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elationship Between Step Length Asymmetry and Walking
erformance in Subjects With Chronic Hemiparesis
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ABSTRACT. Balasubramanian CK, Bowden MG, Neptune
R, Kautz SA. Relationship between step length asymmetry
nd walking performance in subjects with chronic hemiparesis.
rch Phys Med Rehabil 2007;88:43-9.

Objective: To understand the relationship between step
ength asymmetry and hemiparetic walking performance.

Design: Descriptive.
Setting: Gait analysis laboratory.
Participants: Convenience sample of 49 subjects with

hronic hemiparesis.
Interventions: Not applicable.
Main Outcome Measures: Subjects walked at their self-

elected walking speed over both an instrumented mat and
orceplates to collect spatiotemporal parameters and ground reac-
ion forces, respectively. Step length asymmetry was quantified
y using a step length ratio (SLR) defined as paretic step length
ivided by nonparetic step length. Paretic leg propulsion, self-
elected walking speed, hemiparetic severity (assessed by
runnstrom stages of motor recovery), and some spatiotempo-

al walking parameters quantified the hemiparetic walking per-
ormance. Paretic leg propulsion was quantified by the paretic
ropulsion (PP) ratio, calculated as the percentage contribution
f paretic leg to the total propulsive impulse.
Results: Significant negative correlation (r��.78) was re-

ealed between SLR and PP, indicating that subjects generating
ess propulsive force with the paretic leg walked asymmetri-
ally with longer paretic steps than nonparetic steps. SLR and
elf-selected walking speed revealed a weaker correlation
r��.35), whereas hemiparetic severity correlated strongly
ith SLR (���.53).
Conclusions: Step length asymmetry is related to propulsive

orce generation during hemiparetic walking. Subjects gener-
ting least paretic propulsion walk with relatively longer pa-
etic steps. This suggests that one of the mechanisms for the
onger paretic step may be the relatively greater compensatory
onparetic leg propulsion. Further, those with more severe
emiparesis (those dependent on abnormal flexor and extensor
ynergies) walk with the longest paretic steps relative to non-
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aretic. Finally, our results indicated that asymmetrical step
engths may not necessarily limit the self-selected walking
peed, likely due to other compensatory mechanisms.

Key Words: Hemiparesis; Rehabilitation; Walking.
© 2007 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

HE ASYMMETRICAL NATURE of hemiparetic walking
is well documented in persons who have sustained a

troke,1,2 with the asymmetries in spatiotemporal, kinematic,
nd kinetic parameters of walking related to disturbances in
otor coordination.3 Specifically, asymmetry in spatiotempo-

al parameters has been commonly used in the clinic to exam-
ne the walking patterns in patients who have experienced a
troke.4 Previous studies1,5 have reported that temporal (swing
ime) asymmetry is a significant predictor of hemiparetic walk-
ng performance, because it strongly correlates with stages of
otor recovery, walking speed, and falls. However, the rela-

ionship between spatial (step length) asymmetry and hemipa-
etic walking performance is unclear.

It has been reported that, after a stroke, patients may walk
ith either relatively longer paretic or nonparetic steps.4,6,7

herefore, consistent patterns of step length asymmetry have
ot been observed. Moreover, the reasons for the variability in
tep length asymmetry and the relation of the variable patterns
ith walking performance have not yet been explained. For

nstance, in the study by Kim and Eng,4 considerable variabil-
ty in step length asymmetry was observed in a sample of 28
hronic stroke survivors. While 14 of these subjects walked
ith longer paretic steps than nonparetic, 14 others walked
ith relatively longer nonparetic steps. Consequently, they
ypothesized that the variability in the patterns of step length
symmetry may be due to compensatory strategies that increase
r decrease the step length of either the paretic or nonparetic
eg. However, they were unable to advance the discussion
ecause they found a nonsignificant relationship between step
ength symmetry and symmetry in vertical ground reaction
orces. Further, other studies indicate that on an average, per-
ons who have sustained a stroke walk with relatively longer
aretic steps.6,7 Therefore, neither consistent patterns of step
ength asymmetry have been observed nor have the asymmet-
ical patterns been characterized. Further, the relationship be-
ween step length asymmetry and walking speed is not well
ocumented. For example, shorter stride lengths (bilaterally)
ave been related to slower walking speed and thereby poor
alking performance,8 and yet a nonsignificant relationship has
een suggested between step length asymmetry and walking
peed.4 Overall, current evidence suggests that persons after a
troke may walk with different patterns of step length asym-
etry that may be unrelated to the attained walking speed.
owever, it is not clear how the different asymmetrical pat-

erns relate to poststroke hemiparetic walking performance and
hy asymmetry in step lengths may not necessarily limit the
ttained walking speed.

