
AIC

Difference

Group � time � group � time 1.55 No ef
Group � time � group 0.42 No di

(gro
Time � group � age 1.49 No ef
Time � group � sex 1.35 No ef
Time � group � height 1.64 No ef
Time � group � mass 0.81 No ef
Time � group � weekly running distance 1.02 No ef

(we
Time � group � finish time � intercept � I(time �

post-race & faster runners) � I(time � post-race
& slower runners)

2.00 No di
(I(ti

Time � group � finish time � delay � intercept � I
(time � post-race & faster runner) � delay

1.38 No ef

OTE. I(A)�1 if A is true, and I(A)�0 otherwise.
bbreviations: AIC, Akaike information criterion; LR, likelihood ratio test
P value for the hypothesis.
ig 1. Histogram of finish times for all competitors in the event and
s 40�27, P�.94) (see fig 3), or time interval between finish-
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ng the race and performance of the last pain test (35�44 vs
7�7min, P�.25). This latter observation was confirmed in
odel-based analysis including the variable delay (see table 1).
The control subjects included 5 men and 6 women. This

roup was of similar age and BMI to the runners, but was
unning less (P�.036 vs slower runners; P�.001 vs faster
unners) than the runners (see table 3). Compared with the
unners, the controls had no difference in pre-race pain ratings
42�17, P�.25) (see fig 2) and pre-race overall pain levels
5�7, P�.16) (see fig 3). Model-based analysis further showed
o difference in pain ratings between runners and controls at
aseline (main effect of group, P�.23) (see table 1). Addition-
lly, there was no change in pain rating (P�.91) (see fig 2) or
n overall pain levels (P�.30) (see fig 3) among the controls
etween the pre-race and post-race evaluations. The correlation
f pre-race and post-race pain ratings for the control group was
ighly significant (r2�.871, P�.001).

The use of anti-inflammatory medications and acetamino-
hen was common among the runners. Of the 12 faster runners,
ne (8%) reported using anti-inflammatory medication within 6
ours of the pre-race test and 9 (75%) reported taking pain
edication (anti-inflammatory medication and/or acetamino-

hen) that may have been within 6 hours of the post-race test.
mong the 9 slower runners, 3 (33%) indicated they had taken

nti-inflammatory medication within 6 hours of the pre-race
est, and 8 (89%) indicated they had taken pain medication
anti-inflammatory medication and/or acetaminophen) that may
ave been within 6 hours of the post-race test. Timing of the
ain medication prior to the post-race test was not always clear
ue to the difficulties some runners had in remembering such
nformation after completion of the race. Control subjects re-
orted no use of pain medications within 6 hours of the pain
ests.

RESULTS
Our model selection procedure described in the Data Anal-

sis section converged at the final model that included separate
ffects of race (time) in slow and fast runners. The group of
aster runners was defined prior to the analysis by placing a
utpoint at 25.55 hours, the median of finish time. A significant
ffect of time in faster runners was identified (P�.017) (table
). No other effects were significant.

DISCUSSION
The present study shows that faster runners perceived a

ainful stimulus to the finger to be less painful shortly after
nishing a 161-km running race than before the race. The most

nteresting aspect of this study is that the exercise-induced
nalgesia effect was only present for the faster runners, and
as not observed among the slower runners.
As might be expected, the faster runners tended to be

ounger and ran greater distances in training than the slower
unners. Otherwise, the faster and slower groups of runners
ppeared similar in various characteristics including BMI,

Table 2: Descriptive Statistics for Pain Ratings Based on a C

Group and Time

Marginal Mean � SE

Pre-Race Post-Race

Faster runners 53.51�6.44 39.12�5.72
Slower runners 50.34�9.42 49.80�10.11
Controls 41.97�5.36 41.73�5.99
aseline pain ratings to the pain test, and use of pain medica- t
ions during the race. Both groups also had similar increases in
verall pain levels after the race. These mean overall pain
evels of 39 to 40mm on a 100-mm VAS were comparable to
he post-race “muscle soreness” values of about 4 to 5 on a
0-point Likert scale determined from another group of runners
fter the same event.9 Presumably, overall pain levels would
ave been even higher had they been measured during rather
han after the race.

Activation of the endogenous opioid system is a mechanism
hat has been proposed to be involved in exercise-induced
nalgesia.1,2 Other mechanisms have also been suggested, such
s activation of large afferent fibers incorporating the gate-
ontrol theory of pain, enhanced psychologic well-being, dis-
raction, and activation of endogenous cannabinoids.7,17,18 Yet,
ven in the situation where there is ongoing pain, the evidence
upports the involvement of the endogenous opioid system.
wo animal studies have examined exercise-induced analgesia
nder such conditions. One study used an acute tissue injury
odel in mice19 and the other study used a chronic muscle pain
odel in rats.20 Both showed the presence of exercise-induced

nalgesia that was mediated through the endogenous opioid
ystem.

It has been suggested that dysfunction of the endogenous
pioid system may play a role in chronic pain. An impairment
f the endogenous opioid antinociceptive system may contrib-
te to the elevated pain sensitivity often observed among more
isabled chronic pain patients.21 Yet, among less disabled
atients, it has been suggested that chronic pain may serve as
primer producing up-regulated opioid antinociceptive re-

ponses to acute pain.21 The modest reduction in pain percep-
ion observed in the present study among the faster runners,
hich was comparable to what we have previously observed

rom moderate exercise,8,15 suggests that there was no augmen-
ation of the opioid antinociceptive response from the ongoing
ain associated with the run. Because the post-race overall pain
evels were the same for the faster and slower runners, it would
eem that the stimulus to the antinociceptive system due to
aturally occurring pain from the exercise was similar between
roups. Yet, we cannot be certain that the endogenous opioid
ntinociceptive system responded similarly in the 2 groups.
onetheless, a more plausible explanation for the lack of

vidence for exercise-induced analgesia in the slower runners
ight be that these runners were exercising at a lower intensity

uring the later stages of the race.
We have no data on the exercise intensity at which our

ubjects were working throughout the competition, but limited
iterature on this topic suggests that the percentage of V̇O2max
hat can be sustained for the duration of a 161-km ultramara-
hon is on the order of 50% of V̇O2max.10,11 It would be
nticipated that the slower runners tended to exercise at a lower
ercentage of V̇O2max compared with the faster runners due to
reater limitations on their performance from general fatigue.
his could be particularly likely during the later stages of

he competition. Given that exercise intensities of over 50%

int of Median Finish Time for the Entire Group of Runners

Pre vs Post

ean � SE of the Difference t df P

14.37�6.42 2.24 10 .049
0.54�7.38 0.07 9 .943
0.24�2.17 0.11 10 .913
utpo

M

o 70% of V̇O2max may be required to elicit a measurable

Arch Phys Med Rehabil Vol 88, August 2007
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A

xercise-induced analgesic effect,3-5,8 it is conceivable that the
xercise intensity was inadequate for the slower runners to
nduce an exercise-analgesic effect.

The present study was not directed at clarifying the under-

ig 2. Mean pain ratings for (A) faster runners, (B) slower runners,
nd (C) control subjects before (Œ) and after (�) the competition.
Pain ratings averaged over the last minute of the test were signif-
cantly different (P<.05) than the pre-race test. Error bars represent

SD, and for clarity are displayed in only 1 direction for each test.
ying mechanism of exercise-induced analgesia. Still, it is
i
s

rch Phys Med Rehabil Vol 88, August 2007
nteresting to examine the present results in view of some
revious work done at the Western States 100 Mile Endurance
un. Bortz et al22 reported the findings of elevations in
-endorphin concentrations in the blood at 97km and at the
nish among competitors in the 1980 race. Although the sub-

ects who were tested at the 2 points on the course were not the
ame and the authors did not comment on the relative perfor-
ance level of the subjects who participated in their study, the
-endorphin concentrations appeared to be lower at the finish

han at 97km. This could represent a reduction in �-endorphin
roduction during the later stages of the race simply from
exhaustion” of this physiologic function, or due to a reduction
n exercise intensity to the point that the endogenous opioid
ystem was not fully activated in some runners.

tudy Limitations
There is always a concern about reproducibility of a mea-

urement that involves some subjectivity as is the case with the
ressure pain test that was used in this study. Our previous
ork has shown acceptable reproducibility for repeat pain tests
n a given day after a single practice test on a previous day, as
ell as for repeat pain tests across days.8,15 As such, we believe

hat our design that involved 2 pain tests before the race, with
he first serving as a practice, was adequate to assure acceptable

ig 3. Overall pain levels for the 3 groups of subjects. *Post-race
ain ratings were significantly different (P<.05) than pre-race rat-

Table 3: Selected Characteristics of the Subjects

Characteristic

Faster Runners
(n�12; 8 men,

4 women)

Slower Runners
(n�9; 8 men,

1 woman)

Controls
(n�9; 8 men,

1 woman)

Age (y) 42�6 49�9 44�11
BMI (kg/m2) 22.3�2.0 24.3�2.6 22.5�1.7
Weekly running

distance during
previous
month (km) 120�31* 65�33* 36�21*

Finish time (h) 22.8�2.1* 28.5�1.4* NA

OTE. Values are mean � SD.
bbreviation: NA, not applicable.
Statistical differences between groups were identified with un-
aired t tests.
ngs for the 2 runner groups, and post-race pain ratings differed
ignificantly between the runners and controls.
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eproducibility. Indeed, the lack of change in pain ratings
mong the control subjects, in which no alteration would be
xpected, provides further support for the reproducibility of the
ain test after a single practice test.
It should be noted that we were vigilant in recruiting a

ontrol group that included subjects of similar characteristics to
he runners. Although it turned out that the control group
ncluded a higher percentage of female subjects and was not
raining at the same level as the runners, there is no reason to
uspect that there would have been a variation in pain ratings
cross tests had there been more men or more active subjects in
he control group. Most importantly, the majority of the control
ubjects were busy and awake throughout the duration of the
ace. This shows that the reduction in pain ratings among the
aster runners was not simply a matter of the stress from having
een awake for nearly 24 hours or longer.
Field studies are often fraught with variables that are difficult

o control. Like other field studies, this one has some poten-
ially confounding issues that warrant comment. Given that this
tudy was performed around a challenging competition for
hich these athletes had invested considerable effort in order to
articipate, it was necessary for the study to avoid significant
ntrusions. As such, we were unable to control the use of pain
edications before and during the race. In fact, 4 of the runners

eported using anti-inflammatory medications within 6 hours
efore undergoing the pre-race pain test, and all but 3 of the
unners reported taking a pain medication (acetaminophen
nd/or anti-inflammatory drug) sometime during the race. In
ontrast, none of the control subjects reported having used a
ain medication within 6 hours of any of the pain tests. Be-
ause the use of pain medication before (1/12 in the faster
roup, 3/9 in the slower group) and after (9/12 in the faster
roup, 8/9 in the slower group) the race appeared comparable
etween the faster and slower runners, we do not think that this
actor can account for the finding of a different effect for the 2
roups of runners.
It was also important that none of the subjects exercised

hortly before the pre-race pain tests, and that the control
ubjects did not exercise shortly before the post-race pain tests.
ach subject was queried before each pain test, and we found

hat there was no significant exercise shortly prior to pain
esting that should have confounded the results.

One variable that we were unable to control to our desired
evel was the time interval from finishing the race to the
ost-race pain test. Three of the faster runners were not willing
o undergo the post-race pain test until 0.85 to 2.78 hours after
nishing, whereas all of the slower runners were tested within

he desired interval. Nonetheless, given that the exercise-in-
uced analgesic effect is likely to be less evident the longer it
as been after the completion of exercise,8,15 this issue is not
hought to account for the difference between the faster and
lower runners. When excluding the 3 runners showing more
han a 30-minute interval from finishing to post-race pain

Table 4: Results of the Final Model Showing Analgesic Effect of
Race in Faster Runners Only

Parameter Effect SE LR df P

Intercept 48.13 4.03 57.80 1 �.001
Race effect in faster

runners �12.76 5.20 5.68 1 .017
Race effect in slower

runners 0.12 5.44 �0.00 1 .984
esting, the effect of the race was no longer significant
P�.125). However, the estimate of the effect in faster runners
�11.51mm) still points at a strong trend toward increased
nalgesia. Therefore, we attribute the loss of significance to a
eduction in sample size. Furthermore, in the model-based
nalysis the delay variable showed no significance (P�.51).

Another potentially concerning issue relates to differences in
ir temperature at the time of the post-race testing. Because the
aster runners finished between 12:00 PM and 7:00 AM, the air
emperatures were lower (range, 12°�16°C) than when the
lower runners finished (range, 16°�21°C). It is recognized
hat cooling slows sensory nerve conduction velocities,23-25

lthough it is not known if this amount of variation in air
emperature would affect pain ratings in the type of test we
erformed. Nonetheless, because nearly half of the controls
erformed the last pain test within the temperature range of the
aster runners and the other half performed the test within the
emperature range of the slower runners, and there was no
pparent relationship of pain ratings with air temperature
mong the controls, we have discarded this issue as having
ffected the results.

We were concerned that some of the runners might have
welling in the fingers that could alter the pain ratings during
he post-race pain test. Some finger swelling is not unusual
mong competitors in endurance events due to various factors
ncluding the development of low serum sodium levels.26 If
nger swelling was present, it could, in effect, cause some
cushioning” between the edge of the pressure pain stimulator
nd the finger. This could either lower the pain ratings or cause
shifting of the pain rating–time curve to the right. However,
e are unable to formulate a plausible explanation for why this

ffect would be greater among the faster runners than the
lower runners. Thus, we do not believe that this factor ac-
ounts for the reduced pain ratings that were observed among
he faster runners.

Small sample size is recognized as an important limitation in
his study. Important effects may have been masked because
he study was only powered to detect large differences. It is
uite likely that we would have discovered a continuous race
ffect modification by finishing time in a larger study, as well
s other predictors of the association between exercise intensity
nd analgesia.

CONCLUSIONS
Fastest runners in a 161-km running race experience a mod-

st temporary reduction in pressure pain perception. The mag-
itude of this analgesic effect was comparable to that previ-
usly observed after modest exercise, without evidence for an
ugmented response due to ongoing pain from the exercise. It
s unknown whether the lack of a reduction in pain perception
mong the slower runners was because an extreme bout of
xercise of this nature can “exhaust” the systems responsible
or exercise-induced analgesia in all but the most well trained
f runners, or if these systems were not activated because the
lower runners were unable to maintain a high enough exercise
ntensity during the later stages of the race.

Acknowledgment: We thank the leadership of the Western
tates Endurance Run for support of the research.
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earning Effects of Repetitive Administrations of the Sensory
rganization Test in Healthy Young Adults
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ABSTRACT. Wrisley DM, Stephens MJ, Mosley S,
ojnowski A, Duffy J, Burkard R. Learning effects of repet-

tive administrations of the Sensory Organization Test in
ealthy young adults. Arch Phys Med Rehabil 2007;88:
049-54.

Objectives: To evaluate the learning effect of multiple ad-
inistrations of the Sensory Organization Test (SOT) on per-

ormance and to begin to establish clinical meaningful change
cores for the SOT.

Design: Descriptive case series.
Setting: University-affiliated clinic.
Participants: Healthy young adults (6 men, 7 women; mean

ge, 24�4y).
Intervention: All subjects performed the standardized SOT

sing the SMART EquiTest 5 times over a 2-week period, and
month later.
Main Outcome Measure: Composite and individual SOT

est condition standardized equilibrium scores.
Results: Test-retest reliability (intraclass correlation coeffi-

ient model 2,3) of the composite (.67) and equilibrium score
range, .35–.79) were fair to good. Repeated-measures analysis
f variance revealed a significant (P�.05) increase in the
omposite and equilibrium scores for conditions 4, 5, and 6
ver the 5 sessions that plateaued after the third session, and
ere retained at 1 month. The 95% confidence interval for the

omposite score change from session 1 to session 4, the plateau
f the learning effect, was 3.9 to 8.1.
Conclusions: Although the findings of this study would

ndicate that multiple baseline measures are desirable for the
ore challenging conditions, a composite change of greater

han 8 points would indicate change due to rehabilitation.
Key Words: Balance; Learning; Posture; Rehabilitation;

eproducibility of results.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

UMAN POSTURAL CONTROL has been studied in both
healthy subjects and patients with a variety of pathologic

onditions to understand the neural mechanisms (sensory, mo-
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or) involved in a relatively automatic, yet complex, task, and
o develop training and rehabilitation tools to avoid or correct
eficits in the system. One means of taxing the postural control
ystem is through changing the characteristics of the support
urface. Platform perturbations allow for the investigation of
oth the sensory influences and interactions on balance control
nd the motor outcomes.1-4 Deviations in performance seen in
hose with pathologic conditions has allowed the development
f rehabilitation techniques in order to increase stability in
hese populations and therefore decrease the likelihood of
alls.5

The ability to maintain an upright posture within a given
ensory environment (balance), is dependent on sensory infor-
ation to detect the position and movement of the body so that

ppropriate movement responses can be generated.6 The Sen-
ory Organization Test (SOT) of Computerized Dynamic Pos-
urography was developed in order to identify the relative
ontribution of the 3 main sensory systems involved in balance
vision, vestibular, somatosensory).6 The test attempts to iso-
ate the various sensory contributions by either removing or
istorting (via sway-referencing the visual surround or the
urface platform) the visual and/or somatosensory inputs to the
ostural-control system. The resultant 6 conditions progress
rom the most stable (eyes open, solid support surface) to the
east stable (sway-referenced vision and surface). The 6 con-
itions of the SOT are described in table 1. Moderate to good
est-retest reliability for the SOT over 2 sessions 1 week apart
as been shown.7-9 Scores on the SOT allow the differentiation
etween subjects with normal and abnormal vestibular func-
ion, as well as identifying older adults at risk for falls.8,10

The SOT paradigm has been used to show the altered use
f sensory input in multiple populations, including older
dults,11,12 young children,13,14 and people with vestibular
ysfunction,15,16 peripheral neuropathy,15 and Parkinson’s dis-
ase.17 Clinically, several studies have used this protocol pre-
nd postintervention during different treatment scenarios.
mproved SOT scores have been shown in patients with Par-
inson’s disease17 and osteoporosis18 after balance training,
nd in patients with central and peripheral vestibular dysfunc-
ion after vestibular rehabilitation.19

However, it has been reported that repeated exposure to a
iven perturbation of the postural control system allows for
earning of more efficient postural strategies to maintain bal-
nce both within a session and over time.20-22 Even in simple
uiet stance with eyes closed, a progressive reduction in sway
rea and sway path was seen with repetition,23 with the authors
uggesting that the body learns to move to a “safer” position
hat results in less energy expenditure by reducing the amount
f sway. This has also been shown in more complex balance
asks, such as standing with a narrow base of support,24 or with
ibration to the ankle tendons.20,25 If repeated exposure to
iven perturbations leads to an improvement in postural stabil-
ty, this may serve as a confound to the use of the SOT to

easure improvement in balance in intervention studies.

Arch Phys Med Rehabil Vol 88, August 2007
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A

Ford-Smith et al7 evaluated the test-retest reliability of the
OT in noninstitutionalized older adults. They found moderate

est-retest reliability (intraclass correlation coefficient [ICC],
66 for composite score) when 2 sessions of the test were
dministered 1 week apart. The ICC for the individual condi-
ions ranged from .26 to .68 with improvements from the first
o second session of up to 18%. Tsang et al9 found moderate to
ood reliability of the individual SOT conditions with ICC
cores ranging from .72 to .93. No reliability statistics were
resented for the composite score. This moderate reliability of
ndividual conditions and the composite score illustrates that
dditional study is needed to identify the true test-retest reli-
bility of the SOT, and to differentiate the normal learning of
he task over time from improvements in balance due to inter-
entions. Therefore, the purpose of this study was to see what
earning effects are seen in SOT scores over multiple test
essions in healthy young adults and to determine if this im-
rovement is retained over time. An additional purpose was to
egin to establish a framework on which the clinically signif-
cant change in SOT scores could be determined.

