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Study design: Prospective analysis of relationships.
Objectives: (1) To quantify the relationship between individual lower extremity muscle
strength and functional walking measures and (2) to determine whether a multiple regression
model incorporating lower extremity muscle strength could predict the performance of
functional walking measures in persons with incomplete spinal cord injury (ISCI) living in the
community.
Setting: Tertiary rehabilitation center, Vancouver, Canada.
Methods: In all, 22 subjects with ISCI participated. The relationship between functional
walking measures (gait speed, 6-min-walk distance, and ambulatory capacity) and muscle
strength (manual tests of hip flexors/extensors/abductors, knee flexors/extensors, ankle
dorsiflexors/plantarflexors, and great toe extensors) were measured by Pearson’s correlation
and regression procedures.
Results: For both the more and less affected sides, hip flexors, hip extensors, and hip abductors
produced the highest correlations with the three functional measures. The less affected hip flexor
strength explained more than 50% of the variance in gait speed and 6-min-walk distance while
the less affected hip extensor strength explained up to 64% of the variance in ambulatory
capacity. For all three functional measures, the strength of the less affected limb was more
important than that of the more affected limb.
Conclusions: Lower extremity muscle strength, in particular that of hip flexors, hip extensors,
and hip abductors, is an important determinant of functional walking performance.
Spinal Cord (2004) 42, 156–162. doi:10.1038/sj.sc.3101569
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Introduction

A significant number of persons with incomplete spinal
cord injury (ISCI) retain or regain the ability to walk;
however, due to limitations in gait speed and endurance,
walking may not be the practical method of mobility in
the community.1,2 The gait speed of persons with ISCI
has been reported to be considerably lower1,2 than the
1.2 m/s speed required to cross a street within the time
allowed by a traffic signal.3 Reductions in gait speed and
endurance, together with other factors such as the
ability to transfer and manage curbs, stairs and crowded
areas, could contribute to the limitation in ambulatory
capacity, that is the degree of walking independence in
the home and community.

Muscle strengthening is one of the principal interven-
tions following ISCI aimed at improving functional
abilities such as walking.4,5 Early recovery of muscle
strength post-ISCI has been identified as a useful
predictor of ambulatory capacity. For example, Waters
et al6,7 reported that lower extremity motor recovery 1
month post-injury was a good predictor of whether an
individual became a community ambulator at 1-year
follow-up. Moreover, Crozier et al8 found that persons
who recovered a greater than grade 3 strength in their
less affected quadriceps by 2 months following ISCI had
an excellent prognosis for ambulation. Correlational
analysis has also been used to examine the relationship
between muscle strength and walking abilities in persons
with ISCI. Composite scores of lower extremity muscle
strength, such as the Ambulatory Motor Index (sum of
five lower extremity muscle grades) and the American
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Spinal Injury Association (ASIA) lower extremity motor
scores, have been found to correlate with gait speed
and ambulatory capacity both in persons with acute
and chronic ISCI.9–11 These findings indicate that
muscle strength is an important contributor of walking
function.

However, the individual muscle groups that most
closely relate to walking performance have not
been investigated at the exception of one early study12

that identified the least affected hip flexors and quad-
riceps to be the most important muscle groups
for community ambulation in persons with ISCI.
Identifying the muscle groups most closely associated
with walking can provide guidance for treatment aimed
at improving walking in persons with ISCI. The purpose
of this study was (1) to quantify the relationship between
individual lower extremity muscle strength and func-
tional walking measures (gait speed, endurance as
measured by the 6-min-walk distance, and ambulatory
capacity) and (2) to determine whether a multiple
regression model incorporating lower extremity muscle
strength could predict the performance of functional
walking measures in persons with chronic ISCI living in
the community.