Arch Phys Med Rehabil Vol 88, January 2007
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A

We propose that correlating the asymmetry observed in step
engths with propulsive ground reaction forces during walking
an provide a basis to evaluate different asymmetrical patterns
n poststroke hemiparetic walking performance. Propulsive
round reaction forces represent the net forces generated by the
egs to accelerate (propel) the body’s center of mass (COM)
orward. The propulsive ground reaction forces quantify for-
ard propulsion during walking, which is an essential require-
ent of locomotion along with body support.9 In our recent
ork,10 we have shown that the paretic leg propulsive ground

eaction forces can provide a quantitative measure of the co-
rdinated output of the paretic leg during hemiparetic walking.
pecifically, we found that the percentage of propulsive forces
enerated by the paretic leg (propulsionparetic [PP]) can quantify
he contribution of the paretic leg to the coordinated task of
orward propulsion during walking. In our present study, we
ypothesized that the PP would correlate with asymmetry ob-
erved in step lengths because the generation of a step requires
orces exerted by the legs to propel the body’s COM. Further,
e suggest that correlating the asymmetry observed in step

engths with propulsive ground reaction forces during walking
an help in explaining the relationship between spatial asym-
etry and walking performance after a stroke.
Therefore, the primary purpose of our study was to explore

he correlation between step length asymmetry and propulsive
orces in an attempt to quantify the relationship between step
ength asymmetry and poststroke hemiparetic walking perfor-
ance. Further, we investigated how asymmetrical step lengths
ay be related to hemiparetic severity (as rated by Brunnstrom

taging), walking speed, vertical ground reaction forces, and
ther spatiotemporal walking parameters (walking speed, swing
ime, preswing time, ability to change speed) to gain a holistic
xplanation of the relationship between asymmetrical step
engths and hemiparetic walking performance.

METHODS

articipants
We recruited 49 subjects with chronic hemiparesis (42 men,
women; age � standard deviation, 62.7�10.2y; time since

troke, 4.25�3.67y; affected side: left, 25; right, 24) at the Palo
lto Department of Veterans Affairs Medical Center. The data
resented in this study were collected as part of a larger study
hat investigated the links between gait characteristics and bone
ensity in chronic stroke survivors.11 Inclusion criteria were: at
east 6 months poststroke, unilateral weakness, and the ability
o walk 10m in 50 seconds or less without manual assistance.
ubjects were allowed to use their assistive devices (ankle-foot
rthosis [AFO] and/or cane) during the testing. Subjects were
xcluded from the study if they had any orthopedic or neuro-
ogic conditions in addition to the stroke, had more than 1
erebrovascular accident, or were unable to provide informed
onsent. Brunnstrom motor recovery stages were used to de-
ermine the severity of hemiparesis for the subjects.12 Subjects
aried in their ability to perform voluntary movements within
nd outside of flexor and extensor synergy patterns (as assessed
linically by Brunnstrom staging). Based on their Brunnstrom
tage, 3 groups of subjects with differing hemiparetic severity
ere identified. Subjects (n�19) in the severe hemiparesis
roup (Brunnstrom stage 3) were limited to movements within
he synergy patterns (eg, only basic limb flexion or extension
ynergies can be performed voluntarily). Subjects (n�20) in
he moderate hemiparesis group (Brunnstrom stages 4�5) were
ble to produce some movement combinations outside of the
ynergy patterns. Subjects (n�10) in the mild hemiparesis

roup (Brunnstrom stage 6) were able to produce both isolated p

rch Phys Med Rehabil Vol 88, January 2007
oint movements and movements in synergy patterns. All par-
icipants in the study signed a written informed consent and the
tanford Administrative Panel on Human Subjects in Medical
esearch approved the protocol.