METHODS

articipants
We recruited 13 young healthy subjects (6 men, 7 women;
ean age, 24�4y) for this study. Young adults were included

n this study because we anticipated that they would show the
mallest learning effect and would allow us to estimate the
inimum change necessary for determining change due to

ehabilitation. The sample size of 13 participants provide a
ower of .95 for detecting a large effect size (F�.40) using
epeated-measures analysis of variance (ANOVA) with a cor-
elation of 0.5 between sessions.26 All participants were uni-
ersity students ranging in age from 21 to 36 years old. All
ubjects met the following inclusion criteria: (1) no reported
istory of neurologic, orthopedic, or muscular injury, (2) nor-
al bilateral lower-extremity strength assessed via a manual
uscle test, (3) able to stand independently for 20 minutes, (4)

ble to stand on toes and heels, and have normal functional
ange of motion in ankles, knees, and hips, (5) have normal
omatosensory function in the feet as measured by the Wein-
tein Enhanced Sensory Test27 and vibration sensation at
28Hz, (6) no history of neck injury, whiplash, or current
omplaints of neck pain, and (7) not currently on any medica-
ion that might affect balance. Subjects were asked to refrain
rom alcohol consumption for 48 hours before any test session
nd alcohol consumption was monitored through subject self-
eport. The study was approved by the Health Sciences Insti-
utional Review Board and informed consent was obtained
rom each person. All subjects completed a general health

Table 1: The 6 Conditions of the SOT

Condition Vision Surface Visual Surround

1 Eyes open Stable Stable
2 Eyes closed Stable Stable
3 Eyes open Stable Sway-referenced*
4 Eyes open Sway-referenced* Stable
5 Eyes closed Sway-referenced* Stable
6 Eyes open Sway-referenced* Sway-referenced*

The surface or the surround moves at a gain of 1 with center of
ressure movements so that the visual field or the ankle angles stay
elatively constant.
uestionnaire, the Dizziness Handicap Inventory (DHI)28 and o

rch Phys Med Rehabil Vol 88, August 2007
he Activities-specific Balance Confidence (ABC) Scale29,30 to
nsure that they met the inclusion criteria. The DHI is a
5-item questionnaire that quantifies a person’s perceived
andicap due to dizziness. It is scored on a 0 to 100 scale with
igher scores indicating greater perceived handicap. The DHI
as high reliability and validity.28 All subjects included in this
tudy scored a 0 on the DHI. The ABC is a 16-item question-
aire that requires the subject to rate how confident they are
hat they will not lose their balance on 16 tasks ranging from
alking around the house to walking on icy sidewalks. The
BC is scored on a percentage scale, with 100% indicating that

ubjects are completely confident that they will not lose their
alance and 0% indicating that they feel they will lose their
alance during that task. ABC scores for the subjects partici-
ating in this study were all greater than 95%, with a mean of
8%�2%.

osturography Test Procedure
All subjects completed the standardized SOT on the

euroCom Smart EquiTest.a The SOT consists of 6 sensory
onditions (table 1). Subjects completed 3 trials for each of the
sensory conditions during each session. Subjects stood on

he platform in bare feet with the feet placed 5.7cm apart and
he medial malleolus aligned with the axis of platform rotation.
oot position was marked on the platform to allow consistency
etween trials and sessions. Subjects wore a harness that at-
ached overhead and prevented falls but did not limit sway.
ubjects were asked to stand quietly with their arms across

heir chest and their eyes open or closed (depending on the
ondition). An examiner remained stationed behind each sub-
ect for safety throughout the test.

esting Procedure
Each subject completed 5 testing sessions over a 2-week

eriod with a retention test 1 month later (1 subject completed
nly the initial 5 testing sessions and did not return for the
-mo follow-up session). Subjects had a mean of 1.9�1.1 days
f rest between the 5 test sessions and a mean of 29.2�4.4 days
etween the test sessions and the retention test. Subjects com-
leted the SOT according to the manufacturer’s instructions,
ith 3 repetitions of each condition in each session. Each trial

asted 20 seconds. The conditions were performed in subse-
uent order 1 through 6 for each of the 6 sessions. No subjects
ell during the performance of any condition. A computer-
enerated equilibrium score was calculated for each trial using
he formula provided by NeuroCom. The equilibrium score is
percentage that compares the subject’s anteroposterior center
f pressure sway (in degrees) with the theoretical limits of
tability, that is, maximum peak to peak sway of 12.5° (8°
orward, 4.5° backward).31 The equilibrium scores range from
% to 100%, with 100% indicating perfect stability and 0%
ndicating a fall. The 3 trials for each condition were averaged
or an equilibrium score for each condition. A composite score,
he mean of the average equilibrium score for all trials of
onditions 1 and 2 and the 3 trials of conditions 3 through 6,31

as also computer generated based on a formula from
euroCom for each session and was used for data analysis.
herefore, the composite score is a weighted average that
mphasizes the more difficult balance conditions.

ata Analysis
We analyzed differences in equilibrium and composite

cores across the 6 sessions using repeated-measures ANOVA.
n order to perform post hoc testing and to determine the effect

f trial, a multivariate analysis with trial and session as factors,
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1051LEARNING EFFECTS OF THE SENSORY ORGANIZATION TEST, Wrisley
nd subject and days of rest as co-factors was also performed.
ost hoc tests included the Bonferroni test to determine differ-
nces between sessions and the Dunnett t to determine which
essions were significantly greater than the first session. Sig-
ificance level was set at P less than .05. Test-retest reliability
as quantified using intraclass correlation coefficient model
,3 (ICC2,3). ICC2,3 was used as 3 trials of each condition were
veraged for the individual condition and the composite scores.
sing the Fleiss criteria,32 we define ICC values of less than
.4 having poor reliability; .40 to .75 fair to good reliability,
nd scores above .75 as having excellent reliability. Paired
tests were performed between scores for session 5 and 6 to
etermine if the learning effect was retained at 1 month. All
nalysis was completed using SPSS.b

RESULTS

earning Effect
A significant difference was found in equilibrium scores

etween all 3 trials in all sessions for conditions 4, 5, and 6 but
ot for conditions 1 through 3. All subjects achieved normal
cores on the SOT and all subjects had an increase in their
omposite score in session 5 compared with session 1. The
ean composite score and the 95% confidence intervals (CIs)

cross the 6 sessions are displayed in figure 1. A significant
earning effect was shown across the 6 sessions for SOT
onditions 4 through 6 equilibrium scores and the composite

ig 1. Change in SOT composite scores over the 6 sessions, which
lateau at the fourth session. Note that the y axis has been col-

apsed.

Table 2: Mean Equilibrium Scores* on Individual SO

Condition Session 1 S

1: Eyes open; firm surface (%) 95.3�1.6 9
2: Eyes closed; firm surface (%) 93.6�2.2 9
3: Sway reference vision; firm surface (%) 91.6�4.0 9
4: Eyes open; sway reference surface (%) 87.3�6.0 9
5: Eyes closed; sway reference surface (%) 74.6�3.6 7
6: Sway reference vision and surface (%) 72.9�7.1 7
Composite score 83.4�3.0 8

OTE. Values are mean � SD.

Percentage of the subject’s anteroposterior center of pressure sway to
The mean of the average equilibrium score for all trials of condition 1 t
core, but not for conditions 1 through 3. Mean and standard
eviations (SDs) for the equilibrium scores of individual con-
itions and the composite scores are listed in table 2. On post
oc testing for condition 4 and 5, significant differences were
ound between sessions 1 and sessions 3 through 6, and ses-
ions 2 and sessions 3 through 6; for condition 6, significant
ifferences were found between session 1 and sessions 2
hrough 6; and for the composite score, significant differences
ere found between session 1 and sessions 2 through 6, and

ession 2 and all other sessions. Equilibrium scores were sig-
ificantly greater in sessions 3 through 6 than in session 1 for
onditions 4 and 5 and significantly greater in session 2 through
than in session 1 for condition 6 (table 3). The composite

core was significantly greater in sessions 2 through 6 than in
ession 1. To determine the amount of change necessary to
ndicate improvement beyond learning of the task, 95% CIs of
he change from session 1 were calculated for each condition
nd the composite score (see table 3) for each session. The
pper level of the CI for the composite score change for session
, the plateau of the learning effect, was 8.1, so an improve-
ent of greater than 8 points on the composite score would be

onsidered a change greater than the learning of the task.

est-Retest Reliability
Fair to good test-retest reliability was found for the SOT

omposite score from session 1 to session 2 with an average of
.7�0.9 days in between testing was .67 (ICC2,3). Individual
quilibrium scores for all conditions except condition 3 (stable
urface, sway referenced vision) were also fair to good, with
cores ranging from .43 to .79 from session 1 to session 2.
ondition 3 showed poor test-retest reliability with an ICC2,3
f .35.

etention
The majority (10/12 [83%]) of subjects either retained or

mproved their performance on the SOT composite score when
ested 1 month later (session 6). Five subjects retained their
core, 5 subjects improved their score (average, 1.6 points) and

subjects had a decrease in score (average, 2 points). All
omposite SOT scores were greater in sessions 5 and 6 than in
ession 1. The subject and number of days rest between ses-
ions as covariate yielded no statistical difference. No statisti-
al differences between session 5 and 6 in individual conditions
r composite score were found using paired t tests.

DISCUSSION
This study showed, for the first time, the learning effect seen

ith repetitive SOT administrations. To account for this learn-
ng effect, it could be recommended that clinicians administer
ultiple baseline sessions to establish a steady performance

nditions and Composite Scores† for Each Session

n 2 Session 3 Session 4 Session 5 Session 6

1.3 95.9�1.2 95.8�0.8 95.8�1.1 95.6�1.0
1.6 93.8�1.6 93.0�1.9 93.4�1.8 93.4�1.4
2.4 92.6�2.1 93.6�2.0 93.5�2.2 94.1�1.8
5.8 91.9�1.6 92.8�1.9 94.0�1.3 93.2�2.0
4.5 81.0�3.4 83.6�3.1 83.3�2.7 83.3�3.9
6.1 82.1�4.7 82.8�5.6 84.7�4.1 85.1�3.4
2.3 88.0�1.5 89.2�2.1 89.5�1.5 89.9�2.0
T Co

essio

5.4�

3.7�

3.1�

0.3�

7.5�

9.6�

6.3�
the theoretical limits of stability.
hrough 6.
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Arch Phys
rior to administering an intervention in order to document
hanges due to rehabilitation. However, the reality of clinical
ractice may not support the use of multiple baseline admin-
strations and the use of SOT testing may act as training for
atients with balance dysfunction. The administration of mul-
iple baseline trials may also promote the learning effects
hown in this study. Therefore, we have attempted to establish
hange values that would represent the amount attributable to
earning. This is important, because it provides guidelines for
nterpreting the improvement in SOT scores after an interven-
ion. Based on the results of this study we recommend using the
riterion of 8 point improvement in the composite score for
ndicating improvement beyond the learning of the task. If
revious outcome studies are reexamined using this criterion,
e find greater support that balance function improved after

ntervention. Badke et al19 show a mean change of 8.5 points
from 42.6 to 51.1) in the composite score after vestibular
ehabilitation in people with peripheral and central vestibular
ysfunction. This change was not found to be statistically
ignificant (P�.08), but using the criteria presented here it
ould show minimal change slightly beyond that expected for

earning. Sinaki and Lynn18 found changes of 13 to 37 points
n 3 women with osteoporosis after an exercise and posture
raining support intervention whereas the 2 women who re-
eived only the exercise intervention showed a change of �2
nd 3 points in their SOT scores.

The clinical relevance of this change score needs to be
stablished. Further research is needed to determine the mag-
itude of change that would correlate with improvements in
unctional status. The magnitude of the learning effect may
lso be different for various populations. We expect that older
dults will show a greater learning effect when performing the
OT and that they may require additional sessions for the

earning effect to plateau.
Significant learning effects occurred for SOT conditions 4, 5,

nd 6 over the 5 sessions, whereas conditions 1 through 3 did
ot. Conditions 4 through 6 are more complex postural tasks
nd are thought to require vestibular information to maintain
pright. Other studies have shown that with repeated exposure
o a given perturbation or balance activity, performance on that
ask improves; this improvement is greatest in more complex
asks such as standing with narrow base of support and with
ensory conflict such as vibration.20-22,24 Greater learning may
ave been seen in conditions 4 through 6 because of the
omplexity of the task, the novelty of the task, or the depen-
ence of those tasks on vestibular information. It would be
nteresting to determine if the same level of learning is seen
ith people with visual or proprioceptive deficits or in
eople with highly trained vestibular systems (ie, ice skaters
r dancers).
It has been suggested that at least 2 processes of adaptation

ccur with learning a novel postural task.20,25 One is short-term
daptation that reduces the postural sway by either changing
he postural strategies (ie, increasing the stiffness in the ankles)
r through reweighting of sensory information. Short-term
daptation was observed in this study with the equilibrium
cores of individual trials improving within each session.
nother form of adaptation is the long-term process; the pro-

ound effect previous experience of the postural task has on the
evelopment of a strategy for maintaining postural con-
rol.25,33,34 The majority of the subjects in this study retained or
mproved their composite scores on the 1 month follow-up
ession. The fact that 42% (5/12) of the subjects improved their
erformance after a 1-month rest indicates further adaptation.
The SOT composite and equilibrium scores showed fair to
good test-retest reliability according to the criteria by Fleiss321: 2: 3: 4: 5: 6: C N
O

Med Rehabil Vol 88, August 2007
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hen tested in healthy young adults with 1 to 3 days between
ests. This is in agreement with the Ford-Smith et al7 results
rom repeated administrations of the test 1 week apart in
oninstitutionalized older adults, but is lower than the test-
etest reliability found by Tsang et al9 when testing 12 older
dults 1 week apart. Surprisingly, the 2 conditions with the
ighest test-retest reliability are the hardest conditions for
ubjects to perform and have the greatest variability. The ICCs
or the other conditions may have been lower due to a lack of
ariability. Although not ideal, this level of test-retest reliabil-
ty has been considered acceptable for clinical tools.9,35,36

hen used in combination with the improvement criteria dis-
ussed above, this reliability should allow for accurate inter-
retation of the SOT scores.
The test-retest reliability of the SOT composite score be-

ween sessions 4 and 5 and sessions 5 and 6 were excellent,
urther substantiating that the plateau in performance of the
OT occurs after the fourth administration of the test and that

he improvements are retained even after a month. Variability
as seen across trials and testing sessions, most likely due to

earning. This learning effect manifested itself as lower stan-
ard deviations for conditions 4 through 6 across sessions and
n lower ICC values from session 1 to 2 compared with the
CCs from session 4 and 5 or 5 and 6.

tudy Limitations
One limitation of this study is that it was performed with

ealthy young adults. It is interesting that even active young
dults can improve their balance function on this clinical as-
essment tool. However, the study findings need to be ex-
anded to other groups. Older adults and people with sensory
nd motor pathologies may show a different learning effect.
dditional studies are also needed to determine the sensitivity

nd specificity of the criteria introduced.

CONCLUSIONS
Healthy young adults show a learning effect when provided

ith 5 repetitions of the SOT over a 2-week period. The
earning effect appears to plateau around session 3 and 4, and
ccurs primarily in the composite score and conditions 4
hrough 6. Multiple baseline measures of the SOT should be
dministered in order to document change due to rehabilitation.
s an alternative, improvements of more than 8 points in the

omposite score indicate recovery beyond the effect of adap-
ation to the SOT itself. This improvement criterion provides
n additional method for assessing outcomes in intervention
tudies.
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RIGINAL ARTICLE

trength Training Improves the Tri-Digit Finger-Pinch Force
ontrol of Older Adults
ustin W. Keogh, PhD, Steve Morrison, PhD, Rod Barrett, PhD
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ABSTRACT. Keogh JW, Morrison S, Barrett R. Strength
raining improves the tri-digit finger-pinch force control of
lder adults. Arch Phys Med Rehabil 2007;88:1055-63.

Objective: To investigate the effect of unilateral upper-limb
trength training on the finger-pinch force control of older men.

Design: Pretest and post-test 6-week intervention study.
Setting: Exercise science research laboratory.
Participants: Eleven neurologically fit older men (age

ange, 70–80y).
Intervention: The strength training group (n�7) trained

wice a week for 6 weeks, performing dumbbell bicep curls,
rist flexions, and wrists extensions, while the control group

ubjects (n�4) maintained their normal activities.
Main Outcome Measures: Changes in force variability,

argeting error, peak power frequency, proportional power,
ample entropy, digit force sharing, and coupling relations
ere assessed during a series of finger-pinch tasks. These tasks

nvolved maintaining a constant or sinusoidal force output at
0% and 40% of each subject’s maximum voluntary contrac-
ion. All participants performed the finger-pinch tasks with
oth the preferred and nonpreferred limbs.
Results: Analysis of covariance for between-group change

cores indicated that the strength training group (trained limb)
xperienced significantly greater reductions in finger-pinch
orce variability and targeting error, as well as significantly
reater increases in finger-pinch force, sample entropy, bicep
url, and wrist flexion strength than did the control group.

Conclusions: A nonspecific upper-limb strength-training
rogram may improve the finger-pinch force control of older
en.
Key Words: Aging; Exercise therapy; Grasp; Hand strength;

ehabilitation.
© 2007 by the American Congress of Rehabilitation Medicine

nd the American Academy of Physical Medicine and
ehabilitation

CTIVITIES OF DAILY LIVING (ADLs) that require the
dexterous manipulation of hand-held objects, such as drink-

ng, eating, and writing, typically deteriorate as a consequence
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f aging1-3 Although hand function is multifactorial in nature,
n optimal level of isometric force control appears to be par-
icularly important.3-5 The reduced hand function of older
dults may therefore reflect, at least in part, the age-related loss
f isometric finger-pinch force control.1,6-11

The age-related reduction in muscular strength and neuro-
uscular function, which includes changes at the level of the
otor unit, is an obvious contributing factor to the decline in

orce control in older people.12 Specific changes in motor unit
roperties associated with the aging process include altered
otor unit size and firing rate,13-16 as well as altered relations

etween motor unit recruitment and motor unit firing rate.17

ge-related changes in the power spectral, regularity, sharing,
nd coupling of the digit forces have also been observed and
ay also predispose older adults to a loss of digit force control.
he digit force outputs of older adults tend to have significantly
ore power at low frequencies and/or are more regular than

hose of young adults.11,18,19 Further, older adults have a
reater percentage contribution (force share) of the lateral
nger(s) and a reduced medial finger(s) force share, as well as

ower levels of digit force coupling than do young adults during
- and tri-digit finger-pinch tasks, respectively.8,11

Resistance training can produce substantial neural and coor-
inative adaptations in both young and older adults.20-22 Of
articular relevance to digit force control, resistance training
an significantly improve strength,21-23 and intra- and intermus-
ular coordination,24-26 and can reduce motor unit firing rate
ariability.27 Consequently, it is not surprising that resistance
raining can produce significant improvements in the isometric
igit force control of older adults.13,28,29 In many of the cited
tudies, the improvements in force control were observed dur-
ng tasks that were similar to the exercises performed in train-
ng (eg, index finger abduction). It has yet to be determined
hether there would be changes in force control in more
eneral movement tasks that were not practiced during train-
ng.

The generality of response is further clouded by the fact that
he greatest improvements in older adults’ digit force control
fter training have occurred in the trained limb when producing
onstant forces no greater than 20% of maximum voluntary
ontraction (MVC).13,28,29 Consequently, it remains unclear
hether there are the same improvements in digit force control

fter the performance of tasks with greater MVC requirements,
r with time varying target forces. We can gain a greater
nsight into the generality of the training response by assessing
he change in force control in both the trained and untrained
imbs across a range of task constraints, that is, at a variety of
orce levels and with various target shapes (ie, sinusoidal as
ell as constant forces) and with tasks involving multiple
ngers.
We conducted this study to determine whether a general

nonspecific) unilateral upper-limb strength-training program
ould significantly improve finger-pinch force control in older
dults. We assessed changes in force control in both trained
nd untrained limbs with 4 tri-digit finger-pinch conditions that
eflected all combinations of mean force level (20% MVC and

0% MVC) and target shape (constant and sinusoidal). We

Arch Phys Med Rehabil Vol 88, August 2007
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A

ypothesized that strength training would significantly reduce
nger-pinch force variability and targeting error in older adults,
ith these effects being greater in the trained limb than in the
ntrained limb, at low (20% MVC) rather than high (40%
VC) forces and in sinusoidal rather than constant force

roduction conditions. Alterations in upper-limb strength, as
ell as the power spectral, regularity, force share, and/or

oupling of the digit forces, were expected to be associated
ith the training group’s enhanced force control.

METHODS

articipants
We recruited 14 subjects for this 6-week study. Determina-

ion of the number of subjects needed was based on a power
nalysis using data from Bilodeau et al’s study28 of subjects
ho completed a 4-week strength-training program. This anal-
sis revealed that 8 subjects in each group (strength training,
ontrol) were required to attain 80% power with a P value of
05. Entry criteria included being male, aged between 70 and
0 years, physically active and in apparent good health, not
nvolved in a strength-training program in the last year, with
ormal vision or vision corrected with eye glasses, and with no
elf-reported neurologic, musculoskeletal, sensory, or cogni-
ive impairments that could affect training or testing perfor-
ance.
The first 7 subjects who gave informed consent were as-

igned to the strength-training group (age, 75�2y; height,
71�6cm; mass, 72�7kg; body mass index [BMI], 25�3kg/
2); the next 7 subjects were assigned to the control group.
hree control subjects dropped out after the pretest sessions;
onsequently only 4 control subjects (age, 76�2y; height,
80�5cm; mass, 91�9kg; BMI, 28�4kg/m2) completed both
esting sessions. The Griffith University Human Research Eth-
cs Committee approved the study.

xperimental Design
We assessed the effect of a 6-week unilateral, dumbbell-

ased strength-training program on the isometric tri-digit fin-
er-pinch force control of older men. Changes in force output
ere assessed in 4 finger-pinch force conditions that repre-

ented all combinations of 2 independent measures—mean
orce level (20% MVC, 40% MVC) and target shape (con-
tant, sinusoidal). The sinusoidal target shape waveforms
scillated at 0.1Hz with an amplitude of �5% MVC around
he mean forces of 20% MVC and 40% MVC. Each of the
finger-pinch conditions (20% MVC, 40% MVC, 20%�5%
VC, 40%�5% MVC) were performed unilaterally, result-

ng in 8 force production conditions. Six 20-second trials
ere performed for each condition in both the pre- and
ost-training testing sessions, with each condition per-
ormed in randomized blocked order.

The goal of the finger-pinch conditions was to match the
otal finger-pinch force to that of the target force displayed on

computer monitor. Individual digit force outputs (thumb,
ndex finger, middle finger), as well as the surface electromyo-
raphic activity of the flexor pollicis brevis (FPB) and flexor
igitorum superficialis (FDS) muscles, were recorded during
ll trials.

trength Training Procedures
Subjects in the strength-training group participated in 2

raining sessions a week, with each session separated by 72 to
6 hours. The training program consisted of 3 unilateral dumb-

ell exercises (bicep curls, wrist flexions, wrist extensions), fi

rch Phys Med Rehabil Vol 88, August 2007
ith the arm selected for training randomly determined for
ach subject. Three subjects trained with their preferred limb
nd 4 with their nonpreferred limb.