Methods

Subjects and setting
In all, 22 subjects with ISCI were recruited on a
volunteer basis. Criteria for inclusion in the study were
as follows: (1) have some residual lower extremity
weakness secondary to an ISCI, (2) be at least 1-year
post-injury, and (3) be able to walk independently or
with supervision for at least 6 min (with rest intervals)
with or without assistive device. Subjects who had
orthopedic or neurological conditions in addition to the
spinal cord injury (SCI) were excluded from the study.
Ethics approval was obtained from the local university
and hospital ethics committees. Each subject was
informed of the study procedures before giving their
consent to participate in the study. Subject character-
istics are summarized in Table 1. Neurological levels

and impairment scales were determined according to
the American Spinal Injury Association (ASIA)
standards.13

Procedures
A physical therapist performed the manual muscle
test on each subject for eight lower limb muscle groups
(hip flexors/extensors/abductors, knee flexors/extensors,
ankle dorsiflexors/plantarflexors, and great toe exten-
sors) in standardized positions.14 Muscle strength was
graded on a scale from zero to five using 10 intervals
as per Herbison et al15 (Table 2). We evaluated the
test–retest reliability (separate days) for manual muscle
testing in a small group (N¼ 8) of individuals with SCI
and found the intraclass correlations to be 0.82–0.99 for
the eight lower limb muscle groups. Others15–17 have
also reported high reliability for upper and lower limb
manual muscle testing in persons with SCI. The ASIA
lower extremity muscle score (LEMS) was derived from

Table 1 Subject characteristics (N¼ 22)

Variable Mean Standard deviation Range

Age (years) 40.7 12.9 21–64
Time since injury (years) 10.0 10.9 1.0–27.5
Height (m) 1.73 0.09 1.53–1.90
Leg length (m) 0.82 0.05 0.73–0.92
Mass (kg) 74.4 13.1 55.1–95.8

Neurological level (paraplegia/tetraplegia) 8 (T2–T7)/14 (C5–C7)
Sex (M/F) 15/7
More affected side (R/L) 14/8
ASIA Impairment Scale (C/D) 4/14

M: male; F: female; R: right; L: Left

Table 2 Muscle strength grades based on manual muscle test

Grade Description

0 Absence of muscle contraction
1 Trace muscle contraction
1.5 Active movement through partial range of motion

with gravity eliminated
2 Active movement through full range of motion

with gravity eliminated
2.5 Active movement through partial range of motion

against gravity
3 Active movement through full range of motion

against gravity
3.5 Active movement through full range of motion

against gravity and slight resistance
4 Active movement through full range of motion

against gravity and moderate resistance
4.5 Active movement through full range of motion

against gravity and considerable resistance
but not quite normal

5 Normal muscular strength
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manual muscle tests of five lower extremity
muscle groups (hip flexors, knee extensors, ankle
dorsiflexors, great toe extensors, and ankle plantarflex-
ors) evaluated using the standard zero to five, six
interval scale.13

For the assessment of gait speed, subjects were
asked to walk with their usual mobility aid at their
‘most comfortable speed’ (ie self-selected speed) along
an 8-m walkway three times. When necessary,
rest breaks were taken between trials to ensure that
subjects were not fatigued and the trial reflected their
true self-selected speed. An optoelectronic sensor
(Nothern Digital, Waterloo, Canada) was used to track
infrared emitting diodes (IREDs) attached to the
participants’ lateral malleoli. In this camera set-up, the
error of locating the coordinates of an IRED in space
was 0.9 mm in the anterior/posterior direction and
0.45 mm in the up/down direction. Data were collected
at 60 Hz. Gait speed was calculated using cumulative
consecutive stride lengths (forward distance covered by
the lateral malleolus marker from initial contact to the
next initial contact of the same leg) in the middle 4-m
section (ie, representative window of constant gait
speed) of the 8-m walkway and the corresponding
elapsed time.

The 6-min-walk test was then performed as a measure
of gait endurance. Subjects were instructed to walk for
6min, covering as much ground as possible, on a flat
surface around two marked lines that were 18.5 m apart
without stopping unless they needed to.18 No verbal
feedback or phrases of encouragement were provided
except 1min before the end of the test, at which point
they were informed of the elapsed time. If necessary,
subjects performed the 6-min-walk test on a second day.
Two subjects did not attend the second session to
complete the 6-min-walk test.