rocedures
The subjects walked separately over the GAITRitea and

orce platformsb at their self-selected and fastest safe speeds to
ollect the spatiotemporal parameters and ground reaction
orces, respectively. GAITRite is a portable instrumented elec-
ronic walkway 4.3m long and is a valid and reliable system for
easuring spatiotemporal parameters.13 Forceplates embedded

cross a 10-m walkway were used to collect 3-dimensional
round reaction forces during the gait cycle. Before testing,
lear explanations were provided to the subjects regarding the
mportance of walking in their natural manner during the
esting and avoidance of targeting the forceplates. During
AITRite data collection, the GAITRite was placed over the

orceplates in the walkway, but the forceplate data were not
ollected while subjects were walking on the GAITRite. Subjects
tarted walking 5 to 6 steps before the GAITRite and stopped 5 to
steps after passing the GAITRite to get constant speed data

ver the mat and avoid the effects of acceleration and decel-
ration. Subjects walked a total distance of 10m over the
AITRite. Three good walking trials, each at self-selected and

astest safe speeds, were collected over the GAITRite. Some
ubjects were asked to walk 1 or 2 more trials due to problems
ike tripping during walking. The number of trials collected for
he forceplate data were variable and depended on whether
oth or at least 1 leg were determined by visual inspection to
ave had adequate contact on the force platforms. Ground
eaction force data were acquired at 200Hz and the horizontal
nd vertical forces (normalized to the individual’s body
eight) were used for analyses. A therapist provided close

upervision during the walking trials. Subjects were allowed to
ake rests between trials if they needed to. Walking speed was
alculated by the GAITRite and no estimates of speed were
sed from the forceplate trials.

ata Analyses
GAITRite data. We analyzed all of the collected trials (3

or each speed). The data from individual trials were averaged
ogether to determine the spatiotemporal variables for each
articipant. Spatiotemporal variables included in this study
ere self-selected and fastest walking speed, step lengths,

wing times, and preswing times (time spent in double-support
hase of gait cycle). Paretic and nonparetic step length, swing
ime, and preswing time data were averaged only from the
rials of self-selected walking speed. Subjects’ self-selected
alking speed was categorized as: speed less than 0.4m/s

household ambulatory); 0.4 to 0.8m/s (limited community); or
peed greater than 0.8m/s (community ambulatory).14 Step
ength asymmetry was quantified using a step length ratio
SLR), which was defined as the paretic step length (in meters)
ivided by the nonparetic step length (in meters). The fastest
afe walking speed data were utilized to calculate the percent-
ge change (from self-selected to fastest safe speeds) in walk-
ng speed, cadence, paretic step lengths, and nonparetic step
engths.

Forceplate data. We collected a minimum of 4 trials and a
aximum of 15 trials to assure adequate contact on the force

latforms to determine the ground reaction force patterns for
ach participant. The ground reaction force values that were
nalyzed for individual participants were variable and de-

ended on the number of trials with good foot contacts on the
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45SPATIAL ASYMMETRY IN HEMIPARETIC WALKING, Balasubramanian
orce platforms. Good foot contacts were determined if both
egs made contact with the force platforms in entirety. When
ossible, multiple good foot contacts were averaged to generate
round reaction force values, but in 1 participant, only 1 trial
ould be analyzed.

Raw anteroposterior and vertical ground reaction force data
ere normalized to body weight and processed using a custom
atlab program.c Note that anteriorly directed forces are pro-

ulsive (positive) and posteriorly directed forces are braking
negative) (fig 1). The impulse for each leg was calculated as
he time integral of the ground reaction forces (the area under
he ground reaction forces curve):

Ix1 � � GRFxdt (1)

here I is the impulse; force component x equals v (vertical),
(propulsive), or b (braking); leg l equals p (paretic) or n

nonparetic); and GRF is the ground reaction force. Paretic
ropulsion (Pp) was then calculated from the propulsive im-
ulse:

PP (%) � Ipp ⁄ (Ipp � Ipn) � 100

tatistical Analyses
A paired-sample t test was used to test whether the differ-

nces between the paretic and nonparetic step length were
tatistically significant. Relationships between the step length
symmetry (expressed as SLR), ground reaction forces, and
alking speed were characterized using the Pearson correlation

oefficient (r) and that between SLR and hemiparetic severity
sing the nonparametric Spearman correlation coefficient (�).
or other walking variables included in the study, descriptive
nalyses were conducted to understand their relationship with
he asymmetrical patterns. All statistical analyses were per-
ormed with SPSS.d