After a 5-minute arm-cranking warm-up on a modified
odel 818E Monark cycle ergometer,a subjects completed 4

ets of each of the 3 exercises. The first set was used as a
pecific warm-up, with a load of about 40% to 50% of the
-repetition maximum (5-RM). As recommended by Fiatarone-
ingh,22 the remaining 3 sets of each exercise were performed
ith loads that could only be lifted for 8 to 10 repetitions per

et. Once the subjects could perform 4 sets of 10 repetitions the
oad for that particular exercise was increased by 1kg at the
ext training session. Subjects rested for 2 to 3 minutes be-
ween sets. Control subjects did no training and maintained
heir normal activities during the study period.

ssessment Procedures
Finger-pinch force control. When performing the tri-digit

nger-pinch force production tasks, subjects were seated about
0cm from a 43-cm (17-in) computer monitor positioned at eye
evel. The monitor showed the target force in full before each
rial began, with the total finger-pinch force appearing in real-
ime superimposed over the target force. During testing, the
elected upper arm was flexed to 90o at the elbow, with the
orearm supported on an armrest and held in a neutral (prona-
ion, supination) position. The subject grasped the load cell
ransducers (total mass, �250g) with the thumb, index finger,
nd middle finger.11 In this position, the pulp of the thumb was
ositioned over the center of a XTran 250 N S-beam load cell.b

he index and middle fingers were positioned on 2 BC302
17.6 N load cell transducers,c respectively. In this arrange-
ent, the sum of the 2 finger forces theoretically equaled that

f the total (thumb) force. Kinetic data were sampled at
000Hz and filtered using a second-order Butterworth low-pass
lter (cutoff frequency, 20Hz). Before each testing session, the
load cells were calibrated using a 2-point procedure whereby

he voltage produced from 2 known loads was recorded. After
alibration, 3 unilateral finger-pinch MVCs were performed
ith each limb to determine the 20% and 40% MVC loads.
Surface muscle electromyographic activity of the FPB and

DS muscles was recorded using MediTrace bipolar surface
g-AgCl electromyography electrodes.d The electrodes were
laced on the belly of the FPB and FDS muscles (interelectrode
istance, 1.5cm) in parallel with the orientation of the under-
ying muscle fibers. All electromyographic signals were sam-
led at 1000Hz, amplified with V75-02 Coulbourn isolated
ioamplifiers,e and transferred to a computer for further anal-
sis. Electromyographic data were subsequently filtered with a
econd-order Butterworth low-pass filter with the cutoff fre-
uency set at 400Hz.
Upper-limb strength. Isometric tri-digit finger pinch strength
as determined via an MVC. Dynamic upper-limb strength
as assessed using the 3 training exercises (dumbbell bicep

url, wrist flexion, wrist extension) with a 5-RM protocol
imilar to that described by Hrysomallis and Kidgell.30 The
nger-pinch MVCs were performed at the beginning of each

esting session and followed the same procedures used in the
ssessment of finger-pinch force control. After performing
everal submaximal isometric finger-pinch contractions, each
ubject performed 3 MVC trials with each limb. Each contrac-
ion was held for about 4 seconds, with a 60-second rest
etween each trial. The highest force value recorded among the
trials for a particular limb was considered the limb-specific
VC.
Dynamic (5-RM) upper-limb strength was assessed after
nger-pinch force control. During all 5-RM assessments, sub-
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ects were seated with the upper body fully supported. All
ubjects completed a 5-minute arm-cranking warm-up on the

onark ergometer at 30W, after which they performed 2
arm-up sets of progressively heavier bicep curls, each set

omprising 5 repetitions. The 5-RM load was defined as the
eaviest mass successfully lifted for 5 repetitions. After the
-RM bicep curl strength of the preferred and nonpreferred
imbs was determined, this process was repeated for the wrist
exion and wrist extension exercises. Ignoring the 2 warm-up
ets, 2 to 3 attempts were generally required to obtain the 5-RM
or each exercise.

ata Analysis
Kinetic and electromyographic data collection began when

he tri-digit finger-pinch force output exceeded 95% of the
equired (target) force.11 All data analyses were performed
sing custom-written Matlab software.f

Force and electromyographic measures. We assessed fin-
er-pinch force control by calculating the level of relative force
ariability and targeting error.11,13 Because the effect of
trength training on finger-pinch force control was assessed in
oth constant and sinusoidal force production conditions, the
otal force output was detrended before analysis so that any
ariability in force output would reflect that of the total, not the
arget, force. We then calculated the force variability as the
tandard deviation of the detrended finger-pinch force-time-
eries divided by the mean target force. Targeting error was
qual to the mean absolute difference between the total and
arget force (root mean square [RMS] error) divided by the
ean target force. The amplitude of the electromyographic

ignals was obtained by using the RMS procedure with a bin
ize of 100ms.

We performed a power spectral analysis on the total pinch
orce between 0 to 4Hz because most (�90%) power during
igit force production is found within this bandwidth.7,11,31

ithin this frequency range, peak power frequency and pro-
ortional power were calculated. We examined the regularity
f the detrended total finger-pinch force by calculating the

Table 1: Pre- and Post-Training Time- and Frequency-Domai
and Strength

Characteristics and Strength

Control Group (n�

Preferred Limb No

Pretraining
Post-

Training Pretrai

Force characteristics
Force variability 6.4�4.6 5.4�3.0 6.2�

(% target force)
Targeting error (% target force) 6.5�3.7 6.1�3.2 5.8�

Peak power frequency (Hz) 0.40�0.28 0.38�0.32 0.40�

Proportional power 0–4Hz
(% total power) 91.1�10.2 90.6�7.3 92.8�

Force sample entropy 0.16�0.17 0.15�0.11 0.23�

Upper-limb strength
5-RM bicep curl (kg) 10.2�1.3 9.0�1.3 10.2�

5-RM wrist flexion (kg) 12.7�2.4 12.1�2.9 13.4�

5-RM wrist extension (kg) 7.1�0.0 7.1�0.0 7.1�

Finger-pinch MVC (N) 111�30 99�41 87�

OTE. All values are mean � standard deviation (SD).
Significant baseline (pretest) difference between the control and s
The change score for the strength-training group was significantly
ontrol group.
ample entropy.32 Sample entropy is analogous to the more
g
c

ommonly performed approximate entropy,33-35 but is less
ffected by record length and has greater relative consistency.32

ample entropy is defined as the natural logarithm of the
onditional probability that 2 time series that are similar across

points remain similar across the next 2 points.32 Sample
ntropy analysis outputs a value between 0 and 2, where lower
alues indicate greater signal regularity.
Coupling relations. Coupling was determined using inter-

igit force sharing and cross-correlation analyses. Force shar-
ng was calculated by expressing the force output of the subject
ngers (index and middle) as a percentage of total finger-pinch
orce.8 We used cross-correlation analysis to quantify the

ig 1. Percent upper-limb strength between-group change scores
or the trained limb of the strength-training group compared with
he mean of the bilateral (preferred and nonpreferred limbs) of the
ontrol group. A positive change score represents a greater increase
n strength for the strength-training group than for the control

ce Characteristics and Upper-Limb Strength of the Control
ning Groups

Strength-Training Group (n�7)

rred Limb Trained Limb Untrained Limb

Post-
Training Pretraining

Post-
Training Pretraining

Post-
Training

5.5�4.2 9.9�13.1 6.0�6.2† 9.2�15.4 7.3�11.3

5.7�3.0 18.8�28.7 9.5�26.3† 10.3�26.3 6.4�7.2
0.37�0.28 0.35�0.24 0.35�0.27 0.32�0.22 0.32�0.23

91.6�6.1 93.3�7.3 94.5�7.2 93.1�8.4 94.2�6.0
0.19�0.17 0.16�0.13 0.27�0.19† 0.15�0.13 0.25�0.22†

9.6�0.0 8.5�1.3* 9.6�1.4† 9.2�1.0* 10.0�1.9
13.4�1.4 9.6�1.4* 15.7�2.4† 10.0�1.0* 15.4�1.4†

7.1�0.0 5.3�0.8* 6.5�1.0 5.7�1.1* 6.8�0.9
90�28 78�16* 89�22 82�17* 86�12

th-training groups.
r than the bilateral (preferred and non-preferred limb) mean of the
n For
-Trai

4)

nprefe

ning

9.0

4.5
0.31

4.9
0.20

1.3
1.4
0.0
24

treng
roup. Data are mean � 95% confidence limit. *Significantly greater
hange for the strength-training than control group.

Arch Phys Med Rehabil Vol 88, August 2007
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A

trength of the coupling between: (1) the target and 3 digit
orces (target-digit force coupling); (2) the 3 digit forces
interdigit force coupling); and (3) the 2 RMS electromyo-
raphic (FPB, FDS) signals and 3 digit forces (electromyo-
raphic activity digit force coupling).11 The peak cross-
orrelation within a �5-second time lag was recorded for all
oupling measures.

tatistical Analysis
We used a 1-way analysis of variance (ANOVA) to compare

he baseline results for all subjects. Because there were several
ignificant intergroup differences at baseline, we performed
epeated-measures analyses of covariance (ANCOVAs) to
ssess the effect on the dependent variables of 1 between
actor (strength training) and up to 3 within factors (limb,
ean force level, target shape). The effect of mean force

evel and target shape was determined by grouping the
ppropriate conditions (20% MVC, 40% MVC, 20%�5%
VC, 40%�5% MVC). The between-group difference

Fo
rc

e 
(N

)

0

5

10

15

20

25

Time (s)

0 5 10 15 20

Fo
rc

e 
(N

)

0

5

10

15

20

25

Target
Thumb (Total)
Index Finger
Middle Finger

Po
w

er
 (

N
2 )

0

250

500

750

1000

1250

1500

0

Po
w

er
 (

N
2 )

0

250

500

750

1000

1250

1500

A 
Control 

Strength Training
strength training vs control group) for the change (post-test p

rch Phys Med Rehabil Vol 88, August 2007
inus pretest) scores was used as the effect statistic in all
NCOVAs. The between-group differences were calculated

eparately for the trained and untrained limb of the strength-
raining group. In these comparisons, the data for both the
referred and nonpreferred limbs of the control subjects
ere collapsed (averaged) so that the between-group com-
arisons involved comparing the unilateral change scores
or the strength-training group with the control group’s
ilateral (preferred and nonpreferred limb) mean change
cores. Fixed effects in the ANCOVA model were all pos-
ible main effects and interactions between group (control,
trength-training), limb (trained, untrained), mean force
20% MVC, 40% MVC), and target shape (constant, sinu-
oidal). Pretest scores were used as a covariate in all AN-
OVAs to control for any between-group differences at
aseline.
All dependent variables were log-transformed before being

ntered into the ANCOVA to reduce nonuniformity and to ex-

Frequency (Hz)

1 2 3 4

Fig 2. Representative pre-
training (baseline) finger-
pinch force data for the con-
trol and strength-training
groups during (A) constant
and (B) sinusoidal force pro-
duction tasks. Time-series tar-
get, total (thumb), index fin-
ger, and middle finger force
data are shown in the left col-
umn and a power spectrum
for the total (thumb) force is
shown in the right column.
Control group data are dis-
played in the top row and data
of the strength-training group
are shown in the bottom row
in both panels.
 

ress the between-group change scores as percent differences.36,37
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1059STRENGTH TRAINING AND FORCE CONTROL, Keogh
he effect of strength training on the dependent variables was
etermined by calculating Cohen effect sizes. Effect sizes of
ess than .20, less than .50, less than .80, and greater than .80
epresented trivial, small, moderate, and large effects, respec-
ively.38 The between-group change score data are reported as
he mean � 95% confidence limit and are reported as effect
izes in the text. Data shown in the figures are expressed as
ercent change scores. All analyses were performed using SAS
tatistical software,g with significance set at P less than .05.

RESULTS
The attendance rate for the 7 subjects in the strength-training

roup was 98.8%. Results of the baseline (pretraining) be-
ween-group ANOVA revealed that the strength-training group
ad significantly less body mass and upper-limb strength than
he control group (P range, .001�.042). Although it was not
tatistically significant (P range, .193�.197), the strength-
raining group also tended to have greater baseline levels of

Fig 2. (Continued).
orce variability and targeting error. Table 1 shows the pre- and l
ost-test scores for the finger-pinch force characteristics and
pper-limb strength tests.

pper-Limb Strength
We found no significant change in the control group in bicep

url, wrist flexion, wrist extension, or finger-pinch MVC
trength. In comparison, the strength-training group experi-
nced significantly greater increases in the trained limb’s bicep
url (effect size, 1.31�1.30; P�.049) and wrist flexion (effect
ize, 2.85�1.49; P�.001) strength, as well as in the wrist
exion strength of the untrained limb (effect size, 2.81�1.50;
�.001). While there were moderate-to-large increases in the

rained limb’s wrist extension (effect size, 1.00�1.07; P�.065)
nd finger-pinch MVC strength (effect size, 0.70�0.75;
�.057) for the strength-training group compared with control
roup, these differences were not statistically significant. Fig-
re 1 shows the strength percent change scores for the trained

imb of the strength-training group compared with the bilateral

Arch Phys Med Rehabil Vol 88, August 2007
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A

preferred and nonpreferred limb) mean values for the control
roup.

orce Characteristics
Figure 2 shows the representative pretraining time- and

requency-domain finger-pinch force data for the 2 groups
erforming constant and sinusoidal finger-pinch force produc-
ion conditions.

Finger-pinch force variability and targeting error did not
hange significantly in the control group. The trained limbs in
he strength-training group had a significantly greater reduction
n force variability (effect size, �.27�.17; P�.003) and tar-
eting error (effect size, �.39�.19; P�.001). There were no
ignificant differences, however, for the untrained limb be-
ween the 2 groups with regard to the change in force variabil-
ty (effect size, �.11�.33; P�.487) or targeting error (effect
ize, �.15�.24; P�.216). Subsequent analysis revealed that
he reduction in force variability for the trained limb in the
trength-training group was only statistically significant at high
orces (40% MVC) (effect size, �.39�.31; P�.017) and dur-
ng sinusoidal force production (effect size, �.38�.31;
�.019). The reduction in the trained limb’s targeting error
as statistically significant at both low and high forces as well

s during constant and sinusoidal force production (effect size,
.26�.21 to �.52�.31; P range, .002–.014).
There were no significant changes in any of the finger-pinch

orce power spectral parameters (peak power frequency or
roportional power) or sample entropy measures in the control
roup. Also, there were no significant between-group differ-
nces in the change scores of the power spectral parameters
effect size, �.42�.61 to .39�.58; P range, .151�.952).

In the strength-training group, force sample entropy in-
reased to a significantly greater extent compared with the
ontrol group for both the trained (effect size, .78�.50;
�.003) and untrained limb (effect size, .62�.50; P�.024).
ubsequent analysis revealed the increase in the trained limb’s
ample entropy values to be significant at high forces (effect
ize, 1.08�0.85; P�.015) and during sinusoidal force produc-
ion (effect size, .93�.58; P�.003). Figure 3 shows the force
ariability, targeting error, and sample entropy percent change
cores for the trained limb of the strength-training group com-
ared with the bilateral (preferred and nonpreferred limb) mean
f the control group.

oupling Relations
The control group had significant decreases in the force

hare of the index finger and significant increases in the force
hare of the middle finger between the pre- and post-testing
essions. Consequently, the decrease in the index finger force
hare and the increase in middle finger force share in the
trength-training group were significantly less than that of the
ontrol group for both the trained (effect size, �.77�.65;
�.022) and untrained (effect size, �1.00�0.56; P�.001)

imbs. Further analyses revealed the force share change scores
f the strength-training group’s trained limb were significantly
ess than the control group’s change scores at high forces and
n constant and sinusoidal force production conditions (effect
ize, �0.99�0.96 to �1.31�0.73; P range, .001�.044). The
trength of many of the target-digit, interdigit, and electromyo-
raphic activity digit force coupling measures, as assessed by
ross-correlation analysis, did not change appreciably for either
roup. As a result, there were relatively few significant
etween-group differences in the digit force coupling mea-
ures. Table 2 shows the pre- and post-test scores for interdigit
orce sharing and force coupling (target-digit, interdigit, elec-

romyographic activity digit force) for both groups. t

rch Phys Med Rehabil Vol 88, August 2007
The strength-training group had significantly greater in-
reases in the trained limb’s target-index finger (effect size,
11�.08; P�.008) and FPB-index finger (effect size, .57�.54;
�.039) coupling than did the control group. In contrast, the
hange scores for the strength-training group’s untrained limb
ere significantly smaller than those of the control group for

arget-middle finger (effect size, �.59�.35; P�.002), thumb-
iddle finger (effect size, �1.05�0.77; P�.009), and FDS-
iddle finger (effect size, �.48�.36; P�.011) coupling.

DISCUSSION
We conducted this study primarily to determine whether a

eneral (nonspecific), unilateral, dumbbell-based strength-
raining program would significantly improve the isometric
nger-pinch force control (force variability, targeting error) of
lder men. Changes in digit force output were assessed across
finger-pinch conditions reflecting all combinations of limb

trained, untrained), mean force level (20% MVC, 40% MVC),
nd target shape (constant, sinusoidal). We hypothesized that
trength training would significantly improve finger-pinch
orce control and that this improvement would be associated
ith increased upper-limb strength as well as with changes in

he power spectral, regularity, force share, and/or coupling of

ig 3. Percent (A) force variability, (B) targeting error, and (C) force
ample entropy (SampEn) between-group change scores for the
rained limb of the strength-training group compared with the
ean of the bilateral (preferred and nonpreferred limbs) of the

ontrol group. Negative change scores indicated that the percent-
ge decrease in force variability and targeting error was greater for
he strength-training than the control group. Positive change scores
ndicated that the percentage increase in force sample entropy was
reater for the strength training than the control group. Data are
ean � 95% confidence limit. *Significantly greater change for the

trength-training than control group.
he digit forces.
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1061STRENGTH TRAINING AND FORCE CONTROL, Keogh
raining and Force Output
Six weeks of standard upper-limb strength training involving

nly 12 training sessions resulted in small but significant in-
reases in the finger-pinch force control of older men. Similar
esults have been reported in previous strength13,28 and coor-
ination-training29 studies. Those 3 studies all used testing
transfer) tasks that were similar to the exercises performed in
raining.13,28,29 In contrast, we used a more commonly per-
ormed but nonspecific upper-limb strength training protocol
nd assessed the resultant changes in fine-motor control (iso-
etric tri-digit finger-pinch force production). Our results

how that training-related improvements in older adults’ force
ontrol resulted as a consequence of performing functional,
ultiple finger tasks that were not necessarily practiced during

raining. This generality of response may have implications for
he design of exercise training programs for this population
ecause older adults may not have sufficient time to practice
very ADL in which an age-related loss of digit force control
ompromises their performance.21

Our secondary aim in this study was to determine if unilat-
ral strength training could produce any cross-education ef-
ects, that is, improve the finger-pinch force control and upper-
imb strength of the untrained limb. There was no significant
eduction in the untrained limb’s finger-pinch force variability
r targeting error. There was a significant increase in the
ntrained limb’s wrist flexion strength, along with moderate
effect size �0.5) although nonsignificant increases in the
ntrained limb’s bicep curl and wrist extension strength. Con-
istent with previous research, our results indicate that older
eople retain sufficient neural plasticity to gain some signifi-

Table 2: Pre- and Post-Training Digit Force Sharing a

Force

Control Group (n�4)

Preferred Limb Nonprefer

Pretraining Post-Training Pretraining

Digit force sharing
Index finger (% total

force) 55.0�16.9 48.4�9.4 68.6�21.0
Middle finger (%

total force) 45.0�16.9 52.0�9.4 31.4�21.0
Target-digit force

Target-thumb 0.99�0.01 0.99�0.00 0.99�0.01
Target-index finger 0.99�0.01 0.99�0.02 0.99�0.02
Target-middle finger 0.97�0.04 0.99�0.02 0.92�0.15

Interdigit force
Thumb-index finger 0.55�0.30 0.51�0.40 0.58�0.30
Thumb-middle

finger 0.42�0.30 0.66�0.29 0.18�0.45
Index-middle finger �0.39�0.46 �0.15�0.64 �0.59�0.37

Electromyographic
activity digit force

FPB-thumb 0.98�0.01 0.94�0.07 0.96�0.07
FPB-index finger 0.97�0.03 0.93�0.07 0.95�0.06
FPB-middle finger 0.97�0.05 0.94�0.07 0.86�0.30
FDS-thumb 0.97�0.04 0.98�0.02 0.98�0.02
FDS-index finger 0.95�0.06 0.96�0.03 0.97�0.02
FDS-middle finger 0.96�0.05 0.97�0.03 0.88�0.24

OTE. Data are mean � SD.
The change score for the strength-training group was significantly
ontrol group.
The change score for the strength-training group was significantly
ontrol group.
ant cross-education strength effects from unilateral strength m
raining.39 Further research is required to determine whether
uch cross-education effects can also be achieved in both fine-
nd gross-motor tasks.

ffect of Force Level and Target Shape
The reduction in the strength-training group’s trained limb’s

orce variability was statistically significant at high (40%
VC), but not at low (20% MVC), forces and during sinusoi-

al but not during constant force production. In contrast, the
eduction in targeting error was significant at both low and high
orces and in constant and sinusoidal force production condi-
ions. This difference in the task-dependency of the training
esponse of force variability to targeting error may reflect
ifferences in the manner in which these variables are calcu-
ated or controlled. It is also possible that the significant re-
uctions in targeting error across all levels of force and target
hape reflected the greater potential for change in targeting
rror than in force variability. This can be seen in the baseline
ata of our study and that of Keogh et al,11 in which there were
reater between-group and age-related differences, respec-
ively, in targeting error than in force variability. Because the
ge-related increase in force variability is more pronounced
uring sinusoidal force production than during constant force
roduction,11,19,35 the greater reduction in force variability
uring sinusoidal than during constant force production tasks
ould also reflect older adults’ greater potential for improve-
ent in sinusoidal force control. The greater reduction in force

ariability at higher forces was unexpected because previous
tudies found only training-related reductions in force variabil-
ty at forces of 20% MVC or less.13,28,29 Such a discrepancy

upling of the Control and Strength-Training Groups

Strength-Training Group (n�7)

mb Trained Limb Untrained Limb

Training Pretraining Post-Training Pretraining Post-Training

.2�13.7 65.9�22.9 60.8�23.4† 61.8�20.5 60.5�24.0†

.8�13.7 34.1�22.9 39.2�23.4† 38.2�20.5 39.5�24.0†

9�0.01 0.99�0.02 0.99�0.01 0.99�0.03 0.99�0.01
9�0.02 0.98�0.03 0.99�0.01* 0.99�0.01 0.99�0.02
9�0.02 0.98�0.02 0.97�0.12 0.98�0.04 0.95�0.12†

7�0.32 0.63�0.31 0.67�0.30 0.61�0.33 0.55�0.37

4�0.37 0.33�0.49 0.44�0.51 0.42�0.49 0.40�0.56†

2�0.37 �0.35�0.64 �0.33�0.60 �0.27�0.63 �0.21�0.62

8�0.01 0.98�0.02 0.98�0.01 0.98�0.01 0.97�0.03
4�0.02 0.97�0.02 0.99�0.01* 0.98�0.02 0.97�0.03
7�0.02 0.93�0.17 0.92�0.22 0.94�0.19 0.91�0.21
7�0.02 0.97�0.03 0.98�0.02 0.98�0.02 0.98�0.03
5�0.03 0.96�0.04 0.97�0.03 0.97�0.02 0.97�0.04
6�0.02 0.92�0.19 0.93�0.16 0.93�0.13 0.91�0.23†

r than the bilateral (preferred and nonpreferred limb) mean of the

than the bilateral (preferred and nonpreferred limb) mean of the
nd Co

red Li

Post-

53

46

0.9
0.9
0.9

0.5

0.4
�0.3

0.9
0.9
0.9
0.9
0.9
0.9

large
ay reflect interstudy differences in the range of force outputs
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A

ested, as well as the exercises performed in training.
ilodeau28 and Ranganathan29 and colleagues only assessed
hanges in force variability at low forces (�20% MVC), there-
ore the effect of training on higher-level (�20% MVC) force
ontrol remains unclear. The training exercises used in these
tudies, that is, index-finger abduction13,28 and dexterity ball
anipulation,29 are both fine-motor movements that require

ery low absolute force outputs. In contrast, the training exer-
ises we used could be considered more gross-motor move-
ents because they involve multiple, larger muscles and pro-

uce considerably greater overall forces. Our results are
herefore actually consistent with the specificity princi-
le,20,21,40 because the changes in performance (in this case
orce variability) were more pronounced at high than at low
orces, that is, at forces more similar to those performed in
raining.

echanisms Underlying Improved Force Control
While many mechanisms have been proposed as contributors

o the age-related decline in digit force control,8,11,18,19 Sosnoff
nd Newell12 recently postulated that the primary mechanism
ontributing to this loss of force control is an age-related
ecline in muscular strength. The current and previous stud-
es13,28 have shown that improvements in older adults’ force
ontrol have occurred in association with increases in upper-
imb strength. Inasmuch as greater improvements in force
ontrol may occur in older adults with lower initial strength
nd/or force control,28 merely increasing upper-limb strength
as the potential to lead to improvements in their digit force
ontrol capabilities.