Ambulatory capacity, the degree or extent of walking
independence in the home and community, was catego-
rized into six levels as described by Perry et al19

(Table 3). The categorization was based on therapist’s
assessment of their walking level and subjects’ descrip-
tion of the walking activities regularly practiced at home
and the community.

Data analysis
Descriptive statistics were performed for all variables
measured. To account for possible effects due to
anthropometries (eg leg length), gait speed and the 6-
min-walk distance were divided by leg length and
expressed in relative terms. Leg length was measured
from the greater trochanter to the lateral malleolus in
meters. Pearson’s product moment correlation was used
to quantify the relationship between muscle strength and
the three functional walking measures: relative self-
selected gait speed, relative 6-min-walk distance, and
ambulatory capacity. Significance was accepted at an
alpha level of 0.05. Scatterplots of the bivariate
correlations were visually examined to ensure outliers
did not compromise the results of the correlations.
Correlational descriptors of Munro et al20 were used to
rate the correlations as very high (0.90–1.00), high (0.70–
0.89), moderate (0.50–0.69), and low (0.26–0.49). Three
separate forward linear multivariate regression models
were then used to predict (a) relative self-selected gait
speed, (b) relative 6-min-walk distance, and (c) ambu-
latory capacity using the various muscle strengths from
the lower limbs. Variables (ie muscle strengths) were
entered in the model at a significance level of Po0.05
and removed from it at P40.1. All statistical analyses
were performed with SPSS 9.0 software.

Results

Strength and functional walking performance –
descriptive
All but two subjects had bilateral weakness with one
side more affected than the other (Table 4). The weakest
muscle groups were the more affected ankle dorsiflexors
and hip extensors. Only two and four subjects showed a
greater than or equal to grade 3 muscle strength (ie
active movement against gravity) in their more affected
ankle dorsiflexors and hip extensors, respectively. More-
over, the strength range for the more affected ankle
dorsiflexors was only between grade 0 and 3. The least
affected muscle groups were the knee extensors and
great toe extensors with 18 and 17 subjects, respectively,

Table 3 Ambulatory capacity categories

Grade Category Description

1 Physiological walker Walks for exercise only at home
2 Limited household walker Relies on walking to some extent for home activities
3 Unlimited household walker Able to use walking for all household activities without any reliance on a

wheelchair but may not be able to enter and leave the house independently
4 Most-limited community walker Can enter and leave the home independently, can ascend and descend a

curb independently, can manage stairs to some degree and is independent in
one moderate community activity

5 Least-limited community walker Independent stair management, independent in all moderate community
activities (local stores or uncrowded shopping centers) without use of
wheelchair

6 Community walker Independent in all home and community activities with complete
independence in shopping centers, can accept crowds and uneven terrain
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achieving a greater than grade 3 strength on their more
affected side.

Gait speed was low with only four subjects walking
faster than 1m/s (Table 5). Similarly, the 6-min-walk
distance was low with as many as five subjects covering
less than 100 m during the allotted 6min. However, 16
out of 22 subjects were categorized as community
ambulators and just one subject was limited to walking
only as a form of exercise. Of note, gait speed was
determined while subjects walked without orthoses

although four subjects customarily used an ankle foot
orthosis for community mobility.

Strength and functional walking performance –
correlation
Pearson’s product moment correlation resulted in
significant correlations between all muscle groups and
each of the three functional measures with a few
exceptions (Table 6). The great toe extensors, the more
affected knee extensors, and the less affected ankle
dorsiflexors were not significantly related to gait speed
or 6-min-walk distance. For ambulatory capacity, the
knee extensors and the more affected hip flexors were
not significantly related. The ASIA LEMS produced the
highest correlation coefficient with all three functional
measures. Analysis of individual muscle groups revealed
that the less affected hip flexors produced high correla-
tions (rX0.70) with both gait speed and 6-min-walk
distance. The muscle groups that highly correlated with
ambulatory capacity were the hip extensors, hip
abductors, and knee flexors of the less affected side.
For both the more and less affected sides, hip flexors and
hip abductors produced the highest correlations with
gait speed and 6-min-walk distance while hip extensors
and hip abductors were the most important muscle
groups for ambulatory capacity.