RESULTS
The walking variables were collected at the self-selected

ig 1. Illustration of horizontal ground reaction force impulses. Pos-
tive values (shaded area) represent propulsion. Negative values
unshaded area) represent braking. Paretic leg is the dark curve and
onparetic leg is the light curve. Abbreviations: BW, body weight;
RF, ground reaction force; Ibn, braking impulse by the nonparetic

eg is the unshaded area under the light curve; Ibp, braking impulse
y the paretic leg is the unshaded area under the dark curve; Ipn,
ropulsive impulse by the nonparetic leg is the shaded area under
he light curve; Ipp, propulsive impulse by the paretic leg is the
haded area under the dark curve.
alking speeds for all subjects and at the fastest safe speeds for
*
†

6 subjects. Data were not collected for 3 subjects at their
astest speeds due to safety concerns. Nineteen of the 49
ubjects used a mobility aid (ie, a cane or AFO or both) to
mbulate. Paired-sample t tests revealed that the paretic step
engths were significantly different from the nonparetic step
engths (P�.000). Therefore, step length asymmetry was char-
cterized and 3 patterns of step length asymmetry were iden-
ified. The symmetrical group was defined as subjects with an
LR between 0.9 and 1.1. Asymmetrical groups were those
ith SLR greater than 1.1 (longer paretic steps than nonparetic)

nd SLR less than 0.9 (longer nonparetic steps than paretic).

elationship Between Step Length Asymmetry (SLR) and
round Reaction Forces
Correlation analysis revealed a strong negative correlation

etween SLR and PP, with PP explaining 62% (r��.785,
�.001) of variance in step length asymmetry (table 1). Sub-

ects that showed impaired paretic leg propulsion (PP) and
ncreased nonparetic leg propulsion walked asymmetrically
ith longer paretic steps than nonparetic (fig 2A). In contrast,

ubjects generating symmetrical ground reaction forces with
he 2 legs walked nearly symmetrically (see fig 2B). Subjects
enerating relatively proportionate or greater PP walked asym-
etrically with longer nonparetic steps than paretic. However,

he greater PP generated by these subjects walking with longer
onparetic steps was lesser in magnitude compared to those
alking symmetrically. Refer to figure 2 and compare the PP
etween ground reaction force curves of the bottom and middle
racing (figs 2B, 2C).

Asymmetrical group with longer paretic step lengths than
onparetic. Subjects (n�16) who generated the least paretic
ropulsion (PP �20%) walked with relatively longer paretic
tep lengths. Five of these 21 subjects generated 5% or less PP
nd walked with the longest paretic steps relative to the non-
aretic leg (SLR �1.5) (fig 3).
Asymmetrical group with longer nonparetic step lengths

han paretic. There were only 4 subjects who were classified
s asymmetric and who walked with relatively longer nonpa-
etic step lengths. Three of these 4 subjects generated substan-
ial propulsive forces with the paretic leg (PP �55%); however,

subject generated only 25% PP.
Symmetrical group. Twenty-four subjects walked symmet-

ically. Seventeen of these 24 subjects generated almost symmet-
ical propulsive forces (PP range, 35%–57%) and the rest gener-
ted lesser paretic leg propulsion (PP range, 15%–30%).

Only 10 of 49 subjects in the study population generated a
et braking impulse in the preswing (normally propulsive)

Table 1: Correlation Between SLR and Walking Variables

Walking Variables Step Length Asymmetry

PP (paretic leg propulsion) �.785†

Self-selected walking speed �.351*
Hemiparetic severity (Brunnstrom stage) �.526†

Percentage weight supported during
preswing phase

Paretic preswing phase
Weight on paretic leg �.447†

Weight on nonparetic leg �.291*
Nonparetic preswing phase

Weight on paretic leg .072
Weight on nonparetic leg .212
Significant at P�.05.
Significant at P�.001.