Consistent with our initial hypothesis, the strength-train-
ng group also had a significantly greater increase in force
ample entropy (irregularity) than did the control group. A
ighly regular signal (indicated by a low sample entropy or
pproximate entropy value) is thought to characterize an
utput produced from a small number of components or
rocesses.32-34 It has been proposed that increases in force
rregularity may contribute to the improvements in force
ontrol by increasing the number of force production modes
vailable and hence, the adaptability and flexibility in pre-
isely controlling the digit forces.31

The lack of a significant between-group difference in the
eak power frequency or proportional power change scores
bserved in this study was unexpected because increases in
orce irregularity are typically associated with an increased
eak power frequency and/or decreased low-frequency propor-
ional power.19,31,41 Consistent with our findings, however,
ewell et al42 found significant practice-related changes in

argeting error and digit-force irregularity, with no significant
hange in the peak power frequency.

The between-group differences in the change scores for the
igit force sharing and coupling variables were also not con-
istent with our initial hypotheses. As expected, the strength-
raining group had significantly greater changes in 2 digit-force
oupling measures for the trained limb than the control group.
his differed from the results for the index and middle finger

both trained and untrained limbs) force share and 3 digit-force
oupling measures (untrained limb only), where the change
cores for the strength-training group were significantly less
han those of the control group. Notwithstanding the limi-
ations of the reduced size of the control group, the relative
ack of change in these measures for the strength-training
roup may reflect the short duration and/or the generality
nonspecific nature) of the training program. Whereas the
raining program involved dynamic bicep curl, wrist flexion,

nd wrist extension exercises, we assessed force control

rch Phys Med Rehabil Vol 88, August 2007
sing isometric finger-pinch contractions. Alterations in the
nger-pinch force share and/or coupling patterns may there-
ore only occur as a consequence of a more specific training
rogram, that is, one involving isometric finger-pinch-
ng.20,40

tudy Limitations
A potential limitation to the widespread application of our

ndings, however, is the between-group differences in
trength and force control at baseline. At baseline, the
trength-training group had greater levels of force variabil-
ty and targeting error (with this difference still somewhat
pparent post-training) and less upper-limb strength than the
ontrol group. The strength-training group at baseline also
ad more force variability and targeting error and less
nger-pinch strength than the age-matched normative data
eported by Keogh et al.11 Thus, consistent with the findings
f Bilodeau et al28 and Sosnoff and Newell,12 resistance-
raining-related improvements in digit force control may be
ore pronounced in older adults who have reduced levels of

pper-limb force control and/or strength.

CONCLUSIONS
Six weeks of a unilateral dumbbell-based strength training

rogram produced a small but statistically significant reduction
n finger-pinch force variability and targeting error in the
rained limbs of a group of older men who had elevated
aseline levels of force variability and targeting error. Because
he training exercises differed from the testing (transfer) tasks,
hese results show that improvements in fine-motor control can
e gained through the performance of more global, gross-motor
asks involving moderately large muscle groups. Our results
urther support the prescription of strength training to improve
ovement function in older adults, particularly in those with

educed baseline function.

Acknowledgments: We thank Will Hopkins, PhD, for his invalu-
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hat Do We Really Know About the Transition to
dult-Centered Health Care? A Focus on Cerebral Palsy
nd Spina Bifida
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ABSTRACT. Binks JA, Barden WS, Burke TA, Young NL.
hat do we really know about the transition to adult-centered

ealth care? A focus on cerebral palsy and spina bifida. Arch
hys Med Rehabil 2007;88:1064-73.

Objectives: To address the lack of synthesis regarding the
actors, processes, and outcomes specific to the transition from
hild-centered to adult-centered health care for people with cere-
ral palsy (CP) and spina bifida (SB); more specifically, to identify
arriers, to outline key elements, to review empirical studies, and
o make clinical and research recommendations.

Data Sources: We searched Medline and CINAHL data-
ases from 1990 to 2006 using the key words: transition,
ealth care transition, pediatric health care, adult health
are, health care access, health care use, chronic illness,
pecial health care needs, and physical disability. The resulting
tudies were reviewed with a specific focus on clinical transi-
ion for persons with CP and SB, and were supplemented with
ey information from other diagnostic groups.
Study Selection: All studies meeting the inclusion criteria

ere included.
Data Extraction: Each article classified according to 5

riteria: methodology, diagnostic group, country of study, age
roup, and sample size.
Data Synthesis: We identified 149 articles: 54 discussion,

1 case series, 28 database or register, 25 qualitative, and 34
urvey articles (some included multiple methods). We identi-
ed 5 key elements that support a positive transition to adult-
entered health care: preparation, flexible timing, care coordi-
ation, transition clinic visits, and interested adult-centered
ealth care providers. There was, however, limited empirical
vidence to support the impact of these elements.

Conclusions: This review summarizes key factors that must
e considered to support this critical clinical transition and sets
he foundation for future research. It is time to apply prospec-
ive study designs to evaluate transition interventions and de-
ermine long-term health outcomes.

Key Words: Cerebral palsy; Disabled children; Health care
ystems; Rehabilitation; Spinal dysraphism.
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HERE HAVE BEEN IMPRESSIVE increases in the life
expectancy of children with cerebral palsy (CP) and spina

ifida (SB) in the last 2 decades as a result of improvements in
linical care.1-5 These gains in life expectancy present new
hallenges, including the transition to adult-centered health
are,6 that often occurs between 16 and 21 years of age, when
he subjects become ineligible for children’s services. Adults
ust move beyond child-centered health care to preserve these

imited resources for children,7-11 and to ensure that adults
eceive age-appropriate services such as routine health promo-
ion and screening.

The challenge of this transition, for youths with a variety of
hronic health conditions, received international attention in
he United States at the 1989 Surgeon General’s conference on
Growing up and Getting Medical Care: Youth with Special
ealth Care Needs.”12 Other groups have also recognized this

hallenge.9,13 Because of this attention, transition programs are
eing developed to bridge the gap between child and adult-
entered health care.1,5,9,14-16 These programs are meant to give
ouths the knowledge and skills required to negotiate the adult
ealth care system independently,17-21 to minimize or prevent
econdary illnesses,19,22 to promote autonomy, and facilitate
heir maximum potential.11,22-24 They are also intended to plan
or long-term needs, to give youths hope and focus,7,25,26 and to
each them that leaving pediatric care is not a precursor to
rastic declines in health.27,28

The transition to adult-centered health care is uniquely chal-
enging for people with CP4,29,30 and SB31,32 because their
omplex health care needs become superimposed on an adult
ealth care system with fragmented services.4 The adult system
s often lacking in expertise specific to chronic conditions of
hildhood, and rarely includes multidisciplinary teams that are
entral to the care of people with CP and SB.18,31,33-36 Because
he health and well-being of these vulnerable adults hinges on
ninterrupted access to health care,37 a successful clinical
ransition is critical.38

Although some key elements essential to transition services
ave been proposed in the literature, a synthesis of this infor-
ation as it relates to CP and SB is not available to guide

linicians in the development of evidence-based programs.
urthermore, few standardized programs have been imple-
ented and empirical studies have rarely evaluated the effec-

iveness of such programs.26,39 The purpose of this compre-
ensive review was to synthesize the key issues, to facilitate
he development of clinical programs, and to direct future
mpirical research specific to CP and SB.

Our objectives in this review were (1) to identify barriers
ssociated with the transition to adult-centered health care for
P and SB patients; (2) to outline key elements that should be
ncluded in transition programs for these groups; and (3) to
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1065CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks
eview the empirical evidence related to the process and out-
omes of that transition. This information will be useful in
uiding and encouraging future research to empirically evalu-
te the impact of transition on health outcomes among adults
ith CP and SB.

METHODS
We conducted a comprehensive review of the clinical liter-

ture, using Medline and CINAHL databases, encompassing
he period 1990 to 2006. We limited our review to English-
anguage studies published in the peer-reviewed literature and
e applied the following 4 search strategies.
First, in our database search we used the following key

ords: transition, health care transition, pediatric health care,
dult health care, health care access, health care use, chronic
llness, special health care needs, and physical disability. The
esults were combined (using the and command) with the terms
erebral palsy or spina bifida.

Second, we used an author name search of the same data-
ases to find additional studies by authors identified through
he primary search strategy. These articles were only included
f they were focused on the transition to adult-centered health
are for people with CP and SB.

Third, the reference lists from all articles found resulting
rom the first 2 strategies were reviewed. We did this to
dentify key articles not found in the original search.

Fourth, studies related to health care transitions of people
ith other conditions previously experienced only in child-
ood, but now common in adulthood, were also identified.
hese included: diabetes, respiratory disease, renal impair-
ent, juvenile idiopathic arthritis (JIA), inflammatory bowel

isease (IBD), cystic fibrosis (CF), congenital heart disease
CHD), celiac disease, cancer, organ transplant, and epilepsy.
hese articles were included to augment the limited literature
ith a focus on CP and SB. Studies focused on conditions other

han CP or SB (ie, articles identified by strategies 2, 3, and 4),
ere included in this review only if they provided key infor-
ation related to clinical transition that was considered rele-

ant to CP or SB.
All studies that met the inclusion criteria specified above

ere reviewed jointly by 2 reviewers and labeled according to
he reviewers’ consensus on 5 criteria that described the nature
f each study: methodology, diagnostic group, country of
tudy, age group, and sample size. The labels were generated
ased on the themes that were common in the articles re-
iewed. Some studies included multiple methods, diagnoses, or
ge groups. In such cases, the study was included in all relevant
roupings. This information was compiled in table format to
escribe the sample of articles used in this review.
The main review process included all articles, which were

oded according to their main messages. Articles with similar
ain messages were placed together in common themes.
gain, many articles contributed to more than 1 theme. Article

hemes were organized under the main objectives and identified
priori: barriers, key program elements, and empirical evi-

ence. Details regarding the main themes were synthesized and
re presented in table 1.

RESULTS
Our review of the literature identified 149 articles that were

ublished between 1990 and that were relevant to the transition
o adult-centered health care. (The reference list includes 150
eferences because of the inclusion of reference 12, which is a
onference proceeding that was a keystone in the transition

iterature, but that was not peer-reviewed. Peer review was a d
riterion for inclusion in the results.) Of the 149 articles, 36%
ere discussion studies, 17% reported the results of qualitative

nterviews, 23% reported survey results, 19% reported on sec-
ndary analyses of pre-existing databases or registers, and 14%
ere case series reports. Most of the studies were conducted in

he United States, the bulk of the remainder were done in the
nited Kingdom, Canada, and Australia. Table 2 summarizes

he articles included in this review.
Several categories appeared consistently across the articles.

hese were organized under each of the objectives set a priori.
he common themes and the number of articles that contrib-
ted to each theme are presented in table 1.

bjective 1: Barriers to Transition
Many barriers to transition for people with CP and SB were

dentified; most were similar to those experienced by adults
ith other complex chronic illnesses. Barriers were reported

rom several perspectives, including providers of child-cen-
ered health care, youths in transition, parents of these youths,
nd providers of adult-centered health care.

Child-centered health care providers. One of the greatest
arriers to an effective transition was reported to be the inabil-
ty of child-centered health care professionals (eg, pediatri-
ians) to “let go” of their long-standing relationships with
atients,1,3,10,11,14,15,18,20,23,25,27,28,31,40-45 and their distrust of
dult-centered health services.1,10,14,20,23,25,26,31,41,46 This often
esults in a lack of planning and a critical delay in readiness to
ransfer.20,45,46 The literature, however, underscores the impor-
ance of leaving the child-centered health care system because
hild-centered providers may not be best suited to care for
oung adults.10 For example, pediatricians often find it difficult
o discuss adult issues,26,40,47 and may be inexperienced in

Table 1: Number of Articles per Theme

Theme
No. of

Articles Cited

Child-centered health care providers 22
Youth 16
Parents 23
Adult-centered health care providers 18
Total no. of articles contributing to objective 1

(barriers to transition) 30*

Timing 19
Preparation 33
Coordinated approach 33
Transition clinics 27
Interested adult-centered health care providers 23
Total no. of articles contributing to objective 2 (key

elements suggested for transition programs) 42*

Introduction 56
Empirical evidence based on other chronic

conditions of childhood 41
Why does evidence from other populations not

apply to CP and SB? 42
Total no. of articles contributing to objective 3

(empirical evidence re: process and outcomes of
transition) 123*

OTE: Only 11 (7%) articles were original research specific to persons
ith CP and SB.
The total number of articles contributing to each objective is less
han the sum of the parts because some articles contributed to more
han 1 part and were counted only once in the total.
ealing with changes in childhood diseases during adulthood.15

Arch Phys Med Rehabil Vol 88, August 2007



Table 2: Summary of Articles Used in the Literature Review, With Emphasis on CP and SB

Descriptor
Discussion Articles

(n�54)
Database Analyses

(n�28)
Case Series*

(n�21)
Quantitative Methods*

(n�34)
Qualitative Methods*

(n�25)

Country United States 34 United States 11 United States 7 United States 15 United States 9
United Kingdom 13 United Kingdom 11 United Kingdom 8 United Kingdom 5 United Kingdom 7
Canada 4 Canada 3 Canada 1 Canada 2 Canada 4
Australia 3 Australia 3 Australia 3 Australia 3

Sweden 1 Sweden 2 Sweden 1
Italy 3 Italy 2

Germany/Netherlands 2 Germany 1
Japan 1 Japan 1

Norway 1
New Zealand 1

Diagnostic CP 6 CP 13 CP 7 CP 11 CP 10

group SB 3 SB 2 SB 11 SB 7 SB 5

Ill-defined conditions 31 Ill-defined
conditions

12 Ill-defined
conditions

1 Ill-defined conditions 5 Ill-defined
conditions

5

CF 6 CF 7 CF 4
Diabetes 1 Diabetes 1 Diabetes 2

JIA 1 JIA 2 JIA 1
Cancer 1 Cancer 1

CHD 1 CHD 1
Other chronic conditions (IBD,

organ transplant, renal and
respiratory conditions)

5 Other chronic
conditions
(celiac
disease)

1 Other chronic
conditions
(epilepsy)

1

Age group* Children 13 Children 7 Children 3 Children 5 Children 2
Youth and young adults 45 Youth and

young adults
21 Youth and

young adults
15 Youth and young

adults
29 Youth and

young adults
24

Adults 8 Adults 20 Adults 13 Adults 18 Adults 13
Sample size 0–30 NA 0–30 0 0–30 4 0–30 5 0–30 8

31–100 NA 31–100 1 31–100 7 31–100 13 31–100 11
101–200 NA 101–200 0 101–200 3 101–200 6 101–200 3
201–300 NA 201–300 3 201–300 4 201–300 3 201–300 3
�300 NA �300 24 �300 3 �300 7 �300 0

NOTE. Items in bold indicate articles specific to CP and SB.
Abbreviation: NA, not applicable.
*Some articles had methods and/or age ranges that overlapped, and therefore were included in all relevant categories.
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1067CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks
Youth. Obstacles may also arise from youths themselves.
here is often little incentive for them to move on from
roviders who have supported them very well for a long period.
oung adults may be reluctant to leave the safety and famil-

arity of family-centered care.1,15,18,25,27,28,46 This philosophy
s common practice in health care for children, but is rarely
pplied to adult-centered services. Some patients feel rejected
r isolated after years of commitment by a multidisciplinary
roup of health professionals.3,11,14,18,20,26-28,41,43,44,48 Moving
o adult services may also be perceived by some as a “step
loser to disease complications and even death.”3(p2)

Parents. Parents display their own distinct forms of resis-
ance to their child’s clinical transition. Adult-centered services
arely engage with families in the same way as do child-
entered services3,14 and, as a result, parents may interfere with
he transition because they feel excluded from the decision-
aking process.3,23,25,42,49 Although parents should be in-

olved in planning, their inability to relinquish control over
heir child’s health and health care decisions may impede their
hild’s autonomy.11,15,18,20,27,28,31,41,43-47,50-52

Adult-centered health care providers. According to the lit-
rature, adult-centered health care providers may present obstacles
o successful transition. Adult-centered physicians may have lim-
ted training and experience with childhood chronic illnesses,
nd therefore have limited knowledge or interest in caring for
hese young adults.1,3,6,11,15,18,23,25-28,31,35,43,44,52 In addition,
hey may have insufficient resources to support the patient’s
omplex needs.23,53 For example, some patients noted in qual-
tative interviews that their physician was uncomfortable or
mbivalent about some topics, had difficulty discussing bad
ews, and lacked specific training.15 Adult-centered providers
lso have a tendency to conduct a complete reassessment at the
rst appointment, which can be unsettling, exhausting, and
rustrating for the young disabled person.3 The challenges of
ransition may be further complicated by poor communication
etween adult-centered providers and patients. Additionally,
hese clinicians often become overly focused on the patient’s
hronic illness,41 and may fail to address the primary medical
ssues that prompted the visit, or fail to assess routine health
nd health promotion issues.

bjective 2: Key Elements Suggested for
ransition Programs
Reducing or eliminating these transition barriers has been

he impetus for a multitude of discussion articles suggesting
ssential components for successful transition programs. It
s important to recognize that although these elements have
een identified in the literature, most of the information is
ased on theory and has not been subjected to empirical
valuation.
Timing. The timing of the transfer should be established

y both the pediatric provider and the family.23 Timing should
e flexible, and should depend on the youth’s cognitive devel-
pment, physical abilities, environment, and family sup-
ort.1,3,7,11,14,15,17,18,23,25-28,41,43,45,48,50,52 Although no defin-
tive time has been identified for actual transfer, a target age
ange is helpful in preparing for transition (the most commonly
uggested age range is 14 to 16 years). Some clinics use a
hronologic cutoff, whereas others use social transitions such
s leaving school.3,25,45 Because many services may be unable
o delay the age of transition, they may need to consider
eginning the process earlier to align with an externally im-
osed transition deadline.
Preparation. There should be a long preparation period

efore leaving child-centered care. It is recommended that

he transition process should be initiated years before the n
fficial transfer,1,3,6,7,11,14,18,19,25,28,40,45,46,48,50,54 and some
uggest that it should begin at diagnosis.1,8,13,22,45,55 Patients
ust understand their condition and its daily manage-
ent1,3,6-8,14,21-23,28,43,47,51 and acquire basic skills to inde-

endently care for themselves.1,8,13,17,22,23,52 Nevertheless,
ndependence does not mean “without assistance,” only that the
oung adult must take responsibility for the direction of his/her
are, which may include directing an attendant to assist with
pecific activities. Continuous support and encouragement
rom family is also essential for the youth to attain autonomy
nd alter his/her self-perception from being “disabled” to being
competent.”15,17,20,21,27,31,41,42,46,47,52

Coordinated approach. Transition planning for each patient
hould be a coordinated approach that includes feedback from the
outh and his/her family, pediatrician, primary care physician,
nd adult specialist(s).1,3,7-11,14,15,18,20,21,27,28,41,43,44,46,50,52,56

he child-centered team should also prepare an up-to-date medical
ummary to be given to the adult-centered providers,14,45,48,52,55

ncluding details of current treatment regimes and recommen-
ations.9,20,25,49,55 Planning should also include the development
f a clinical transition plan,1,6,9,18,20,27,54,57 and, at a minimum,
nclude the services required and identify who will provide
hem.9,20 Youths with more severe functional limitations may
equire a plan developed over a longer period of time.17 Finan-
ial planning (ie, estate details), education, and vocational
raining8,10,13,17,18,20,22,42,46,49,55 should also begin before
dulthood.

Transition clinics. The transition process may be im-
roved with several visits to a transition clinic before the actual
ransfer, and include a consult with both the child and adult-
entered health care providers.1,6,7,10,20,31,43,45,48,49,52,57 Clinics
an provide the patient and family with an overview of the
eneral differences between the 2 sectors of care.6,23 They also
erve as an avenue to provide ongoing support and resources to
he family,1,3,6,13,20,23,46,58 such as contact with a mentor or
eer group who have been through the process.13,20,46,48,54,58

oung adults are encouraged to actively participate in decision mak-
ng and to direct their own health care.1,6,13-15,18-20,22,24,28,45,50,56

Interested adult-centered health care providers. For all
eople involved, transition should be a gradual process, not an
vent, from child to adult-centered health care. There must be
nterested adult-centered health care providers on the receiving
ide of the transition.1,3,10,14,20,26,43,45,57 Adult-centered pro-
iders should not only care for the chronic condition, but also
ddress basic issues such as independence, social interactions,
ody image, sexual health, alcohol and drugs, and anxi-
ty.1,6,15,18,20,23,24,27,46,49 Transition planning must involve pri-
ary care physicians,17,55 who may provide the only medical

ontinuity for young people and their families during a time of
iscontinuities.43 The child-centered team may need to find an
dult-centered provider willing to accept the patient, and be-
ome a health care coordinator.31,46 Increasing ties between
hild and adult-centered departments may also promote confi-
ence in the adult service.10 As the transition process unfolds,
t should be monitored and evaluated 1,7,11,26-28,57 to help guide
he development of best practice.1

The key limitation of many of these studies is that the
lements have not been implemented consistently in transition
rograms, nor formally evaluated. Therefore, they are based on
heory and clinical experience and are not evidence-based. The
olume of discussion articles over the past decade, however,
as stimulated an interest in evaluation and, as a result, some
ualitative and quantitative studies on clinical transition are

ow being done.