The less affected hip flexor strength was selected by
the regression model as the best predictor for both
self-selected gait speed and 6-min-walk distance ac-
counting for 54 and 57% of the variance in the two
tasks, respectively (Table 7). The less affected hip
extensor strength was the best predictor for ambulatory
capacity and accounted for 64% of the variance. Up to

Table 4 Muscle strength* (manual test) for the subject population (N¼ 22)

Muscle group Side Mean Standard deviation Range

Hip flexors More affected 2.48 0.81 1.0–5.0
Less affected 3.73 0.78 2.5–5.0

Hip extensors More affected 2.14 1.10 0.0–5.0
Less affected 3.25 1.30 1.0–5.0

Hip abductors More affected 2.36 1.28 0.0–4.0
Less affected 3.52 1.04 1.0–5.0

Knee flexors More affected 2.75 1.13 1.0–5.0
Less affected 5.27 0.67 3.0–5.0

Knee extensors More affected 3.57 0.73 2.5–5.0
Less affected 4.48 0.55 3.5–5.0

Ankle dorsiflexors More affected 1.68 1.13 0.0–3.0
Less affected 3.89 1.11 2.5–5.0

Ankle plantarflexors More affected 2.18 1.05 0.0–5.0
Less affected 3.70 0.88 2.0–5.0

Great toe extensors More affected 3.30 1.28 0.0–5.0
Less affected 4.43 0.98 2.0–5.0

ASIA LEMS** More affected 12.82 4.07 5.0–19.0
Less affected 19.91 3.49 14.0–25.0

ASIA LEMS** Bilateral 32.73 6.40 20.0–42.0

*Muscle strength graded from 0 (absent) to 5 (normal) using a 10-interval scale15

**ASIA lower extremity muscle score is derived from five lower extremity muscle groups using a six-interval scale13

Table 5 Functional measures (self-selected gait speed, 6-min-
walk distance, and ambulatory capacity) for the subject
population

Variable Mean*
Standard
deviation Range

Self-selected gait
speed (m/s)

0.55 0.36 0.13–1.39

Relative gait
speed (s–1)

0.67 0.45 0.17–1.74

6MWD (m) 190.57 117.90 55.5–427.5
Relative 6MWD 234.41 145.69 68.1–534.4
Ambulatory capacity 4.45 1.57 1–6

Mobility aid used
Walker N¼ 2
Crutches or 2 canes N¼ 6
Cane or 1 crutch N¼ 9
None N¼ 5

*N¼ 22 for self-selected gait speed and N¼ 20 for 6-min-walk
distance measures
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91% of the variance in ambulatory capacity could be
explained when the strength’s of the great toe extensors
and ankle dorsiflexors from both sides were added to the
model.

The three functional measures were significantly
correlated with each other (Table 8). However, while
gait speed and 6-min-walk distance were very highly
correlated (rX0.90), ambulatory capacity was only
moderately correlated with these two measures.

Discussion

This study examined the relationship between lower
extremity muscle strength and walking performance in
persons with chronic ISCI. A limitation of this study is
the small sample size, which limits the generalizability
of the findings. In addition, level of injury and use of

mobility aids were not controlled. However, most of our
subjects could not perform the tasks without aids.
Furthermore, when the data were sorted by injury level
(ie paraplegia versus tetraplegia), gait speed/capacity
ranges were widely distributed across the two groups. In
spite of the variability and small sample, analysis of the
data has produced significant results and provided some

Table 6 Pearson’s correlation between muscle strength versus relative gait speed (N¼ 22), relative 6-min-walk distance (N¼ 20),
and ambulatory capacity (N¼ 22)