Arch Phys Med Rehabil Vol 88, January 2007
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A

hase of the gait cycle and these 10 subjects walked at SLR
reater than 1.1, with 5 of 10 subjects walking at SLR greater
han 1.5. Nine of these 10 subjects used a mobility aid for

ig 2. Comparison of ground reaction forces between the paretic
nd nonparetic legs for individual subjects walking with differing
LR. Positive values (shaded area) represent propulsion, and the
ositive area under the curve is the propulsive impulse. Paretic leg

s the bold curve and nonparetic leg is the light curve. (A) Subject
ith severe hemiparesis walking with SLR equal to 1.47 (ie, SLR
1.1) and at a speed of 0.71m/s generates decreased paretic leg
ropulsion (PP). (B) Subject with mild hemiparesis walking at SLR
qual to 0.98 (ie, 0.9 < SLR <1.1) at a speed of 0.75m/s generates
ymmetrical propulsive impulse. (C) Subject with mild hemiparesis
alking with SLR equal to 0.68 (ie, SLR <0.9) and at a speed of

.52m/s generates relatively greater paretic leg propulsion, PP (al-
hough low in magnitude). Abbreviations: NHS, nonparetic heel
trike; NTO, nonparetic toe off; PHS, paretic heel strike; PTO, paretic
oe off.
mbulation and 1 subject walked independently. We analyzed
i
p

rch Phys Med Rehabil Vol 88, January 2007
he data for subjects who used a mobility aid separately from
hose who did not to investigate whether the relationship be-
ween step length asymmetry and paretic leg propulsion
hanged by using a mobility aid. Subjects walking with a
obility aid generated less PP in comparison to those who
alked without one. However, the relationship between SLR

nd PP did not differ for those who did or did not use a mobility
id.

With respect to the vertical ground reaction force, all sub-
ects (irrespective of their step length asymmetry pattern) sup-
orted a greater percentage of body weight on the nonparetic
eg than the paretic leg during the 2 double-support phases in
he gait cycle. However, moderate correlations (r��.447,
�.001) were found only between SLR and percentage of
ody weight supported on the paretic leg during the preswing
hase of the paretic leg (see table 1).

elationship Between Asymmetrical Step Lengths,
emiparetic Severity, and Walking Speed
While SLR correlated weakly with walking speed (r��.351,

�.05), a stronger correlation existed between SLR and hemipa-
etic severity (���.526, P�.001) (see table 1). Fourteen of the 19
ubjects with severe hemiparesis walked asymmetrically with
elatively longer paretic steps than nonparetic and yet walked at
iffering walking speeds (fig 4). Note that 4 subjects with severe
emiparesis that walked asymmetrically with longer paretic steps
enerated much less paretic leg propulsion (PP �25%) and yet
alked at speeds greater than 0.8m/s (community ambulatory)

see fig 4).14 In contrast, the 3 subjects (see fig 4) with mild
emiparesis (stage 6) who walked symmetrically or asymmetri-
ally (with longer nonparetic steps) generated much greater
aretic leg propulsion (PP �45%) and yet walked at slower
peeds between 0.4 and 0.8m/s (limited community ambulato-
y).14

ig 3. Relationship between step length ratio and propulsionparetic.
he solid vertical line indicates symmetric steps (SLR�1), vertical
ashed lines indicate the SLR subdivisions at SLR equal to 0.9 and
LR�1.1. Solid horizontal line indicates symmetric propulsive force
eneration by the paretic leg (PP�50%), horizontal dashed lines

ndicate differing levels of paretic leg propulsion (10%, 30%, and
0% PP). Step length ratio quantifies step length asymmetry and
ropulsionparetic quantifies the contribution of the paretic leg to the
ask of propulsion. Note the decreasing paretic propulsion as SLR

ncreases. Abbreviations: PropulsionParetic, paretic leg propulsion (in
ercent); NP, nonparetic leg; P, paretic leg.
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elationship Between Step Length Asymmetry, Time
pent in Preswing, and Swing Time
Only 8 of 49 subjects spent greater than 20% of cycle time

uring the paretic preswing phase (vs 10%�20% cycle time in
heir nonparetic preswing). These 8 subjects walked asym-
etrically with longer paretic steps than nonparetic. With re-

pect to swing time, only 2 of 49 subjects spent greater time
winging their paretic than the nonparetic leg. Subjects walking
t SLR greater than 1.1, on an average, spent the greatest time
winging their paretic leg.

elationship Between SLR, Change in Gait Speed, and
arameters That Contribute to Change in Speed
Absolute mean differences were evaluated for these analy-

es. Subjects (n�46) walking symmetrically increased paretic
nd nonparetic step lengths and cadence at faster walking
peeds. In contrast, those walking asymmetrically at SLR
reater than 1.1 had little increase in their paretic step length at
he faster walking speeds even though they increased their
adence as much as the symmetrical group (fig 5).