Arch Phys Med Rehabil Vol 88, August 2007
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bjective 3: Empirical Evidence Related to the Process
nd Outcomes of Transition
Very few empirical studies addressed the specific issue of

linical transition to adult-centered health care for CP and SB
atients.59-65 Among these was a study by Stevenson et al61

ho assessed the use of health services, welfare, and social
unctioning before and after leaving school for youths and
dults with CP. They identified fragmentation of services after
dolescence. General health was considered poor in 21% of
heir “older” group (20 and 22 years of age), and in 9% of their
younger” group (15 to 18 years of age). Their “older” group
lso felt more socially isolated than the “younger” group.
organ et al59 assessed the decline in contact with health and

ocial service departments for young adults with SB. It was
lear from their evaluation that more than half of the young
eople had unmet medical needs and were grateful for the offer
f an annual assessment in the adult setting.
Perceptions about clinical transition have been studied using

ualitative methods.38,66-68 For example, Sawyer et al38 de-
cribed the planning and implementation of the transfer of 10
oung people (mean age, 22y) with SB to an adult health care
acility. They found that most participants had already trans-
erred informally to an adult facility, but with little or no
ommunication between the 2 systems. Darrah et al67 found
hat families continued to experience dissatisfaction and frus-
ration with service delivery. The consistent messages from
hese qualitative studies were that patients and caregivers were
nprepared for their roles in the next health care setting, did not
nderstand the essential steps in managing a chronic illness,
nd had limited access to appropriate health care practitioners
or guidance. Effective clinical transitions must bridge the gap
etween health care institutions that often function in isola-
ion.69 New models of “cooperative care” that link primary care
roviders and local services to regionalized adult-centered spe-
ialty services may make it possible to offer a meaningful
ransition experience to young people with chronic condi-
ions.52

Overall, there is limited empirical evidence related to the
rocess and outcomes of the transition to adult-centered health
are for CP and SB patients. Most of the empirical evidence
elates to the functional status (ie, mobility) and social status
ie, living arrangements) of these populations,70-97 and their
ife expectancy and causes of death.32,98-111

Empirical evidence based on other chronic conditions of
hildhood. Because of limited empirical evidence about tran-
ition for CP and SB patients, we elected to supplement the
nformation with data related to transition from other popula-
ions with complex and chronic conditions of childhood. Em-
irical studies on the transition to adult-centered health care
ave most often focused on young people with CF, cancer,
HD, arthritis, and diabetes, where there are similar conditions

n adult populations and therefore have pre-existing adult
pecialists.31,112 A series of quantitative articles reported expe-
iences of clinical transition, perceptions about the process
rom patient, parent, and physician perspectives, and identified
ssues associated with transition.5,37,39,53,113-128

Examples from other populations that enrich our understand-
ng of the clinical transition include a study conducted by
lume et al,124 in CF clinics across the United States. They
ssessed health care team members’ (ie, nurses’) perceptions of
linical transition. The authors stated that only 11% of team
embers agreed with an introduction to the idea of transfer at

iagnosis, and many outlined valid criteria for transfer (ie, 27%
ited pregnancy). Shaw et al128 surveyed 17-year-old patients

ith JIA and their families, who had been transferred to adult t

rch Phys Med Rehabil Vol 88, August 2007
are. They reported several ongoing transitional issues: 55%
ere still seeing the rheumatologist with a parent, 20% were
ot taking their medication independently, and 14% had not
eceived career counseling.

Other studies used pre-existing databases to assess service
se and the health status of populations with a chronic condi-
ion or special health care needs.112,129-135 For example, Lot-
tein et al37 conducted a study to assess the proportion of
ouths with special health care needs who received services for
edical transitions. Overall, 50% of parents had discussed their

hild’s changing needs with their child’s physicians, and
9% had developed a plan to address these needs. Other studies
ocused on transition to adult-centered health care, while others
nly addressed transition as an afterthought. Some studies
valuated follow-up procedures for patients who were dis-
harged from a pediatric facility,136,137 and found that few pro-
rams focused on the long-term health needs of adults.136 Also,
everal qualitative studies assessed patient perspectives and
xperiences during their clinical transition,2,16,29,138-144 and
heir findings supported those of the quantitative papers cited
bove.

Why does evidence from other populations not apply to CP
nd SB patients? Although studies on other diagnoses provide
seful information, they are limited in their generalizability to
ultidomain illnesses such as CP and SB. For example, CP or
B patients may present with limitations in communica-

ion,4,65,85,145 problem solving,4,77 learning,30,47 mobili-
y,4,30,47 and feeding,4,30,71 and therefore require extensive
ealth care support.9 The cumulative effect of these complex
isorders makes transition difficult,17,38,47,85 and limits the pa-
ients’ ability to utilize the adult-centered health care system in
he traditional patient-physician relationship.18,33,45,138,146

The challenges of clinical transition in the CP and SB groups
re also exacerbated by several factors, including the lack of
ultidisciplinary comprehensive health services for adults with
chronic illness,23,52,60,73 a dearth of adult providers with

nterest in chronic illnesses of childhood,1,3,25,43,44,52 and a lack
f specialized training in the proper care of adults with CP and
B.16 Consequently, these adults are often left to navigate an
nfamiliar and often ill-equipped health care system.38,52 Many
dults with CP and SB continue to attempt to access pediatric
ealth care services despite their age and changing
eeds.14,26,35,133 Others struggle to connect to appropriate
dult-centered health care resources. The remainder stop seek-
ng medical attention,7,11,13,26,43,117 either out of frustration or
ebellion. Clearly, there is a need for ongoing care because of
ngoing health issues,71,147,148 coupled with the development
f new health issues in adulthood.78,81,83,89,145,148-150

DISCUSSION
We found sufficient discussion literature about clinical tran-

itions. Currently, the need is to step beyond the concepts and
nto evidence-based research. This research must begin by
efining the concept of success, as related to clinical transition,
nd how it can be effectively measured. Once this is achieved,
uggested research questions include: (1) What is the distribu-
ion of health outcomes in adults with CP and SB? (2) What
haracteristics of transition are associated with better health in
dults with CP and SB? (3) What patterns in health care
tilization are associated with health and well-being of adults
ith CP and SB?
These questions may be best addressed by intervention stud-

es that assess the population before and after clinical transi-
ion. Now is the time to measure health and well-being, when
here are few standardized transition programs in place. Long-

erm studies will enable us to assess natural variation in the



p
t
a
p
d
m
c
t
t
a
p
f

o
c
n
t
w
s
o
s
f

C

C
r
c
i
o
s
a
a
h
w
c
t
c
c
s

E

e
l
s
u
p
d
m
c
v
c
t
a
a
i
m
c
n

S

m
a

t
d
o
c
m
s
t
d
t
e
a
c

h
t
o
k
t
i
s
v
p
a
p
l
c

t
r
n
r
t
a

i
o
p
d
c
l
p
m
g
t

i
e
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opulation, and to tease apart patterns in health associated with
he transition to adult-centered health care. People who are
t the extremes of the health outcomes distributions, for exam-
le, the successes and failures, should be studied further to
issect the nuances of their transition process. Also, multiple
ethods should be combined within studies to generate a more

omprehensive picture of the dynamics associated with transi-
ion. For example, qualitative methods enhance and add con-
ext to other data collection methods. This type of research will
id in the development of effective transition programs, inform
olicies on health care for these populations, and help secure
unding for specialized services.

Future research must also pay attention to the full spectrum
f impairment. Differences in severity (eg, mild vs severe) may
ause very different responses to transition and create different
eeds for clinical transition programs. While we recognize that
he strongest studies will include the full range of severity and
ill use exploratory subanalyses to examine the impact of

everity, the sample sizes necessary to accomplish this are
ften not feasible. The distribution of severity within study
amples, however, should be clearly articulated in the sampling
rames of future studies.

linical Practice Implications
Several provisions are needed to support adult subjects with

P and SB during the transition process. Adequate funding and
esources must be allocated for patients with complex and
hronic health care needs (ie, government funding for special-
zed programs). Furthermore, clinicians must foster the auton-
my of physically challenged young people in developing
kills for clinician-patient communication. Clinicians should
lso create a complete discharge summary for both the patient
nd the adult-centered health care provider that serves as a
ealth care “passport.” This will help empower young adults
ith knowledge about themselves and their disease, help them

ommunicate with their new providers, and help reduce the
ime required during the reassessment phase. A basic health
are passport may have the potential to address several key
omponents of the transition to adult-centered health care de-
cribed previously in this review.

ducational Implications for Health Care Providers
The key concepts regarding clinical transition, as well as the

merging empirical research on this topic, must also be trans-
ated into the curricula of nursing, rehabilitation, and medical
chools. Programs should incorporate information on the
nique challenges and special health care needs of CP and SB
atients, including changes in the expression of childhood
iseases with age. Curricula must also promote the develop-
ent of skills in working with people who have cognitive and

ommunication challenges, and foster an appreciation of the
alue and importance of having an advocate in attendance at
linical appointments. This may require clinicians to set aside
heir concept of the traditional clinician-patient relationship
nd to learn to include a third party. Seeing beyond the dis-
bility is critical in creating a culture of acceptance and instill-
ng a sense of worth in these populations. Finally, providers
ust learn to balance the concurrent demands of chronic health

are conditions with generic health promotion and screening
eeds.

tudy Limitations
The primary limitation of this review is related to the source
aterials. The methods and data analysis sections of the source
rticles reviewed were often unclear (ie, may not have specified
he measurement properties of their data collection tools). The
ifferent sampling strategies used in the source articles limited
ur ability to make comparisons across studies. We had diffi-
ulty applying standardized age groupings, because the source
aterials included variable age ranges and lacked details on the

ample characteristics. The lack of detail regarding age within
he source articles made it impossible to examine age-specific
ifferences that are key to studying the impact of transition (see
able 1). The lack of detail on sample characteristics such as
ducation, ethnicity, employment status, marital status, living
rrangement, illness severity, and health status further limit
ross-study comparisons.

CONCLUSIONS
The delivery of care to adults with conditions that have

istorically been limited to childhood presents new challenges
o the health care system.42 There are many discussion studies
n the transition to adult-centered health services that suggest
ey components for planning and designing successful clinical
ransition programs. Most studies, however, discuss key factors
n isolation, without considering the multifaceted nature of
everal factors that have a concurrent impact. Furthermore,
ery few studies have applied and evaluated these concepts in
ractice, or assessed the direct impact of the transition to
dult-centered health care on health outcomes. Moreover, em-
irical studies specific to CP and SB are rare and have been
imited to a few health care systems, making it difficult to
ompare outcomes across systems.

Clearly, there is a clinical problem that must be addressed by
he health care system to ensure that adults with CP and SB
eceive continuous, age-appropriate health care. The challenge
ow is to develop high quality, multidisciplinary care compa-
able to that available for children.6,7,23 A smooth and easy
ransition to adult-centered health care should be an expected
nd desired outcome of child-centered health care.

This review offers a significant step toward that goal by
dentifying key factors that must be considered in the planning
f care for children and adults, and specifically for transition
rograms. It is time to use emerging theoretical models to
evelop transition interventions and to evaluate them using
ontrolled trial methods that consider both medium and
ong-term health outcomes. This review shifts the focus to
opulations with conditions that require complex care and
ay have the most difficulty with clinical transition. The

reatest opportunities for substantial improvement are found in
hese vulnerable populations.

Acknowledgments: We thank Aliza Sturm for providing support
n the planning phase and Erika Schippel for her assistance in the
diting phase of this review.

References
1. Blum R. Summary of conference recommendations. J Adolesc

Health 1995;17:6-9.
2. Stewart DA, Law MC, Rosenbaum P, Willms DG. A qualitative

study of the transition to adulthood for youth with physical
disabilities. Phys Occup Ther Pediatr 2001;21:3-21.

3. Viner R. Barriers and good practice in transition from paediatric
to adult care. J R Soc Med 2001;94(Suppl 40):2-4.

4. Cooley CW. Providing a primary care medical home for children
and youth with cerebral palsy. Pediatrics 2004;114:1106-13.

5. Scal P, Ireland M. Addressing transition to adult health care for
adolescents with special health care needs. Pediatrics 2005;115:
1607-12.

6. Reiss J, Gibson R. Health care transition: destinations unknown.

Pediatrics 2002;110(6 Pt 2):1307-14.

Arch Phys Med Rehabil Vol 88, August 2007



1070 CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks

A

7. Rosen DS. Transition to adult health care for adolescents and
young adults with cancer. Cancer 1993;71(10 Suppl 1):3411-4.

8. White PH. Success on the road to adulthood. Issues and hurdles
for adolescents with disabilities. Rheum Dis Clin North Am
1997;23:697-707.

9. American Academy of Pediatrics. A consensus statement on
health care transitions for young adults with special health care
needs. Pediatrics 2002;110(6 Pt 2):1304-6.

10. Fox A. Physicians as barriers to successful transitional care. Int
J Adolesc Med Health 2002;14:3-7.

11. Tuffrey C, Pearce A. Transition from paediatric to adult medical
services for young people with chronic neurological problems.
J Neurol Neurosurg Psychiatry 2003;74:1011-3.

12. Magrab P, Millar H, editors. Surgeon General’s conference.
Growing up and getting medical care: youth with special health
care needs. Washington (DC): National Center for Networking
Community Based Services, Georgetown University Child De-
velopment Center; 1989.

13. Paone M, Whitehouse S, Stanford D. Challenges of transition:
coping with a chronic condition. B C Med J 1998;40:73-5.

14. Sawyer SM, Blair S, Bowes G. Chronic illness in adolescents:
transfer or transition to adult services? J Paediatr Child Health
1997;33:88-90.

15. McDonagh JE. Growing up and moving on: transition from
pediatric to adult care. Pediatr Transplant 2005;9:364-72.

16. Reiss JG, Gibson RW, Walker LR. Health care transition: youth,
family, and provider perspectives. Pediatrics 2005;115:112-20.

17. Blum RW, Garell D, Hodgman CH, et al. Transition from child-
centered to adult health-care systems for adolescents with
chronic conditions. A position paper of the Society for Adoles-
cent Medicine. J Adolesc Health 1993;14:570-6.

18. American Academy of Pediatrics Committee on Children With
Disabilities. Transition of care provided for adolescents with
special health care needs. Pediatrics 1996;98:1203-6.

19. Blomquist KB, Brown G, Peersen A, Presler EP. Transitioning to
independence: challenges for young people with disabilities and
their caregivers. Orthop Nurs 1998;17:27-35.

20. Lewis-Gary MD. Transitioning to adult health care facilities for
young adults with a chronic condition. Pediatr Nurs 2001;27:
521-4.

21. Hergenroeder AC. The transition into adulthood for children and
youth with special health care needs. Tex Med 2002;98:51-8.

22. Peterson PM, Rauen KK, Brown J, Cole J. Spina bifida: the
transition into adulthood begins in infancy. Rehabil Nurs 1994;
19:229-38.

23. Rosen DS. Transition from pediatric to adult-oriented health care
for the adolescent with chronic illness or disability. Adolesc Med
1994;5:241-8.

24. Rosen DS, Blum RW, Britto M, Sawyer SM, Siegel DM. Tran-
sition to adult health care for adolescents and young adults with
chronic conditions: position paper of the Society for Adolescent
Medicine. J Adolesc Health 2003;33:309-11.

25. Baldassano RN, Ferry G, Griffiths A, Mack D, Markowitz J,
Winter H. Transition of the patient with inflammatory bowel
disease from pediatric to adult health care: recommendations of
the North American Society for Pediatric Gastroenterology,
Hapatology and Nutrition. J Pediatr Gastroenterol Nutr 2002;34:
245-8.

26. Bennett DL, Towns SJ, Steinbeck KS. Smoothing the transition
to adult care. The most important need is for a change of attitude
and approach. Med J Aust 2005;182:373-4.

27. Conway SP. Transition from paediatric to adult-orientated care
for adolescents with cystic fibrosis. Disabil Rehabil 1998;20:

209-16.

rch Phys Med Rehabil Vol 88, August 2007
28. Callahan ST, Feinstein R, Keenan P. Transition from pediatric to
adult-oriented health care: a challenge for patients with chronic
disease. Curr Opin Pediatr 2001;13:310-6.

29. Fiorentino L, Datta D, Gentle S, et al. Transition from school to
adult life for physically disabled young people. Arch Dis Child
1998;79:306-11.

30. Rosenbaum P. Cerebral palsy: what parents and doctors want to
know. BMJ 2003;326:970-4.

31. Schidlow DV, Fiel SB. Life beyond pediatrics. Transition of
chronically ill adolescents from pediatric to adult health care
systems. Med Clin North Am 1990;74:1113-20.

32. McDonnell GV, McCann JP. Why do adults with spina bifida
and hydrocephalus die? A clinic-based study. Eur J Pediatr Surg
2000;10(Suppl 1):31-2.

33. Rosen DS. Between two worlds: bridging the cultures of child
health and adult medicine. J Adolesc Health 1995;17:10-6.

34. Kinsman SL, Levey E, Ruffing V, Stone J, Warren L. Beyond
multidisciplinary care: a new conceptual model for spina bifida
services. Eur J Pediatr Surg 2000;10(Suppl 1):35-8.

35. Stein RE. Challenges in long-term health care for children.
Ambul Pediatr 2001;1:280-8.

36. King S, Teplicky R, King G, Rosenbaum P. Family-centered
service for children with cerebral palsy and their families: a
review of the literature. Semin Pediatr Neurol 2004;11:78-86.

37. Lotstein DS, McPherson M, Strickland B, Newacheck PW. Tran-
sition planning for youth with special health care needs: results
from the National Survey of Children with Special Health Care
Needs. Pediatrics 2005;115:1562-8.

38. Sawyer SM, Collins N, Bryan D, Brown D, Hope MA, Bowes G.
Young people with spina bifida: transfer from paediatric to adult
health care. J Paediatr Child Health 1998;34:414-7.

39. Anderson DL, Flume PA, Hardy KK, Gray S. Transition pro-
grams in cystic fibrosis centers: perceptions of patients. Pediatr
Pulmonol 2002;33:327-31.

40. Litt IF. Moving on: who is on-board? J Adolesc Health 1995;
17:1.

41. Betz CL. Facilitating the transition of adolescents with chronic
conditions from pediatric to adult health care and community
settings. Issues Compr Pediatr Nurs 1998;21:97-115.

42. Carson AR, Hieber KV, Tsamasiros J, Bartsocas CS, McGill M.
Adult pediatric patients—transition of the adolescent from the
children’s to the adults’ diabetes clinic—how do we organize
smooth, effective transfer from paediatric to adult diabetes care?
Am J Nurs 2001;101:46-55.

43. David TJ. Transition from paediatric clinic to the adult service.
J R Soc Med 2001;94:373-4.

44. Schidlow DV. Transition in cystic fibrosis: much ado about
nothing? A pediatrician’s view. Pediatr Pulmonol 2002;33:
325-6.

45. Watson AR. Problems and pitfalls of transition from paediatric to
adult renal care. Pediatr Nephrol 2005;20:113-7.

46. McDonagh JE, Kelly DA. Transitioning care of the pediatric
recipient to adult caregivers. Pediatr Clin North Am 2003;50:
1561-83.

47. Roland M, Jacobs R, Angone E, Fallick B, MacKenzie R. Prin-
ciples of management of adolescents with spina bifida in the
ambulatory setting. Eur J Pediatr Surg 1997;7(Suppl 1):57-8.

48. Landau LI. Cystic fibrosis: transition from paediatric to adult
physician’s care. Thorax 1995;50:1031-2.

49. Webb AK, Jones AW, Dodd ME. Transition from paediatric to
adult care: problems that arise in the adult cystic fibrosis clinic.
J R Soc Med 2001;94(Suppl 40):8-11.

50. Schultz A, Liptak G. Helping adolescents who have disabilities
negotiate transitions to adulthood. Issues Compr Pediatr Nurs

1998;21:187-201.



1071CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks
51. Whitehouse S, Paone MC. Patients in transition: bridging the
health care gap from youth to adulthood. Contemp Pediatr 1998:
13, 5-6.

52. Rosen D. Transition of young people with respiratory diseases to
adult health care. Paediatr Respir Rev 2004;5:124-31.

53. Scal P. Transition for youth with chronic conditions: primary
care physicians’ approaches. Pediatrics 2002;110:1315-21.

54. Olsen DG, Swigonski NL. Transition to adulthood: the important
role of the pediatrician. Pediatrics 2004;113(3 Pt 1):e159-62.

55. American Academy of Pediatrics Committee on Children with
Disabilities. The role of the pediatrician in transitioning children
and adolescents with developmental disabilities and chronic ill-
nesses from school to work or college. Pediatrics 2000;106:
854-6.

56. Bhakta BB, Chamberlain MA. Transition from paediatric clinic
to the adult service [letter]. J R Soc Med 2001;94:659.

57. Conway SP. Transition programs in cystic fibrosis centres. Pe-
diatr Pulmonol 2004;37:1-3.

58. Worthington RC. Effective transitions for families: life beyond
the hospital. Pediatr Nurs 1995;21:86-7.

59. Morgan DJ, Blackburn MC, Bax MC. A new clinic for young
adults with spina bifida and/or hydrocephalus—age 16-25 years.
Eur J Pediatr Surg 1993;3(Suppl 1):23-4.