Muscle group Side Gait speed 6MWD Ambulatory capacity

Hip flexors More affected 0.606** 0.590** 0.422
Less affected 0.734** 0.754** 0.611**

Hip extensors More affected 0.551** 0.515* 0.610**
Less affected 0.589** 0.612** 0.797**

Hip abductors More affected 0.618** 0.568** 0.649**
Less affected 0.664** 0.630** 0.739**

Knee flexors More affected 0.572** 0.515* 0.457*
Less affected 0.591** 0.567** 0.719**

Knee extensors More affected 0.409 0.315 0.347
Less affected 0.519* 0.594** 0.403

Ankle dorsiflexors More affected 0.523* 0.487* 0.638**
Less affected 0.309 0.347 0.647**

Ankle plantarflexors More affected 0.548** 0.521* 0.554**
Less affected 0.564** 0.598** 0.637**

Great toe extensors More affected 0.374 0.387 0.560**
Less affected 0.390 0.406 0.673**

ASIA LEMS More affected 0.672** 0.665** 0.672**
Less affected 0.634** 0.664** 0.801**

ASIA LEMS Bilateral 0.773** 0.765** 0.864**

*Significant at Po0.05, **significant at Po0.01

Table 7 Regression analysis for significant muscle strength predictor variables of relative gait speed,
relative 6-min-walk distance, and ambulatory capacity

Regression equation Standard regression coefficient R2

Relative gait speed
¼�0.90+0.421� (less affected hip flx) 0.734 0.538

Relative 6MWD 0.569
¼�265.69+134.255� (less affected hip flx) 0.754

Ambulatory capacity
¼�2.16�0.005� (less affected hip ext) �0.004 0.635

+0.308� (more affected toe ext) 0.251 0.720
+0.726� (less affected ankle DF) 0.516 0.800
+0.589� (more affected ankle DF) 0.425 0.875
+0.406� (less affected toe ext) 0.254 0.913

Table 8 Pearson’s correlation between functional measures

Relative
gait speed

Relative
6MWD

Relative 6MWD 0.981** (N¼ 20)
Ambulatory capacity 0.588** (N¼ 22) 0.587** (N¼ 20)

**Significant at Po0.01
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new findings regarding the relationship between muscle
strength and functional walking performance in persons
with ISCI.

Our mean age of 41 of our population is well within
the typical Canadian who currently has an SCI as the
largest segment of Canadians with an SCI are currently
between 35 and 49 years of age and this segment
represents almost half of that population.21 Our sample
did have a greater proportion of females (one-third)
compared to the Canadian population, which has
approximately one-fifth females.21 Although muscle
strength was graded relative to movement against
gravity, there are potential gender differences regarding
the mechanisms of SCI injury and recovery of muscle
function.

Unfortunately, we do not have any statistics available
on the mass or bodymass index of Canadians currently
with SCI (interesting study for the future though). There
are statistics on mobility aids, but they are not
specifically for the lesion level that we have in our study
or for only incomplete injuries which also makes a large
difference. However, we do have statistics on the age
and gender of the average Canadian with an SCI.

Concurrent with previous findings,9–11 the results of
this study indicate that lower extremity muscle strength
scores are significantly associated with functional walk-
ing performance. Previous investigations,9–11 however,
have only looked at composite strength scores such as
the ASIA scores to evaluate the relationship between
muscle strength and function. The present study extends
those findings to include individual muscle groups and
provides additional information regarding the contribu-
tion of each muscle to the performance of walking.

For gait speed and 6-min-walk distance, the strongest
correlations were produced by the hip flexors and hip
abductors on both sides. In fact, hip flexor strength of
the less affected side alone explained more than 50% of
the variance in gait speed and 6-min-walk distance. The
hip flexors play an important role during the initial
swing phase of gait to pull the swinging limb forward,22

and the hip abductors are important for stability during
stance.23 It is possible that subjects with strong hip
flexors and abductors were able to better control medio-
lateral balance during stance and pull their swinging
limb forward to increase stride length and consequently
increase gait speed.