DISCUSSION

elationship Between Step Length Asymmetry and
ropulsive Forces During Hemiparetic Walking
Step length asymmetry during walking is related to propul-

ive forces generated by persons walking with hemiparesis.

ig 4. Relationship between step length asymmetry, walking
peed, and hemiparetic severity. The solid vertical line indicates
ymmetric steps (SLR�1), vertical dashed lines indicate the SLR
ubdivisions at SLR equal to 0.9 and SLR equal to 1.1. Horizontal
ashed lines indicate subdivisions of walking speeds (<0.4m/s,
ousehold walkers; 0.4�0.8m/s, limited community walkers;
0.8m/s, community walkers). Note that subjects with different
LR walk at all levels of walking speeds, yet the majority of those
ith severe hemiparesis walk asymmetrically at SLR greater than

.1. Also, the 4 subjects with severe hemiparesis walked at speeds
reater than 0.8m/s. These subjects walked asymmetrically with
LR greater than 1.1 and generated PP less than 25%. Contrast the
subjects with mild hemiparesis that walked at speeds between 0.4
nd 0.8m/s. One of these walked symmetrically (0.9< SLR < 1.1)
nd 2 others walked asymmetrically (SLR <0.9) and generated PP of
5% or greater. Abbreviations: NP, nonparetic leg; P, paretic leg.
ur data revealed that subjects generating relatively lesser
l
c

ropulsive forces with the paretic leg walked asymmetrically
ith longer paretic steps than nonparetic (SLR �1.1) On the
ther hand, subjects walking symmetrically (0.9 � SLR � 1.1)
enerated near symmetrical propulsive forces with the 2 legs.
n figure 2, comparison of PP between subjects with an SLR
reater than 1.1, with an SLR between 0.9 and 1.1, and with an
LR less than 0.9 indicates that there may be distinct differ-
nces in paretic leg propulsion between subjects with different
atterns of step length asymmetry.
To our knowledge, there is little direct evidence for the
echanisms that control step length in normal and hemiparetic
alking. However, indirect evidence for the control of step

ength during walking is provided by a few studies. Varraine
t al15 suggest 2 potential controlling mechanisms for inten-
ionally lengthening a stride in healthy subjects: control of
runk progression and control of leg trajectory. In their study,
ubjects were able to lengthen their stride by generating greater
ropulsive forces. The increased propulsive forces enabled the
runk to progress further forward and thereby generate a longer
tep. Additionally, subjects took a longer step by holding the
eg longer in the swing phase. Further, recent studies have
ighlighted the causal relationships between muscle activity in
reswing and the resulting swing leg trajectory.16-18 These
tudies indicate that kinematics of the leg in its preswing phase
ffect trajectory of the leg in its swing phase and thereby,
agnitude of the step length. This implies that the leg produc-

ng greater forward propulsion in preswing might take the
onger step length. However, the results from our study suggest
he opposite. We showed that persons generating impaired
aretic leg propulsion walked with a relatively longer paretic
tep. These persons generating impaired paretic leg propulsion
lso generated relatively greater nonparetic propulsion, likely
o compensate for the lesser paretic leg propulsion. For exam-
le, in figure 2, compare the relative contributions of nonpa-
etic propulsion in the top and middle ground reaction force
racings. These results suggest that a high SLR (ie, paretic step
ength greater than nonparetic step length) is in large part the
esult of the relatively greater nonparetic leg propulsion. For

ig 5. Change in speed, cadence, and individual step lengths in
ubjects walking at different SLR (SLR > 1.1 [n�21]; 0.9< SLR < 1.1
n�21]; SLR <0.9 [n�4]). Subjects walking with SLR greater than
.1 increase their speed by primarily increasing their cadence, with

ittle increase in the paretic step length. Abbreviation: �FS-SS,
hange in speed from self-selected to fastest safe speed.