60. Stellman-Ward G, Bannister CM, Lewis M. Assessing the
needs of the adult with spina bifida. Eur J Pediatr Surg 1993;3
(Suppl 1):14-6.

61. Stevenson CJ, Pharoah PO, Stevenson R. Cerebral palsy—the
transition from youth to adulthood. Dev Med Child Neurol
1997;39:336-42.

62. Buran CF, McDaniel AM, Brei TJ. Needs assessment in a spina
bifida program—a comparison of the perceptions by adolescents
with spina bifida and their parents. Clin Nurse Spec 2002;16:
256-62.

63. Buzio A, Morgan J, Blount D. The experiences of adults with
cerebral palsy during periods of hospitalization. Aust J Adv Nurs
2002;19:8-14.

64. Young NL, Steele C, Fehlings D, Jutai J, Olmsted N, Williams
JI. Use of health care among adults with chronic and complex
physical disabilities of childhood. Disabil Rehabil 2005;27:
1455-60.

65. Young N, McCormick A, Mills W, et al. The transition study: a
look at youth and adults with cerebral palsy, spina bifida and
acquired brain injury. Phys Occup Ther Pediatr 2006;26:25-45.

66. King GA, Cathers T, Polgar JM, MacKinnon E, Havens L.
Success in life for older adolescents with cerebral palsy. Qual
Health Res 2000;10:734-49.

67. Darrah J, Magil-Evans J, Adkins R. How well are we doing?
Families of adolescents or young adults with cerebral palsy share
their perceptions of service delivery. Disabil Rehabil 2002;24:
542-9.

68. Magill-Evans J, Wiart L, Darrah J, Kratochvil M. Beginning the
transition to adulthood: the experiences of six families with
youths with cerebral palsy. Phys Occup Ther Pediatr 2005;25:
19-36.

69. Coleman EA, Berenson RA. Lost in transition: challenges and
opportunities for improving the quality of transitional care. Ann
Intern Med 2004;141:533-5.

70. Evans PM, Evans SJ, Alberman E. Cerebral palsy: why we must
plan for survival. Arch Dis Child 1990;65:1329-33.

71. Cathels BA, Reddihough DS. The health care of young adults
with cerebral palsy. Med J Aust 1993;159:444-6.

72. Laishram H, Kennedy R, Maroun F, Price D. The impact of spina
bifida on the medical services of Newfoundland and Labrador.
J Pediatr Surg 1993;28:1098-101.

73. Morgan DJ, Blackburn M, Bax M. Adults with spina bifida

and/or hydrocephalus. Postgrad Med J 1995;71:17-21.
74. O’Grady RS, Crain LS, Kohn J. The prediction of long-term
functional outcomes of children with cerebral palsy. Dev Med
Child Neurol 1995;37:997-1005.

75. Kinsman SL, Doehring MC. The cost of preventable condition in
adults with spina bifida. Eur J Pediatr Surg 1996;6(Suppl 1):
17-20.

76. Turk MA, Geremski CA, Rosenbaum PF, Weber RJ. The health
status of women with cerebral palsy. Arch Phys Med Rehabil
1997;78(12 Suppl 5):S10-7.

77. Dise JE, Lohr ME. Examination of deficits in conceptual reason-
ing abilities associated with spina bifida. Am J Phys Med Rehabil
1998;77:247-51.

78. Ando N, Ueda S. Functional deterioration in adults with cerebral
palsy. Clin Rehabil 2000;14:300-6.

79. McDonnell GV, McCann JP. Issues of medical management in
adults with spina bifida. Childs Nerv Syst 2000;16:222-7.

80. Murphy KP, Molnar GE, Lankasky K. Employment and social
issues in adults with cerebral palsy. Arch Phys Med Rehabil
2000;81:807-11.

81. Andersson C, Mattsson E. Adults with cerebral palsy: a survey
describing problems, needs, and resources, with special emphasis
on locomotion. Dev Med Child Neurol 2001;43:76-82.

82. Bottos M, Feliciangeli A, Sciuto L, Gericke C, Vianello A.
Functional status of adults with cerebral palsy and implications
for treatment of children. Dev Med Child Neurol 2001;43:
516-28.

83. Bowman RM, McLone DG, Grant JA, Tomita T, Ito JA. Spina
bifida outcome: a 25-year prospective. Pediatr Neurosurg 2001;
34:114-20.

84. Liptak GS, O’Donnell M, Conaway M, et al. Health status of
children with moderate to severe cerebral palsy. Dev Med Child
Neurol 2001;43:364-70.

85. van der Dussen L, Nieuwstraten W, Roebroeck M, Stam HJ.
Functional level of young adults with cerebral palsy. Clin Reha-
bil 2001;15:84-91.

86. Cate IM, Kennedy C, Stevenson J. Disability and quality of life
in spina bifida and hydrocephalus. Dev Med Child Neurol 2002;
44:317-22.

87. Padua L, Rendeli C, Rabini A, Girardi E, Tonali P, Salvaggio E.
Health-related quality of life and disability in young patients with
spina bifida. Arch Phys Med Rehabil 2002;83:1384-8.

88. Andersson C, Grooten W, Hellsten M, Kaping M, Mattsson E.
Adults with cerebral palsy: walking ability after progressive
strength training. Dev Med Child Neurol 2003;45:220-8.

89. Hunt GM, Oakeshott P. Outcome in people with open spina
bifida at age 35: prospective community based cohort study.
BMJ 2003;326:1365-6.

90. Jahnsen R. Fatigue in adults with cerebral palsy in Norway
compared with the general population. Dev Med Child Neurol
2003;45:296-303.

91. Andren E, Grimby G. Dependence in daily activities and life
satisfaction in adult subjects with cerebral palsy or spina bifida:
a follow-up study. Disabil Rehabil 2004;26:528-36.

92. Iddon JL, Morgan DJ, Loveday C, Pickard J. Neuropsychologi-
cal profile of young adults with spina bifida with or without
hydrocephalus. J Neurol Neurosurg Psychiatry 2004;75:1112-8.

93. Rendeli C, Ausili E, Tabacco F, et al. Assessment of health status
in children with spina bifida. Spinal Cord 2005;43:230-5.

94. Murphy KP, Molnar GE, Lankasky K. Medical and functional
status of adults with cerebral palsy. Dev Med Child Neurol
1995;37:1075-84.

95. Sawin KJ, Buran CF, Brei TJ, Fastenau PS. Correlates of func-
tional status, self-management, and developmental competence
outcomes in adolescents with spina bifida. SCI Nurs 2003;20:

72-85.

Arch Phys Med Rehabil Vol 88, August 2007



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1072 CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks

A

96. Sawyer SM, Roberts KV. Sexual and reproductive health in
young people with spina bifida. Dev Med Child Neurol 1999;
41:671-5.

97. Schwartz L, Engel JM, Jensen MP. Pain in persons with cerebral
palsy. Arch Phys Med Rehabil 1999;80:1243-6.

98. Hutton JL, Cooke T, Pharoah PO. Life expectancy in children
with cerebral palsy. BMJ 1994;309:431-5.

99. Crichton JU, Mackinnon M, White CP. The life expectancy of
persons with cerebral palsy. Dev Med Child Neurol 1995;37:
567-76.

00. Strauss D, Shavelle R. Life expectancy of adults with cerebral
palsy. Dev Med Child Neurol 1998;40:369-75.

01. Strauss DJ, Shavelle RM, Anderson TW. Life expectancy of
children with cerebral palsy. Pediatr Neurol 1998;18:143-9.

02. Williams K, Alberman E. Survival in cerebral palsy: the role of
severity and diagnostic labels. Dev Med Child Neurol 1998;40:
376-9.

03. Maudsley G, Hutton JL, Pharoah PO. Cause of death in cerebral
palsy: a descriptive study. Arch Dis Child 1999;81:390-4.

04. Singhal B, Mathew KM. Factors affecting mortality and morbid-
ity in adult spina bifida. Eur J Pediatr Surg 1999;9(Suppl 1):31-2.

05. Dillon CM, Davis BE, Duguay S, Seidel KD, Shurtleff DB.
Longevity of patients born with myelomeningocele. Eur J Pediatr
Surg 2000;10(Suppl 1):33-4.

06. Hutton JL, Colver AF, Mackie PC. Effect of severity of disability
on survival in north east England cerebral palsy cohort. Arch Dis
Child 2000;83:468-74.

07. Blair E, Watson L, Badawi N, Stanley FJ. Life expectancy
among people with cerebral palsy in Western Australia. Dev
Med Child Neurol 2001;43:508-15.

08. Reddihough DS, Baikie G, Walstab JE. Cerebral palsy in Vic-
toria, Australia: mortality and causes of death. J Paediatr Child
Health 2001;37:183-6.

09. Hutton JL, Pharoah PO. Effects of cognitive, motor, and sensory
disabilities on survival in cerebral palsy. Arch Dis Child 2002;
86:84-9.

10. Hemming K, Hutton JL, Colver AF, Platt M. Regional variation
in survival of people with cerebral palsy in the United Kingdom.
Pediatrics 2005;116:1383-90.

11. Hemming K, Hutton JL. Long-term survival for a cohort of
adults with cerebral palsy. Dev Med Child Neurol 2006;48:90-5.

12. Somerville J. Near misses and disasters in the treatment of
grown-up congenital heart patients. J R Soc Med 1997;90:124-7.

13. Nasr SZ, Campbell C, Howatt W. Transition program from
pediatric to adult care for cystic fibrosis patients. J Adolesc
Health 1992;13:682-5.

14. Court JM. Issues of transition to adult care. J Paediatr Child
Health 1993;29(Suppl 1):S53-5.

15. Warnell P. The transition experience of epilepsy patients/
families: results of a telephone survey. Axone 1998;20:31-3.

16. Scal P, Evans T, Blozis S, Okinow N, Blum R. Trends in
transition from pediatric to adult health care services for young
adults with chronic conditions. J Adolesc Health 1999;24:259-64.

17. Boyle MP, Farukhi Z, Nosky ML. Strategies for improving
transition to adult cystic fibrosis care, based on patient and parent
views. Ann Acad Med Singapore 2001;32:428-36.

18. Flume PA, Anderson DL, Hardy KK, Gray S. Transition pro-
grams in cystic fibrosis centers: perceptions of pediatric and adult
program directors. Pediatr Pulmonol 2001;31:443-50.

19. Steinkamp G, Ullrich G, Muller C, Fabel H, von der Hardt H.
Transition of adult patients with cystic fibrosis from paediatric to
adult care—the patients’ perspective before and after start-up of
an adult clinic. Eur J Med Res 2001;6:85-92.

20. Kelly AM, Kratz B, Bielski M, Rinehart PM. Implementing
transitions for youth with complex chronic conditions using the

medical home model. Pediatrics 2002;110:1322-7.

rch Phys Med Rehabil Vol 88, August 2007
21. Kipps S, Bahu T, Ong K, et al. Current methods of transfer of
young people with Type 1 diabetes to adult services. Diabet Med
2002;19:649-54.

22. Geenen SJ, Powers LE, Sells W. Understanding the role of health
care providers during the transition of adolescents with disabil-
ities and special health care needs. J Adolesc Health 2003;32:
225-33.

23. Farrant B, Watson PD. Health care delivery: perspectives of
young people with chronic illness and their parents. J Paediatr
Child Health 2004;40:175-9.

24. Flume PA, Taylor LA, Anderson DL, Gray S, Turner D. Tran-
sition programs in cystic fibrosis centers: perceptions of team
members. Pediatr Pulmonol 2004;37:4-7.

25. McPherson M, Weissman G, Strickland BB, van Dyck PC,
Blumberg SJ, Newacheck PW. Implementing community-based
systems of services for children and youths with special health care
needs: how well are we doing? Pediatrics 2004;113:1538-44.

26. Reid GJ, Irvine MJ, McCrindle BW, et al. Prevalence and cor-
relates of successful transfer from pediatric to adult health care
among a cohort of young adults with complex congenital heart
defects. Pediatrics 2004;113:E197-205.

27. Shaw KL, Southwood TR, McDonagh JE. Developing a pro-
gramme of transitional care for adolescents with juvenile idio-
pathic arthritis: results of a postal survey. Rheumatology (Ox-
ford) 2004;43:211-9.

28. Shaw KL, Southwood TR, McDonagh JE. Growing up and
moving on in rheumatology: a multicentre cohort of adolescents
with juvenile idiopathic arthritis. Rheumatology (Oxford) 2005;
44:806-12.

29. McManus M, Newacheck PW, Greaney A. Young adults with
special needs: prevalence, severity, and access to health services.
Pediatrics 1990;86:674-82.

30. Goodman DM, Mendez E, Throop C, Ogata ES. Adult survivors
of pediatric illness: the impact on pediatric hospitals. Pediatrics
2002;110:583-9.

31. Mahon M, Kibirige MS. Patterns of admissions for children with
special needs to the paediatric assessment unit. Arch Dis Child
2004;89:165-9.

32. Strickland B, Weissman G, van Dyck P, Huang ZJ, Newacheck
P. Access to the medical home: results of the national survey of
children with special health care needs. Pediatrics 2004;113:
1485-92.

33. Lam PY, Fitzgerald BB, Sawyer SM. Young adults in children’s
hospitals: why are they there? Med J Aust 2005;182:381-4.

34. Newacheck PW, Kim SE. A national profile of health care
utilization and expenditures for children with special health care
needs. Arch Pediatr Adolesc Med 2005;159:10-7.

35. Callahan ST, Cooper WO. Access to health care for young adults
with disabling chronic conditions. Arch Pediatr Adolesc Med
2006;160:178-82.

36. Oeffinger KC, Eshelman DA, Tomlinson GE, Buchanan GR.
Programs for adult survivors of childhood cancer. J Clin Oncol
1998;16:2864-7.

37. O’Leary C, Wieneke P, Healy M, Cronin C, O’Regan P, Shana-
han F. Celiac disease and the transition from childhood to adult-
hood: a 28-year follow-up. Am J Gastroenterol 2004;99:2437-41.

38. Bent N, Tennant A, Swift T, Posnett J, Scuffham P, Chamberlain
MA. Team approach versus ad hoc health services for young
people with physical disabilities: a retrospective cohort study.
Lancet 2002;360:1280-6.

39. Neri MT, Kroll T. Understanding the consequences of access
barriers to health care: experiences of adults with disabilities.
Disabil Rehabil 2003;25:85-96.

40. Zack J, Jacobs CP, Keenan PM, et al. Perspectives of patients
with cystic fibrosis on preventive counseling and transition to

adult care. Pediatr Pulmonol 2003;36:376-83.



1

1

1

1

1

1

1

1

1

1

1073CLINICAL TRANSITION: ADULTS WITH CEREBRAL PALSY AND SPINA BIFIDA, Binks
41. Brumfield K, Lansbury G. Experiences of adolescents with cystic
fibrosis during their transition from paediatric to adult health
care: a qualitative study of young Australian adults. Disabil
Rehabil 2004;26:223-34.

42. Shaw KL, Southwood TR, McDonagh JE. User perspectives of
transitional care for adolescents with juvenile idiopathic arthritis.
Rheumatology (Oxford) 2004;43:770-8.

43. Soanes C, Timmons S. Improving transition: a qualitative
study examining the attitudes of young people with chronic
illness transferring to adult care. J Child Health Care 2004;
8:102-12.

44. Dovey-Pearce G, Hurrell R, May C, Walker C, Doherty Y.
Young adults’ (16-25 years) suggestions for providing develop-
mentally appropriate diabetes services: a qualitative study.

Health Soc Care Community 2005;13:409-19.
45. Klingbeil H, Baer HR, Wilson PE. Aging with a disability. Arch
Phys Med Rehabil 2004;85:(7 Suppl 3)S68-73.

46. Bryon M, Madge S. Transition from paediatric to adult care:
psychological principles. J R Soc Med 2001;94(Suppl 40):5-7.

47. Bakheit AM, Bower E, Cosgrove A, et al. Opinion statement on
the minimal acceptable standards of healthcare in cerebral palsy.
Disabil Rehabil 2001;23:578-82.

48. Gajdosik CG, Cicirello N. Secondary conditions of the muscu-
loskeletal system in adolescents and adults with cerebral palsy.
Phys Occup Ther Pediatr 2001;21:49-68.

49. Andren E. Dependence and perceived difficulty in activities of
daily living in adults with cerebral palsy and spina bifida. Disabil
Rehabil 2000;22:299-307.

50. Rapp CE Jr, Torres MM. The adult with cerebral palsy. Arch

Fam Med 2000;9:466-72.

Arch Phys Med Rehabil Vol 88, August 2007



B

E
S
G
D

D
c
A

s
B
m

i
r
o
w

t
s

s
c

1
s
l
f

u
i

R

c
R

I
(
C
C
O
C

R
D
i
I

s
o

R
1

1074

A

RIEF REPORT

nergy Cost of the Case Western Reserve
tanding Neuroprosthesis
eorge P. Forrest, MD, Thomas C. Smith, MD, Ronald J. Triolo, PhD, Jason P. Gagnon, PT,

arryl DiRisio, MD, Michael E. Miller, MS, Lori Murray, PT, John A. Davis, MD, Atif Iqbal, MD

T
d
c
S
a
o
o
c
t
o
t
n
a
s
o
n
o
w
c
p
c
m
e
t
a

e
u
p
t
t
u
q
w

P

w
s
w
B
7

S

s
t
s
t
t
A

ABSTRACT. Forrest GP, Smith TC, Triolo RJ, Gagnon JP,
iRisio D, Miller ME, Murray L, Davis JA, Iqbal A. Energy

ost of the Case Western Reserve standing neuroprosthesis.
rch Phys Med Rehabil 2007;88:1074-6.

Objective: To determine the oxygen consumption of a per-
on with C7 American Spinal Injury Association (ASIA) grade

tetraplegia using the Case Western Reserve/Veterans Ad-
inistration (CWRU/VA) standing neuroprosthesis.
Design: Measure the oxygen consumption and carbon diox-

de production of a person with C7 ASIA grade B tetraplegia at
est, standing in the parallel bars with the CWRU/VA system
n, ambulating in the parallel bars, and transferring from a
heelchair to a mat with the system on.
Setting: University medical center.
Participant: A 26-year-old man with C7 ASIA grade B

etraplegia. The subject was a recipient of the CWRU/VA
tanding neuroprosthesis.

Interventions: Not applicable.
Main Outcome Measures: Measurement of oxygen con-

umption and carbon dioxide production using a metabolic
art.

Results: Oxygen consumption of the subject was
.22mL·kg�1·min�1 at rest. It was 4.7mL·kg�1·min�1 while
tanding in the parallel bars, 7.2mL·kg�1·min�1 while ambu-
ating in the parallel bars, and 7.9mL·kg�1·min�1 when trans-
erring from a wheelchair to a mat.

Conclusions: Oxygen consumption of the subject when
sing the system is about 2 metabolic equivalent units, which
s compatible with sustained use of the system for standing.

Key Words: Oxygen consumption; Prostheses and implants;
ehabilitation; Spinal cord injuries.
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HE CASE WESTERN RESERVE/Veterans Administra-
tion (CWRU/VA) implanted standing neuroprosthesis is a

evice that allows people with low cervical or thoracic spinal
ord injury (SCI) to exercise their legs, stand, and transfer.1-4

ome system recipients have been able to use the system to
mbulate short distances with a walker and bilateral ankle-foot
rthosis (AFO) by using a swing-to gait.5 The device consists
f a radiofrequency transmitter (external control unit); a re-
eiver stimulator that is implanted subcutaneously and attached
o the fascia of the abdominal wall; a coupling coil that is taped
nto the skin over the receiver and stimulator; and 8 electrodes
hat deliver stimulating current to motor points in the paraspi-
al muscles at L1, the gluteus maximus, the vastus lateralis,
nd the semimembranosus muscles bilaterally. The receiver
timulator is programmed by a laptop computer to provide each
f the 8 muscles with the minimum amount of electric impulse
ecessary to elicit full contraction of the muscle. The amplitude
f stimulation is 20mA. The frequency is 20Hz. The pulse
idth varies from 70 to 200�s as necessary to obtain maximum

ontraction of each muscle. The user activates the system by
ushing a button on the external control unit or “finger-worn”
ommand ring. The user can select programs to exercise the
uscles individually or in groups. The program for standing

licits cocontraction of the 8 muscles resulting in extension of
he hips, knees, and axial muscles. Standing, transfers, and
mbulation require use of bilateral AFO and a walker.

Waters and Mulroy,6 Hussey and Stauffer,7 and Solomonow
t al8 have reported that the energy consumption required to
se an orthosis is an important factor in determining whether a
erson with SCI will choose to use that device. The purpose of
his study was to determine the energy used by a patient with
etraplegia by using the CWRU/VA neuroprosthesis. In partic-
lar, the investigators wanted to determine if the energy re-
uirements of the system during transfers, standing, or gait
ould preclude functional use of the device.

METHODS

atient Selection
The CWRU/VA neuroprosthesis can be used by patients

ith lower cervical or thoracic level SCI. Inclusion and exclu-
ion criteria are listed in appendix 1. The patient in this study
as a C7 American Spinal Injury Association (ASIA) grade
�level injury.5 His injury occurred in 2002. His weight was
5kg. He had no medical problems other than SCI.

ystem Training
The usual protocol for use of the CWRU/VA neuroprosthe-

is requires the subject to use a surface stimulator to strengthen
he target muscles for 8 weeks before the implantation of the
ystem. The patient remains in the hospital for 3 to 7 days after
he procedure. The patient is home with restricted activity from
he time of discharge until 6 weeks after the time of surgery.
t the end of week 6, the system is programmed so that each
lectrode provides the minimum amount of stimulus necessary
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o elicit full contraction of its target muscle. During weeks 6 to
4, the subject uses the device at home every day to strengthen
he muscles. The subject comes to clinic once a week. At the
linic, the investigator is able to check the function of each
ead. The system records the time that it is used. This allows the
nvestigator to verify compliance with the exercise protocols.
t week 14, the subject begins physical therapy to learn to

ome from sit to stand, to transfer, and if possible to try to
mbulate. The functional training period is listed in the proto-
ol as week 14 to 26 but is continued as long as is necessary to
llow the subject to maximize his/her use of the system. This
ubject had his device implanted on August 20, 2004. He began
o use the system on September 30, 2004. The subject took a
eave of absence from this research study on December 18,
004, to participate in an unrelated clinical trial. He resumed
articipation in this study on February 1, 2005. He completed
ormal training in December 2005. On August 5, 2005, mea-
urements were taken of the oxygen consumed by the subject
sing the CWRU/VA neuroprosthesis. A metabolic carta pro-
ided breath-by-breath analysis of oxygen consumed and car-
on dioxide exhaled by the subject. The parameters measured
ncluded oxygen consumed in liters per minute (L/min) and
xygen consumed by weight (mL·kg�1·min�1). The measure-
ents were taken with the patient sitting with the system off

2min, 30s), standing between the parallel bars (5min, 30s),
mbulating between the parallel bars with a swing to gait
2min, 30s). The values reported are averages of the breath-
y-breath analysis over the last 2 minutes of each stage.