Similar muscle groups were related to both gait speed
and 6-min-walk distance and, in addition, gait speed was
very highly correlated with the 6-min-walk distance
(r¼ 0.98). These findings suggest that the simple
measure of gait speed may be a sufficient measure and
that the 6-min-walk distance does not provide any
additional information regarding gait. Similar findings
have been reported in persons with stroke where the
correlation coefficient between gait speed and 6-min-
walk distance was found to be as high as 0.92.24

However, Eng et al24 suggested that although the 6-min-
walk distance may not provide different information
from gait speed, monitoring the change in heart rate and
blood pressure during the 6-min-walk test provided

important information regarding an individual’s myo-
cardial exertion over the task. The change in hemody-
namics may be a worthy measure to monitor during the
6-min-walk test in the future for individuals with SCI.

Interestingly, the muscles important for level walking
(gait speed and endurance) were not always the same
muscles important for ambulatory capacity, which may
be more involved than the simple task of walking. The
hip extensors were more important than the hip flexors
in determining subjects’ level of ambulatory capacity
suggesting that the stabilizing role of the hip extensors
and abductors during loading is essential for a higher
level of community mobility. The different key muscles
could arise from the need for a community ambulator to
perform a variety of mobility tasks. Tasks such as
transfers, standing, and stairs, which are important
activities for functioning in the community, have
different strength demands from gait. The correlation
between ambulatory capacity and gait speed or walking
endurance was not high, which also suggested that other
factors may influence the extent to which an individual
uses walking to participate in the home and community.
For a comprehensive evaluation of walking perfor-
mance, the use of such classification system as the
ambulatory capacity measure, in addition to the more
commonly used measure of gait speed, may be useful.

For ambulatory capacity, the strongest correlations
were produced by hip extensors and hip abductors, with
the less affected hip extensor strength alone explaining
64% of the variance. Contrary to expectations, the knee
extensor strength was not related to ambulatory
capacity. Other studies8,12 have previously reported the
knee extensor strength to be associated with ambulatory
capacity. Both Crozier et al8 and Hussey and Stauffer12

found that a minimum of grade 3 knee extensor strength
on the less affected side was required for community
ambulation (ie able to walk in- and outdoors). Our
subjects, however, had relatively high knee extensor
strength with as many as 18 out of 22 achieving at least
grade 3 strength even on their more affected side, which
possibly accounts for the differences in findings across
studies. That is, once anti-gravity knee extensor strength
is achieved, an increase in knee extensor strength does
not appear to further contribute to an increase in
walking performance.

Contrary to expectation, the strength of the less
affected limb, as opposed to that of the more affected
limb, seems more important in determining the level of
functional performance as revealed by the results of the
correlation and regression analyses. More than 50% of
the variance in all three functional measures could be
explained by the strength of a single muscle group on the
less affected side. These results suggest that persons with
at least one strong limb are able to perhaps compensate
for the weakness on the more affected side and thus
demonstrate higher functional performance. Future
clinical trials on the effects of strengthening the less
affected limb on function would be beneficial in
providing the clinician a focus of intervention during
the rehabilitation of individuals with ISCI.
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Given these results, we conclude that in persons with
ISCI (1) proximal lower extremity muscle strength, in
particular that of hip flexors, hip extensors, and hip
abductors, is an important determinant of walking
performance in persons living in the community, (2)
hip flexor and hip extensor strength of the less affected
side can significantly predict walking performance, (3) in
general, the strength of the less affected lower limb is a
more important determinant of function than that of the
more affected side, and (4) for a comprehensive measure
of walking performance, the use of such measures as the
ambulatory capacity classification used in this study, in
addition to the more commonly used gait speed
measure, is advised. Readers are reminded, however,
to be cautious when generalizing our results to other
groups of persons with ISCI as our sample consisted of a
group of mostly young (mean age 41 years) male
subjects with chronic ISCI (on average 10 years post-
injury) with generally good social support living in the
community.
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