Arch Phys Med Rehabil Vol 88, January 2007
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A

nstance, greater forward propulsion by the nonparetic leg in its
tance phase will cause the trunk, including the pelvis, to move
orward. This forward motion of the pelvis will increase with
ncreased propulsion and can cause the swinging paretic leg to
ove forward relative to the ground even if it moves little

elative to the pelvis. Therefore, greater nonparetic leg propul-
ion is one mechanism for the longer paretic steps (high SLR).
urther, persons with high SLR also spent a longer time swing-

ng their paretic leg than others who walked with symmetrical
teps. Therefore, one might hypothesize either both greater
onparetic leg propulsion or a longer paretic swing phase as
otential candidates to explain the mechanisms underlying a
elatively longer paretic step length.

The strong relationship between the patterns of step length
symmetry and propulsive force asymmetry might suggest a
echanical relation between step length and propulsive force.
or example, if the leg were to be considered an inverted
endulum, the generation of horizontal forces would be di-
ectly related to the position of the foot relative to the body’s
OM. Specifically, foot placement anterior to the COM (as
uring heel strike) would induce a braking force and foot
lacement posterior to the COM (as in preswing phase) would
nduce a propulsive force. In this sense, an asymmetry in the
lacement of the feet may induce asymmetrical propulsive
orces when the foot is placed more anterior to the COM than
osterior. However, the inability to place the foot further be-
ind the COM than forward (as with longer paretic steps than
onparetic) suggests specific impairments underlying the asym-
etrical step lengths. For example, the inability to achieve ade-

uate hip extension may limit the propulsive forces exerted
uring the terminal stance. Furthermore, during the terminal
tance of the paretic stride the paretic foot is likely posterior to
he body’s COM, and yet there is no propulsive force generated
see fig 2A). Therefore, it is more likely that there may be an
ctive reduction in propulsive force generation. The active
eduction in propulsive force generated in the preswing may, in
urn, suggest impaired uniarticular ankle plantarflexor activi-
y.19 On the contrary, in the participants walking with relatively
horter paretic steps (SLR � 0.9), the greater paretic propulsive
orce generation suggests that plantarflexors may be providing
easonable propulsion. Stepping, however, depends not only on
he ability of the plantarflexors to propel the body forward but
lso on the ability of the hip flexors to generate power to the
winging leg.20 Therefore, having shorter paretic steps relative
o nonparetic steps may indicate an inability to advance the
aretic leg due to impaired swing initiation by the hip flexors.
n addition to direct mechanical effects of foot placement on
ropulsive force generation, it is likely that the mechanisms
nderlying asymmetrical steps reflect distinct muscular impair-
ents that determine the observed patterns of step length

symmetry during hemiparetic walking. Future studies targeted
t investigating the underlying muscular impairments may fur-
her determine the underlying causes for high SLR. Yet, the
trong relationship between SLR and propulsion can be utilized
n the clinic as a tool to distinguish persons in their ability to
enerate propulsive forces. Beyond simply promoting symme-
ry, SLR can be utilized to develop individual goals that train
ropulsive force production, equalize bilateral biomechanic
nvolvement by improving hip extension, or promote paretic
tep initiation.

elationship Between Step Length Asymmetry, Walking
peed, and Hemiparetic Severity
We were also able to investigate the relationship between

alking speed, hemiparetic severity, and asymmetry in step

engths. A weak relationship between step length asymmetry i

rch Phys Med Rehabil Vol 88, January 2007
nd walking speed was observed, indicating that asymmetrical
atterns need not necessarily limit the attained walking speed.
owever, hemiparetic severity (as rated by Brunnstrom stag-

ng) seemed to predict step length asymmetry because the
ajority of subjects with severe hemiparesis walked asym-
etrically at SLR greater than 1.1. Furthermore, differences in