RESULTS
The patient was able to stand for up to 2 hours. He was able

o ambulate 8 to 15 feet in 1 minute (2.4–4.5m/min) (patient
elf-report, personal communication, May 9, 2006). The testing
one on August 5, 2005, showed that the subject’s oxygen
onsumption while sitting with the system off was
.22mL·kg�1·min�1. Oxygen consumption while standing be-
ween the parallel bars was 4.7mL·kg�1·min�1. Oxygen con-
umption while ambulating in the parallel bars was
.2mL·kg�1·min�1. Oxygen consumption while transferring
rom a wheelchair to a mat was 7.9mL·kg�1·min�1.

DISCUSSION
The data indicate that the energy consumption of a man with

etraplegia using the CWRU/VA neuroprosthesis was not high.
he energy consumption standing and transferring was 2 to 2.1
etabolic equivalents (METS), which is twice the energy use

f a nondisabled person at rest. It is comparable to a nondis-
bled person ambulating at a rate of 2 miles an hour or playing
he piano.9 The energy requirement is less than that of a
araplegic ambulating with bilateral knee-ankle-foot orthosis
KAFO)10 and less than that of a paraplegic patient ambulating
ith a hip-knee-ankle-foot orthosis (HKAFO).11 It is less than

hat of a reciprocating-gait orthosis with surface electric stim-
lation12 and similar to that of a person with paraplegia using
he Parastep,b a commercially available system of functional
lectric stimulation with surface stimulation.13 There are no
rior reports of energy consumed by people with quadriplegia
mbulating without body weight support by a frame. Carvalho
t al14 reported that tetraplegic subjects using a system that
ncluded a harness for body weight support and surface stim-
lation over the quadriceps muscle and peroneal nerve had a
ean oxygen uptake of 7.05mL·kg�1·min�1 to support a gait

peed of 0.5km/h on a treadmill. Algood et al15 reported that
he oxygen consumption of a tetraplegic using a manual wheel-

hair on a smooth level surface is 8.0mL·kg�1·min�1. Thus, the t
nergy use of the CWRU/VA neuroprosthesis was quite com-
arable to that of use of a manual wheelchair (table 1).
The energy requirement of the patient in this study (2–2.1
ETS) would not preclude the use of the system. Other major

imitations could be local muscle fatigue and speed movement.
uring normal gait muscle, groups of the lower extremity

lternately contract and relax through the gait cycle. The
WRU/VA neuroprosthesis requires cocontraction of the
araspinal muscles, hip extensors, and knee extensors to keep
he user upright. The fact that this subject is able to stand for 2
ours would indicate that local muscle fatigue is not a barrier
o use. The most efficient speed of walking for people without
isability is about 75m/min.16 People with C7-8 tetraplegia
ave a speed of 50.6m/min in a standard-weight wheelchair
nd 55.4m/min in a lightweight wheelchair.17 The most com-
ortable ambulating speed for paraplegics using HKAFO with
r without surface stimulation is 12m/min.18 The subject in this
tudy reported a speed of ambulation 2.4 to 4.5m/min. This
ould make the system practical only for standing, transfers,

nd ambulation for very short distances.

tudy Limitations
This study has a number of limitations. This is the first

ubject with quadriplegic tested for energy consumption stand-
ng, ambulating, and transferring with the CWRU/VA neuro-
rosthesis. The ability to use the system and the energy con-
umed by using the system may vary from subject to subject
epending on upper-extremity and hand function, sensory spar-
ng, balance, weight, and the presence or absence of other
edical comorbidities. The testing was performed in accor-

ance with study protocol that called for testing 1 year after the
evice was implanted. The patient had not yet fully completed
is gait training or maximized his ability to use the walker.
The time of ambulation between the parallel bars may or
ay not have been long enough to conclude that the values of

xygen consumption measured represent steady-state values
or use of the neuroprosthesis. A transfer from one surface to
nother is a short duration activity that does not lend itself well
o measurement of steady-state energy consumption. The en-
rgy requirement for use of this neuroprosthesis as an aide to
mbulation with a walker will be better tested by more sus-
ained use of the device than the transfer that was performed in

Table 1: Oxygen Consumption

Test
Oxygen Consumption

(mL·kg�1·min�1) METS

Nondisabled adult walking at
comfortable rate6

12.1 3.5

Nondisabled adult walking at fast rate6 18.4 5.7
Paraplegic with bilateral KAFO10 16.5 5.0
Paraplegic with bilateral HKAFO11 9.61 2.7
Paraplegic with bilateral KAFO and

surface stimulation12 8–11 2.3–3.1
Parastep (standing)13 7.85 2.2
Parastep (walking)13 7.9 2.3
Tetraplegic gait with harness to

support body weight14 7.05 2.0
Tetraplegic wheelchair propulsion15 8.0 2.3
CWRU/VA standing 4.2 1.2
CWRU/VA walking in parallel bars 7.2 2.1
CWRU/VA transferring wheelchair mat 7.9 2.3
his study.

Arch Phys Med Rehabil Vol 88, August 2007
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CONCLUSIONS
The CWRU/VA neuroprosthesis allowed a patient with

SIA C7 grade B tetraplegia to stand and transfer. The energy
onsumption of the subject using the system would not prohibit
he patient from standing for long periods of time and perform-
ng tasks such as reaching for a cup or a book with 1 hand. The
ubject can ambulate short distances, but the use of the system
or ambulation is limited by the speed of movement, which is
ow compared with walking speeds of nondisabled people or
he speed of a person with tetraplegia using a manual wheel-
hair.

APPENDIX 1: INCLUSION AND
EXCLUSIVE CRITERIA

nclusion criteria

Age 18 or older
Low cervical or thoracic SCI (C6-T12)
ASIA Impairment Scale grade A or B for mid to low thoracic

injuries (T4-12) or ASIA grades A, B, or C for cervical and
high thoracic injuries (C6-T3)

Time postinjury greater than 6 months
Intact lower motoneurons
Absence of psychologic problems or substance abuse
Range of motion within normative limits
Full coverage of the acetabulum and minimal laxity of the

knee or ankle
No acute medical problems
Adequate social support and stability
Willingness to comply with follow-up procedures

xclusion criteria

Pacemaker
Cardiac arrhythmia
Pregnancy
Contractures of upper or lower extremities
Seizure disorder
Obesity
Untreated substance abuse
Immune deficiency
Recurrent urinary tract infections
Presence of pressure ulcer
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ABSTRACT. Standaert CJ, Herring SA, Cantu RC. Expert
pinion and controversies in sports and musculoskeletal med-
cine: concussion in the young athlete. Arch Phys Med Rehabil
007;88:1077-9.

Concussion is a common injury in young athletes and can be
ery challenging for clinicians to diagnose and manage. Debate
xists over not only the incidence of long-term risks of multiple
oncussions but also the potential for catastrophic outcomes
fter sports-related head injury. Decisions on returning athletes
o competition can be difficult, and there are limited prospec-
ive data on which to make these decisions. This has resulted in
he existence of a number of published guidelines and consen-
us statements on the management of concussion in athletes.
thletes sustaining a concussion need appropriate on-field care

nd structured follow-up. Baseline cognitive assessments can
e helpful, but clinicians must be aware that head trauma may
esult in a wide array of clinical signs and symptoms. Delivery
f care and decisions on return to play need to be based on an
ndividual assessment of the affected athlete.

Key Words: Adolescent medicine; Brain concussion; Reha-
ilitation; Sports medicine.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

CONCUSSION IS A MILD traumatic brain injury (TBI)
that is induced by a direct or indirect force.1 The mani-

estations of concussion can vary widely between patients and
ay include confusion; amnesia (anterograde or retrograde);

isorientation; altered consciousness; headache; dizziness;
motional lability; or a variety of other problems such as those
ssociated with balance, vision, or speech.2 The pathophysiol-
gy of concussion in humans is extrapolated from animal
odels and involves alterations in glucose metabolism, ionic

hifts, altered blood flow, and the release of excitatory neuro-
ransmitters.1,3 In young athletes, a potentially lethal condition
ermed second impact syndrome (SIS), which can occur after a
oncussion in an athlete still symptomatic from a prior brain
njury,1 is thought to be caused by the loss of autoregulation of
erebral blood flow with subsequent vascular engorgement.3

lthough postconcussion symptoms usually resolve within
ays to a week, they may persist beyond this and rarely may
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ever entirely clear. Thus, postconcussion symptoms may per-
ist longer than the typical timeframe of game-to-game prep-
ration within a season. Athletes sustaining a concussion, es-
ecially in football, are at increased risk for repeat concussion.
ubstantial debate remains on the long-term consequences of
epeated concussions and on how this risk should factor into
ecisions regarding return to play (RTP).
From a clinical perspective, concussion is a common injury

n young athletes and can be extremely challenging for clini-
ians to manage. Based on their extensive data, Powell and
arber-Foss4 estimated that over 62,000 high school varsity
thletes suffer concussions annually in the United States, rep-
esenting 5.5% of all reported sports injuries in this population.
njuries associated with football accounted for 63% of the
ases, but athletes (both male and female) were affected in a
ariety of sports. A recent study by Boden et al5 reviewed 94
ncidents of severe head injuries associated with football from
he National Center for Catastrophic Sports Injury Research
nd found that high school players had an incidence rate 3
imes that noted in collegiate players. Of the injured athletes for
hom telephone interview contacts could be found, 39% had
een playing with residual neurologic symptoms from a prior
ead injury at the time of the catastrophic event. Unfortunately,
here are relatively little long-term data on the effects of con-
ussion in young athletes, and management decisions for these
thletes can be daunting. The situation is further complicated
y the fact that published guidelines are based on adult studies.

CONTROVERSIES

eturn to Play
Decisions on both same-day and delayed RTP can be diffi-

ult, and identifying the symptoms and neurologic deficits
ssociated with mild TBI is crucial. Debate exists on which
ndings are most critical in the decision-making process, but
ll signs and symptoms need to have cleared at rest and with
xertion before the athlete is returned to play.

alue of Published Guidelines
There are currently at least 20 published grading scales or

uidelines for the management of concussion in athletes.3 The
rading scales vary in the importance assigned to different
actors, with a particular point of controversy being the relative
mportance of loss of consciousness (LOC) versus post-trau-
atic amnesia (PTA). Only one of the currently available

rading scales is evidence based,6 and none have been evalu-
ted by a double-blinded prospective study of injured athletes.

isk of Catastrophic Injury or Permanent Cognitive
eficits
The precise incidence of SIS is not known, in part because

he number of players participating with postconcussion symp-
oms is unknown. Similarly, the number of players who have
ad to terminate careers because of postconcussion syndrome,
ncluding permanent cognitive deficits, is not known despite

ome high-profile professional athletic cases in the media.

Arch Phys Med Rehabil Vol 88, August 2007
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A

here are published data on the cognitive functioning of pre-
iously concussed athletes, but the number of studies is small
nd the results inconsistent. Thus, accurate assessment of risk
or these conditions is not possible with current data.

PRACTICAL APPROACHES

ow Do I Assess Athletes on the Field?
The first step is to identify a player who may have sustained
concussion. This may be obvious in the case of an overt

lteration in consciousness or orientation, but medical person-
el need to be alert for more subtle features of confusion,
isorientation, or altered physical, cognitive, or emotional sta-
us. Initial evaluation of “the downed athlete” requires assess-
ent for airway, breathing, circulation, and level of conscious-

ess.1,3 Further assessment of neurologic status and the cervical
pine allows for determination of whether the athlete is moved
o the sideline or prepared for emergent transport off the field.
nce the need for emergent transport has been excluded, the

ideline evaluation of the potentially concussed athlete includes
more detailed history and neurologic examination. Cognitive,

omatic, and affective findings need to be addressed (appendix
).1 A structured approach to sideline evaluation is necessary.
number of standardized testing systems, including electronic

ortable devices, are available for use, such as the Standardized
ssessment of Concussion. These systems generally only eval-
ate cognitive function, and baseline preinjury assessment is
equired for the clinical assessment of data acquired after a
oncussion. Particular attention needs to be devoted to PTA,
oth retrograde and anterograde, because this is the risk factor
ost predictive of persisting symptoms and cognitive deficits.7

Players sustaining mild TBI need to be supervised at all times
n the field, with postgame observation clearly defined. Serial
eurologic assessments are important. Neurologic deterioration;
rolonged LOC (minutes as opposed to seconds); or any decline in
evel of consciousness, vomiting, severe or worsening headache,
eizures, or prolonged amnesia (15�30min) are among the indi-
ations for emergent transport to a medical facility.1,3

an the Athlete RTP the Same Day?
Clearly, emergent considerations need to be excluded before

ame-day RTP is even an option. Athletes with persisting signs
nd symptoms or any duration of amnesia should not RTP.1 In
ther situations, there is substantial disagreement among au-
hors on returning injured athletes to play the same day, with
ome authors allowing RTP if all symptoms clear rapidly. Even
ith rapid resolution of symptoms, however, athletes should
ndergo a physiologic challenge such as running or push-ups to
nsure that they remain asymptomatic before resuming com-
etition. Unfortunately, there are no prospective data on this
ssue. Given the unique metabolic and vascular circumstances
n young athletes and what are typically relatively reduced
esources for baseline and on-field care, the safest decision, if
here is any concern, is to leave the athlete sustaining a con-
ussion out of play. In sum, “when in doubt, sit them out.”

ow Is the Decision Made on When They Can RTP?
Ideally, a decision to RTP will be based on the evaluation of

ach athlete. The decision depends on a number of factors, in-
luding the extent of injury, the duration of symptoms or cognitive
ysfunction, and the history and proximity of previous concus-
ions. There is significant controversy on the means of grading
oncussion and deciding on RTP. One major published guideline
ses LOC as the dominant marker for injury severity, but LOC has

ince been shown to be poorly predictive of symptoms and cog- a

rch Phys Med Rehabil Vol 88, August 2007
itive disturbance after a concussion.3,6-8 Athletic concussion is
lso rarely associated with LOC of more than 1 minute. Although
mnesia appears to be more predictive of short-term outcome, the
ole of ongoing assessment of cognitive and physical functioning
f the athlete is unclear. In their study of collegiate football
layers, McCrea et al8 noted that the average time to symptom
esolution in players sustaining a concussion was 7 days, with
ognitive function improving to baseline in 5 to 7 days and
alance deficits clearing by 3 to 5 days. The athletes in this study,
owever, followed varying trajectories with 10% having symp-
oms for more than a week. In a related study, Guskiewicz et al9

ound that 91% of players studied who sustained a second con-
ussion within the same season did so within 10 days of the initial
oncussion. These data should give pause to those considering a
apid RTP for concussed athletes, particularly in the absence of
aseline testing and structured, serial postinjury neurocognitive
nd physical evaluation.

Restrictions on RTP generally increase with the severity of
oncussion, and the most widely referenced guidelines suggest
ore prolonged time out of competition after a second con-

ussion in the same season and termination of the season or
articipation in contact sports altogether with a third severe
oncussion.2,3,6,10 As noted, additional caution needs to be
iven to returning the young athlete to play prematurely be-
ause of their unique risk profile.

A number of authors advise following a progressive, struc-
ured RTP protocol.2,3 This starts with complete rest (both
hysical and cognitive) after mild TBI; a gradual progression
f activity is then initiated after symptom resolution. Low-level
ctivities are performed initially, and over several days the
thlete is progressed through higher-level and sport-specific
kills, noncontact drills, and controlled contact before consid-
ring RTP. By following the numbers presented, it is clear that
f on any given Friday a high school athlete sustains a concus-
ion that does not resolve rapidly, he/she has a very high
ikelihood of not being cleared to play by the following Friday.

single concussion may thus be expected to result in a
ultigame absence. Given the data, it is sobering to note that

he median time loss from sports activity after mild TBI in the
tudy of Powell and Barber-Foss4 was 3 days,

hat About Using the Published Guidelines?
Overreliance on published guidelines is problematic for a

umber of reasons, including the nonuniformity of their guid-
nce, lack of prospective validation in most, the reliance on
OC as the marker of injury severity, and the extent of indi-
idual variation of mild TBI. However, it is important to
nderstand the guidelines, and they can provide a reference
oint from which to assess an injured athlete. The modified
antu guidelines (by an author of this article) was developed

hrough extensive clinical experience and a thorough assess-
ent of the available evidence and may be the most clinically

elevant of the published guidelines.6 Overall, it is our opinion
hat the management of athletes sustaining a concussion should
e performed on an individual basis by using clinical signs and
ymptoms and appropriate follow-up as opposed to strict ad-
erence to published grading scales.

hat Is the Risk of Recurrent Concussion, SIS, or
ermanent Cognitive Deficits?
The data on these issues are variable. Athletes sustaining a

ingle concussion clearly seem to be at an increased risk for a
ecurrent concussion.6,9,10 SIS is a rare but devastating occur-
ence that, other than in boxers, has never been reported in

nyone older than 19 years of age.1 The exact risk factors for
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his syndrome are unclear, particularly given the low rate of
ccurrence, but RTP in close proximity to the time of a prior
oncussion with persisting signs or symptoms is clearly a
ignificant concern when considering the evidence on cata-
trophic injury as well as cumulative injury.5 There is evidence
hat athletes sustaining multiple concussions may take longer to
ecover from mild TBI, but there are also data both for and
gainst the concept of persisting cognitive deficits in these
thletes.11-13 In general, research in this area has been ham-
ered by difficulty with recall bias among subjects, defining
concussion,” and obtaining baseline data. Clearly, prospective
tudies on a large pool of young athletes at risk for mild TBI
ith long-term follow-up, although difficult, is required to
efinitively address this question. Until such information is
vailable, clinicians, athletes, parents, and coaches need to be
ware of the potential for long-term consequences after a
oncussion and should proceed on an individual basis.

ow Can I Best Prepare to Manage Athletes at Risk for
oncussion?
There are several ways to manage athletes at risk for con-
ussion including (1) know your athlete; (2) have baseline n

eprinted with permission from the American College of Sports Medicin

2003;13:222-9.

1

1

1

1

ealth and cognitive data whenever possible; (3) establish
ffective communication with the coaching staff, trainers, ath-
etes, and families; (4) be prepared to manage acute injury; (5)
ave a system for providing appropriate sideline and postgame
upervision of the injured athlete; (6) provide structured, on-
oing follow-up; and (7) know the literature.

CONCLUSIONS
It can be extremely challenging to manage young athletes

ustaining a concussion. The published data on both the acute
nd long-term risks associated with these injuries are limited,
s is the clinical utility of published guidelines on management.
he manifestations of concussion can vary widely between
thletes and may take a significant amount of time to resolve.
linicians need to be aware of the potential for complications
fter mild TBI and should provide structured, ongoing assess-
ent of injured athletes. Athletes should be assessed and
anaged on an individual basis. Decisions on RTP are contin-

ent on a number of variables, including the nature of the
njury, the history of prior concussions, and physical and cog-

itive function.
APPENDIX 1: SELECTED SIGNS AND SYMPTOMS OF CONCUSSION

Cognitive Somatic Affective

Confusion Headache Emotional lability
Post-traumatic amnesia Fatigue Irritability
Retrograde amnesia Disequilibrium
Loss of consciousness Dizziness
Disorientation Nausea/vomiting
Feeling “zoned out” Visual disturbances
Vacant stare Photophobia
Inability to focus Phonophobia
Delayed verbal and motor responses
Slurred or incoherent speech
Excessive drowsiness
e.1
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ABSTRACT. Rosenbaum P, Stewart D. Perspectives on
ransitions: rethinking services for children and youth with
evelopmental disabilities. Arch Phys Med Rehabil 2007;88:
080-2.

Transition to adulthood for youth with developmental dis-
bilities has become an important concern internationally of
ervice providers working with these young people. Reflecting
n the useful review by Binks and colleagues in this issue of
he Archives, we argue as developmentalists that this is an ideal
ime to step back from our traditional preoccupation with
treatment” of childhood disability and to reconsider broadly
hat our goals for intervention ought to be. We invoke the

oncepts of the International Classification of Functioning,
ealth and Disability framework and draw on research that

aps the voices of young people with disabilities—voices we
elieve have a lot to tell us about what has and has not worked
or them. We suggest that there are unparalleled opportunities
o enhance transition to adulthood for young people with de-
elopmental disabilities, in part by a feed-forward of the best of
hildhood services, and to work to prevent many of the diffi-
ulties faced by the current generation making this challenging
ransition.

Key Words: Disabled children; Pediatrics; Rehabilitation.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

N THEIR COMPREHENSIVE and useful review article on
the issues of transition to adulthood of people with devel-

pmental disabilities in this current issue of Archives, Binks et
l1 provide valuable perspectives on the increasing challenge of
aking effective service transitions to adult care for youth with

pecial needs. We appreciate the opportunity to comment on
his internationally important problem. In doing so, we would
ike to step back from the review itself and reflect on the
roader implications of the transition issues raised by Binks.
e will suggest that the whole system of services for children

nd youth with “developmental disabilities” should be recon-
gured to anticipate—and ultimately to prevent—many of the
roblems currently facing youth with special needs, their fam-
lies, and the “systems” with which they come in contact.

To begin with, we believe that the issues discussed by Binks1

egarding “transition from child-centered to adult-centered

See review article p 1064.
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ealth care” are intimately entangled with many of the tradi-
ions and assumptions of developmental rehabilitation. In the
ehabilitation of adults who develop or acquire functional lim-
tations, the goals of intervention are usually fairly obvi-
us—we are trying to return the person as closely as possible
o their previous level of functional capability, a level that was
robably well defined for that person before the incapacity
ccurred. Imported from the world of adult medicine, classical
early interventions” for children with disabilities and func-
ional difficulties have had as a core assumption the importance
f addressing “impairments” and using “normal” development
s the guidepost. Thus, for example, therapy for children with
erebral palsy (CP) has traditionally endeavored to “normalize”
ncreased muscle tone, inhibit reflexes that appear to interfere
ith “normal” function, promote “normal” movement, and so

orth. We are finding, however, that there is little evidence that
hese apparently useful goals are meaningfully achievable with
hildren with conditions such as CP. Furthermore, studies that
xplore the assumption that a change in “impairment” will
ranslate into improvements in “activity” or “participation”
ave led people to question whether this does indeed happen.2

An alternative approach to thinking about and “managing”
hildhood disability is to recognize formally the notion of
isabilities as challenges to children’s typical development
hence, the notion of “developmental disability”). We believe
hat it is essential to see beyond the biomedical aspects of
iagnosis and pathology and to consider, in all that we do with
hildren and families, how we can support and promote child
and family) development, achievement, and the emergence of
sense of self and of capability in the face of challenges to

unctional achievement presented by the functional differences
hat are inherent in developmental disability.

There are indications that a more functionally oriented ap-
roach to developmental intervention is being embraced, at
east in principle, by the pediatric service community. Some
hild-focused developmental programs provide comprehensive
are, continuity, coordination across disciplines, and family
ngagement (in family-centered service models3)—all ele-
ents that are reported by Binks1 to be relatively poorly

vailable in the world of adult services. This suggests that there
re lessons to be exported (fed forward) from the child and
outh services to what one hopes will become specialty ser-
ices for adults with a pediatric or lifelong disorder.4

We believe that the field of childhood disability is on the
rink of a major paradigm shift, of which the transition chal-
enges represent an important component. With the advent and
apid adoption of the concepts of the World Health Organiza-
ion’s International Classification of Functioning, Health and
isability (ICF),5 the scope of developmental services is be-
inning to expand its horizons.6 Moving beyond concerns with
body structures and functions,” professionals are promoting
unction through an emphasis on activity, encouraging partic-
pation in society, and acknowledging the role of personal
actors and environmental factors as legitimate components of
ntervention programs. At the same time, the considerable
nterest in quality of life (however defined) is prompting people

o expand their focus beyond functional disability in an effort
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o address issues important to the people who have the condi-
ions for which services are provided.

Readers may be wondering at this point how these musings
bout childhood disability relate to transition to adulthood. As
e see it, the identification and discussion of the challenges

acing youth and young adults with developmental disabilities,
s identified by both Binks1 and ourselves in this commentary,
hould force child-oriented service providers to reflect on what
outh need as they make the transition from pediatric to adult
ervices. This, in turn, begs the question of what we are trying
o achieve with our interventions during the childhood years to
elp prepare young people and their families for transition.
hat are our assumptions about disability? What do we think

bout the needs of children and families? How do we set
ntervention goals, and whose goals they should be? Where
oes family engagement and responsibility fit into this mix of
ssues? Also, what component of our orientation in interven-
ions is toward “fixing” and how much is directed toward
ealthy functional development?
Answers to these questions are coming directly from youth with

evelopmental disabilities themselves as they grow up,7 and we
elieve that all service providers should be listening to them.
eedback from adults who have made the transition is consistent

n telling us that our orientation to impairment management is not
hat they believe they needed in their developing years.7,8 Evi-
ence supports the importance of addressing their functional needs
y using an individualized approach across the developmental
ontinuum.9 Furthermore, a focus on functional needs of children
ithin their daily environments, as identified by their families (and
y the older children), appears to produce better outcomes, with
ess therapy!10

If we are to refocus our intervention toward personal devel-
pment of children with disabilities (and the development of
heir families), how might this be done and what would such
nterventions look like? We believe that in addition to the
cquisition of functional skills across the broad range of self-
are, mobility, and cognitive abilities, it is essential that we
romote opportunities for young people to develop a sense of
elf including self-confidence, self-esteem, self-determination,
nd self-management, along with problem-solving and deci-
ion-making skills and experiences. They need to acquire a
ood understanding of their life circumstances and learn how to
e articulate about their life needs (beyond simply their “im-
airment” needs). They need opportunities to participate in
eal-life experiences throughout childhood and adolescence,
uch as playing in their neighborhood, doing household chores,
nd having a part-time job. Their families need support, from
he outset, to be in control of their agendas and see the dis-
bility component of their children’s lives in the broader con-
ext of development toward directing their own lives. And, both
outh and families need relevant information to enable them to
ake informed decisions about the future. Evidence-based

nformation-management tools like the CanChild K.I.T. (Keep-
ng It Together)11 are available to promote a sense of parent
ompetency, with similar tools and resources (eg, the Youth K.I.T.
nd the DOOR. 2 Adulthood website12 in Ontario, Canada)
nder development for use by youth themselves.
Recent evidence also supports the need to focus efforts on

hanging the environment, to reduce barriers and build sup-
orts as much as, and perhaps more than, focusing on skill
evelopment of the young person.13 This includes looking at
hat health care services and providers are doing. Binks1(p 1065)

eports that the literature identifies “the inability of child-
entered health care professionals (eg, pediatricians) to ‘let go’
f their long-standing relationships with patients” as an impor-

ant barrier to effective transitions. We wonder whether this is
oo strong an indictment of both child-oriented practitioners
nd their youthful patients and families, who may equally not
ant to sever what have become comfortable and effective

elationships because of what are perceived to be inadequately
esponsive “adult” services. Most adult services appear to be
ragmented and unprepared for young adults with developmen-
al disabilities who are living longer lives and expecting to
unction as full citizens in society.12 A broad-based environ-
ental approach is needed to make changes in adult services to

nsure that these young people experience a successful transi-
ion. This also speaks to the need to develop environmental
trategies within the adult world as a whole, such as commu-
ity capacity building, to promote inclusion and participation
f all young adults.14

There has probably never been a better time in the field of
hildhood disability to reconsider and improve the way we do
ur work. If we are indeed in the midst of a paradigm shift and
here is “instability” in the system, this is exactly the time to
hallenge all our traditional assumptions about childhood dis-
bility and to embrace exciting new opportunities to consider a
roader array of activities directed toward child, youth, and
amily development. Rather than throwing out what is best in
ur traditions of developmental intervention, we must take the
pportunity to embrace and add concepts inherent in the ICF
ramework,5 such as participation and environmental factors,
nd to be concerned about people’s quality of life, by thinking
evelopmentally and not just in biomedical terms. If we do so,
e can promote the best development and participation of
oung people who grow up with disabilities and hope that in a
ecade follow-up review articles like those of Binks will report
much improved outlook for the service transitions experi-

nced by young people with developmental disabilities.
We thank Binks for synthesizing the issues so effectively

nd challenging all of us to reflect on how we can do a more
ffective job of “transition to adulthood’ for youth with devel-
pmental disabilities.
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onsortium for Spinal Cord Medicine

We were stunned to discover that an article1 in the March 2007
upplement includes a key reference identified as a publication by
he Consortium for Spinal Cord Medicine (CSCM) entitled Early
cute Management in Adults With Spinal Cord Injury: A Clinical
ractice Guideline for Health-Care Providers published in 2007
y Paralyzed Veterans of America. Simply stated, this reference
oes not exist. A document by this title is presently in draft format
nly. This draft document is confidential and has not been through
eld review, legal review, or approved for publication by the
SCM’s Steering Committee.
Any statements attributed to this unpublished document
ust be recognized as unsupported, and do not represent the

pinion or position of the CSCM. The CSCM’s guideline
evelopment process occurs in deliberate stages of review
nsuring scientific and legal integrity of the field, CSCM par-
icipants, the development panel, and Paralyzed Veterans. This
ame process has resulted in successful publication of 9 pre-
ious titles with 6 companion consumer guides. Any breach of
his process subjects the entire process to suspicion and criti-
ism, which would undermine the collaborative enterprise of
his Consortium of 22-member organizations.

Lawrence Vogel, MD
CSCM Steering Committee Chair

Peter Wing, MD
Early Acute Topic Guideline Development Panel Chair

Thomas Stripling
Paralyzed Veterans of America

Washington, DC

Reference
. Wuermser LA, Ho CH, Chiodo AE, Priebe MM, Kirshblum SC,

Scelza WM. Spinal cord injury medicine. 2. Acute care manage-
ment of traumatic and nontraumatic injury. Arch Phys Med Rehabil
2007;88(3 Suppl 1):S55-61.
doi:10.1016/j.apmr.2007.06.766

directly ” should be deleted; the sentence cannot
he author responds

During the preparation of the Spinal Cord Injury Medicine
ection of the 2007 Study Guide (published as a supplement
o the March issue of Archives of Physical Medicine and
ehabiliation), I was participating on a panel for the Para-

yzed Veterans of America’s Consortium for Spinal Cord
edicine (CSCM) in the development of a document enti-

led Early Acute Management in Adults With Spinal Cord
njury: A Clinical Practice Guideline for Health-Care Pro-
iders. Anticipating publication of the CSCM guideline
round the same time as the Study Guide, I included in the
tudy Guide (principally in the article on which I was the

ead author1) references that anticipated the CSCM docu-
ent. In error, I allowed my work on the Study Guide to

roceed to publication without removing (or correcting)
eferences to the incomplete and unpublished CSCM docu-
ent. The culpability for this error rests solely with me, as

either the CSCM, the Paralyzed Veterans of America, nor
he development panel was aware that the Study Guide
ncluded such a reference. Indeed, the editor of this edition
f the Archives was also unaware that the CSCM document
as not pending publication.
I apologize for my error and failure to correct the Study

uide prior to publication and direct readers to the accompa-
ying correction.

Lisa-Ann Wuermser, MD
Mayo Clinic

Rochester, MN

Reference
. Wuermser LA, Ho CH, Chiodo AE, Priebe MM, Kirshblum SC,

Scelza WM. Spinal cord injury medicine. 2. Acute care manage-
ment of traumatic and nontraumatic injury. Arch Phys Med Rehabil
2007;88(3 Suppl 1):S55-61.
doi:10.1016/j.apmr.2007.06.767
Corrections
The following corrections concern reference 2 in Wuermser LA, Ho CH, Chiodo AE, Priebe

MM, Kirshblum SC, Scelza WM. Spinal cord injury medicine. 2. Acute care management of
traumatic and nontraumatic injury. Arch Phys Med Rehabil 2007;88(3 Suppl 1):S55-61.

Reference 2 (Consortium for Spinal Cord Medicine. Early acute management in adults with
spinal cord injury: a clinical practice guideline for health-care providers. Washington (DC):
Paralyzed Veterans of America; 2007) should be deleted (currently a draft document is in field
review, with publication expected in late 2007), and all text referencing this document should
be deleted or reference an existing publication. Listed below is each instance this unpublished
document is referenced in the text, with a correction, an alternative reference, or both.

In section 2.1, paragraph 1 (pS55), the sentence “Transfer to such a center is advocated as
soon as the patient is stable, with the suggestion that emergency medical services in urban areas
should consider bypassing the nearest hospital to take SCI patients to level 1 trauma centers

2
 be supported by existing literature alone.

Arch Phys Med Rehabil Vol 88, August 2007
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In section 2.1, paragraph 3 (pS55), the sentence that begins “Both the neurosurgical
guidelines12 and the Consortium for Spinal Cord Medicine clinical practice guidelines2

consider the use of high-dose methylprednisolone to be a treatment option rather than a
standard” should be changed to read: “The American Academy of Neurological Surgeons and
Congress of Neurological Surgeons clinical practice guideline for acute cervical SCI considers
the use of high-dose methylprednisolone to be a treatment option rather than a standard.12”
Reference 2 should be deleted and reference 12 should be corrected to: Pharmacologic therapy
after acute cervical spinal cord injury. Neurosurgery 2002;50(3 Suppl):S63-72.

In section 2.1, paragraph 5 (pS56), the sentence “Sepsis, hypovolemia, and cardiogenic
shock must all be considered in the early period of SCI2” should be deleted. Although the
statement makes common sense, the literature does not support this specific statement.

In section 2.1, paragraph 6 (pS56), the source for the statement “Preventing complications
remains vital in acute SCI. Prophylaxis of venous thromboembolism should begin no later than
72 hours after onset of SCI and should include anticoagulation for most injuries2,22” should be
references 22 and 23. Reference 2 should be deleted.

In section 2.1, paragraph 7 (pS56), the source for the statement “Either H2-blockers or
proton pump inhibitors are indicated, to be started at admission and continued for 4 weeks2”
is Lu WY, Rhoney DH, Boling WB, Johnson JD, Smith TC. A review of stress ulcer
prophylaxis in the neurosurgical intensive care unit. Neurosurgery 1997;41:416-26. Reference
2 should be deleted.

In section 2.2, paragraph 3 (pS56), sentence 2 should be revised to read: “A bowel program
should be initiated in acute care29 and can reasonably begin soon after enteral feeding is
initiated.” Reference 29 is: Consortium for Spinal Cord Medicine. Neurogenic bowel man-
agement in adults with spinal cord injury. Washington (DC): Paralyzed Veterans of America;
1998. Reference 2 should be deleted.

In section 2.2, paragraph 3 (pS56-7), reference 2 should be deleted from the end of the
sentence “The removal of an indwelling urinary catheter and initiation of intermittent cathe-
terization can be recommended as soon as the patient no longer requires intravenous fluids and
the medical status does not require strict monitoring of urinary outputs.” The following new
reference should be added to the next sentence (“However, physiatrists should be aware of the
diuresis of third spaced fluid associated with mobilizing the patient and warn against volumes
higher than 500mL per catheterization”): Consortium for Spinal Cord Medicine. Bladder
management for adults with spinal cord injury: a clinical practice guideline for health-care
professionals. Washington (DC): Paralyzed Veterans of America; 2006.

In section 2.2, paragraph 6 (pS57), the last 2 sentences should be corrected to read:
“However, low volume ventilation is well established to improve outcomes in the general
trauma setting,fn primarily because of the high frequency of acute lung injury (ALI) and adult
respiratory distress syndrome (ARDS) in this population. Therefore, ALI and ARDS should
likely be resolved or ruled out prior to initiation of a high volume weaning protocol.” Delete
reference 2 at the end of the sentence and add the following new reference (where indicated):
Petrucci N, Iacovelli W. Ventilation with lower tidal volumes versus traditional tidal volumes
in adults for acute lung injury and acute respiratory distress syndrome. Cochrane Database Syst
Rev 2003;(3):CD003844.

In section 2.2, paragraph 7 (pS57), the entire paragraph should be edited to read:

Dysphagia is also a contributor to respiratory deterioration after SCI. Although up to 30%
of patients with tetraplegia are found to have dysphagia at admission to inpatient
rehabilitation,39 up to two thirds of patients undergoing elective cervical spine surgery
demonstrate postoperative dysphagia, and has been demonstrated in both anterior and
posterior cervical spine approaches.40 It is likely, then, that the rate of dysphagia in acute
SCI in higher than that documented later in their course in the rehabilitation setting.
Persons with cervical spine surgery, tracheostomy, halo stabilization, and older age have
been shown to have an increased risk of dysphagia.39 In the presence of a rigid cervical
orthosis or halo, it is difficult to impossible to compensate for dysphagia using a typical
chin-tuck position. Concomitant brain injury is also a risk factor for dysphagia.fn Use of
nasogastric access for enteral feeding can be used until the risk of aspiration diminishes.

The new reference (where indicated) is: Burnett DM, Watanabe TK, Greenwald BD.
Congenital and acquired brain injury. 2. Brain injury rehabilitation: medical management. Arch
Phys Med Rehabil 2003;84(3 Suppl 1):S8-11.

In section 2.2, paragraph 9 (pS57), the final sentence “Once the spine is stable, routine
turning every 2 hours should be implemented2” should reference existing note 43 (Consortium
for Spinal Cord Medicine. Pressure ulcer prevention and treatment following spinal cord
injury: a clinical practice guideline for health-care professionals. Washington (DC): Paralyzed
Veterans of America; 2000.).
In addition, the question and answer sections include 2 references to the unpublished work.

rch Phys Med Rehabil Vol 88, August 2007
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In the 2007 SAE-P: Spinal Cord Injury Medicine section, question 6 (pS89), the text of the
question needs no revision. The reference to the unpublished Consortium for Spinal Cord
Medicine (CSCM) document (reference a) should be deleted. In its place should be the
following 2 references, which were referenced in the CSCM document:

Pharmacologic therapy after acute cervical spinal cord injury. Neurosurgery 2002;50(3
Suppl):S63-72.

Blood pressure management after acute spinal cord injury. Neurosurgery 2002;50(3 Suppl):
S58-62.

In the answer key to question 6 (pS93), the text should cite the American Academy of
Neurological Surgeons and Congress of Neurological Surgeons clinical practice guideline
(referenced above) not the CSCM document.

In the 2007 SAE-P: Spinal Cord Injury Medicine section, question 8 (pS89-90), the text of
the question needs no revision. The 3 incorrect answers are supported by existing literature (as
noted above). Both references (reference a and b) should be deleted. In their place should be
the following: Ref: Clinical Activity 2.2.

0003-9993/07/8808-1$32.00/0

doi:10.1016/j.apmr.2007.06.765
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HE WORLD OF MEDICAL rehabilitation is mourning the
passing of Mitchell Rosenthal, PhD. Dr. Rosenthal died

nexpectedly, shortly after cardiac surgery. Mitch (as he was
nown by all), was a tireless advocate for persons with trau-
atic brain injuries (TBIs), and spent his career dedicated to

he advancement of the clinical practice, knowledge, science,
ducation, and accessibility of rehabilitation services.

Born in Newark, New Jersey, Mitch received his bachelor of
rts degree from Rutgers University. His master of arts degree
as awarded by Fairleigh Dickinson University, and he earned
is doctorate of philosophy at the University of Cincinnati in
975. Dr. Rosenthal held faculty positions at a number of
niversities over the years, including the Medical College of
irginia (Virginia Commonwealth University), Tufts Univer-

ity School of Medicine, Rush Medical College, Wayne State
niversity, and the Kurt Goldstein Institute of Neuropsycho-

ogical Rehabilitation. Most recently, he was professor of phys-
cal medicine and rehabilitation at University of Medicine and
entistry of New Jersey-New Jersey Medical School.
Dr. Rosenthal was currently serving as the chief operating

fficer of Kessler Medical Rehabilitation Research and Educa-
ion Corporation (West Orange, NJ). Previously, he held lead-
rship positions at the Rehabilitation Institute of Michigan
Detroit, MI), Marianjoy Rehabilitation Center (Wheaton, IL),
nd the New England Medical Center (Boston, MA).

Mitch made countless important contributions to the field of
rain injury rehabilitation and was a key influence in shaping the
eld. When he was a treating clinician, his patients were able to
enefit individually from his knowledge, skills, and expertise. He
eld professional licenses to practice as a psychologist in Virginia,
assachusetts, Illinois, Michigan, and New Jersey.
As he progressed to leadership positions in the field, he helped

o found many important advances. As a writer, he was a founding
o-editor of the Journal of Head Trauma Rehabilitation. He
erved as the senior editor for the first major textbook in the field,
ehabilitation of the Adult and Child with Traumatic Brain Injury,
ow in its third edition. In addition, he personally contributed over
hundred articles and papers to the literature.
As a researcher, Dr. Rosenthal led or participated in many

mportant projects of research programs. Of particular im-
ortance were his contributions to the Traumatic Brain
njury Model Systems (TBIMS) programs of the National
nstitute on Disability and Rehabilitation Research, where
e served as a principal investigator (PI) or co-PI of several
BIMS-related activities. His research and educational
roject work were also funded by the National Institutes of
ealth, the Rehabilitation Services Administration, and nu-
erous other sponsors.
0003-9993/07/8808-1$32.00/0
doi:10.1016/j.apmr.2007.06.006

rch Phys Med Rehabil Vol 88, August 2007
Mitch worked tirelessly to help patients and families dealing
ith the consequences of TBI. To this end, he served on the
oards of 5 state brain injury associations, and was a founding
oard member of the Brain Injury Association of America
BIAA).

He was repeatedly recognized by his peers as a leader and
ajor contributor to the field. He was elected as a fellow of the
merican Psychological Association (APA), in both clinical
europsychology and rehabilitation psychology. He was par-
icularly proud of being selected by the BIAA to receive the
rst Sheldon Berrol, MD, Clinical Service Award, established

o memorialize the important contributions of his friend and
olleague, Shelly Berrol. The University of Texas Medical
ranch at Galveston chose him to be the first recipient of the
obert L. Moody Award for Distinguished Initiatives in Brain

njury Research and Rehabilitation in 2001.
The American Congress of Rehabilitation Medicine was a
ajor beneficiary of Dr. Rosenthal’s energies. He served on 12
ongress committees, and then, as a board member, and as

reasurer, vice-president, and president. The Congress recog-
ized his efforts by awarding him the prestigious Gold Key
ward in 2002.
The profession of psychology also benefited greatly from his

ork. He served as a trustee of both the American Board of
rofessional Psychology and the American Board of Rehabil-

tation Psychology. In addition, he held many committee po-
itions and later served as president of the Division of Reha-
ilitation Psychology of the APA in 1992.
Mitch’s many other accomplishments and contributions are

iterally too numerous to mention at this time. But all of them
o not tell his whole story as a colleague, husband (to Peggy),
ather (to Michelle and David), and friend. Mitch was dedi-
ated to our field and his profession, but he was also a very
pecial person. He was a survivor of cancer for 27 years, a fact
robably little known by many. He was internationally recog-
ized as a lecturer and speaker in TBI. He was highly regarded
or his insight and clear communication abilities. And person-
lly, he was a joy to be with. His sense of humor was widely
ppreciated. He had a sense of irony and wit that did not jest at
he expense of others, and enjoyed being occasionally com-
ared with the character of George Costanza from the televi-
ion sitcom Seinfeld.

Mitch Rosenthal was a Good Man. He had Good Intentions,
ood Judgment, and Good Humor. With his passing, there is

ess good in our field, and we all have a responsibility to try at
east a bit harder, to fill the void that his passing has created.

e will all miss him dearly, but cherish our memories of him.

Bruce M. Gans, MD
Kessler Institute for Rehabilitation
West Orange, NJ
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