P between the persons with mild and severe hemiparesis were
nrelated to the attained walking speed. For example, in figure
, 4 subjects with severe hemiparesis had impaired PP and yet
hey were walking at speeds greater than 0.8m/s. In contrast, 3
ubjects with mild hemiparesis generated greater PP and yet
alked at slower speeds between 0.4 and 0.8m/s. The weak

elation between PP and walking speed indicates that other
ompensatory mechanisms could help some persons to attain a
elatively functional walking speed. Quantification of these
ompensatory mechanisms may be difficult when speed alone
s the outcome measure because walking speed is the net
utcome of the 2 legs. However, asymmetrical step lengths
ight indicate compensation in those persons walking with a

igh SLR and faster walking speeds compared with those
alking with a high SLR and slower walking speeds. This is
ecause subjects with relatively longer paretic steps would
ave lesser paretic leg propulsion, and if they continue to walk
t faster speeds they might accomplish these speeds via com-
ensatory strategies. For example, one of the ways to attain a
aster speed (ie, acceleration of the body’s COM) would be to
enerate greater propulsive forces with the nonparetic leg that
erves to accelerate the COM forward. Other compensations
an also arise from the paretic leg itself or from the trunk (eg,
orward lean) to attain relatively functional walking speeds
espite decreased propulsive force with the paretic leg.

elationship Between Step Length Asymmetry, Paretic
reswing Time, and Vertical Ground Reaction Forces
Furthermore, we were able to determine the relationship

etween step length asymmetry, other spatiotemporal parame-
ers and vertical ground reaction forces. The evidence that
mpaired paretic leg function prolongs the paretic preswing
hase supports our finding that persons walking at SLR greater
han 1.1 supported less weight on the paretic leg during the
reswing phase. This finding thereby increases the need to
evelop compensatory strategies to overcome these deficits.8 In
articular, note that in our study we allowed participants to
alk naturally as they would in the community and 19 persons
sed some mobility aid for ambulation even during the testing.
lthough persons walking with a mobility aid generated less PP

n comparison to those who walked without one, the relation-
hip between SLR and PP did not change while analyzing only
he data for those subjects who used an aid or those who did
ot. This corroborated our hypothesis that a high SLR was
elated to specific problems in propelling the body forward
ith the paretic leg. However, the high SLR may neither
ecessarily limit the attained speed nor substantially limit per-
ons from changing their walking speeds. As revealed in figure 5,
ompared with the symmetrical group, persons with high SLR
eemed to primarily increase their speed by increasing cadence
ith much less increase in the paretic step lengths. This indi-

ates that persons walking with asymmetrical step lengths may
se different strategies to increase their walking speeds. Fur-
her, even though the subjects with SLR greater than 1.1
alked with relatively longer paretic steps than nonparetic at

heir self-selected walking speeds, they were unable to change
he paretic step length as much as the nonparetic when chang-

ng their speed.



b
p
p
r
l
l
r
e
m
r
s
a
p
d
o
d
t
w
u
a
l
s
t
h
p
t
c
m
t
a

K
M

1

1

1

1

1

1

1

1

1

1

2

a
b

c
d

49SPATIAL ASYMMETRY IN HEMIPARETIC WALKING, Balasubramanian
CONCLUSIONS
We were able to provide some insights into the relationship

etween asymmetrical step lengths and hemiparetic walking
erformance. Asymmetry in step lengths strongly relates to the
ropulsive forces generated by the paretic leg. Greater nonpa-
etic leg propulsion to offset the impaired paretic propulsion is
ikely one of the mechanisms for the high SLR (paretic step
ength greater than nonparetic step length). Despite mechanical
elations between foot placement and force generation that are
xpected, we believe that there are additional muscular impair-
ents underlying the asymmetrical patterns. However, further

esearch is warranted to confirm this. Yet, the strong relation-
hip between SLR and propulsion can be used in the clinic as
measure to evaluate the propulsive forces generated by the

aretic leg. We were also able to provide a basis to evaluate the
ifferent asymmetrical patterns by correlating the asymmetry
bserved in step lengths with propulsive ground reaction forces
uring hemiparetic walking. Moreover, the relationship be-
ween SLR, speed, and hemiparetic severity indicates that SLR,
hen used along with speed as an outcome measure, can help
nderstand compensatory strategies that some persons (who are
symmetrical and yet walk at faster speeds) use to offset the
esser propulsive force ability of the paretic leg. The relation-
hip between SLR and other spatiotemporal walking parame-
ers further reveals how asymmetrical step lengths may affect
emiparetic walking. In summary, we propose that SLR is a
romising tool that rehabilitation therapists might use to further
he understanding of hemiparetic walking performance. Clini-
ally, this would assist in the identification of walking impair-
ents in hemiparetic persons and in tailoring locomotor re-

raining specifically to address the root causes of impaired
mbulation for each person.
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