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SUMMARY 
Post-stroke hemiparetic subjects walk with asymmetrical step 
lengths that are highly variable between subjects and may be 
indicative of underlying compensatory mechanisms utilized to 
overcome paretic plantarflexor impairment. The goal of this 
study was to examine the walking biomechanics of post-stroke 
hemiparetic subjects grouped by step length asymmetry and 
compare them to healthy controls walking at similar speeds. 
The results suggest that step length asymmetry is a useful 
metric to identify compensatory strategies. Those subjects 
who walked with longer paretic than nonparetic steps 
compensated for plantarflexor impairment predominantly with 
the nonparetic leg while those subjects who walked with 
symmetric steps compensated using a bilateral hip strategy.  
 
INTRODUCTION 
Self-selected walking speed is regularly used as a measure of 
rehabilitation outcome in post-stroke hemiparetic subjects. 
However, compensatory action by the nonparetic leg can also 
result in faster walking speeds, and therefore speed alone is 
not a reliable measure of walking ability. Step length 
asymmetry has also been used as a measure of walking ability 
and hemiparetic subjects walking at similar speeds exhibit 
different step length asymmetries [1].  
 
Paretic leg plantarflexor impairment is common among post-
stroke hemiparetic subjects [2] and the compensatory 
mechanisms used to overcome this impairment vary among 
subjects.  Because step length asymmetry is highly variable 
among post-stroke hemiparetic subjects, it may be useful in 
identifying compensatory mechanisms. Therefore, the goal of 
this study was to examine the walking biomechanics of post-
stroke hemiparetic subjects grouped by step length asymmetry 
compared to healthy controls walking at similar speeds. If step 
length asymmetry can be used as an indicator of compensatory 
mechanisms used by hemiparetic subjects, it may be helpful in 
personalizing and monitoring rehabilitation programs and 
serve as a clinical surrogate for more complex laboratory 
biomechanical measures.  
 
METHODS 
Experimental kinematics and GRFs were collected from 55 
chronic post-stroke hemiparetic subjects and 21 age-matched 
healthy control subjects while they walked on a split-belt 
instrumented treadmill. Hemiparetic subjects walked at their 

self-selected speed and healthy controls walked at speeds of 
0.3, 0.6 and 0.9 m/s for speed-matched comparisons. 
Intersegmental joint moments (normalized by body mass) 
were calculated using a standard inverse dynamics analysis. 
Data were time normalized to 100% of the gait cycle (paretic 
leg for hemiparetic subjects and right leg for controls). Joint 
kinetics were calculated in a region approximately 
corresponding to the propulsive phase for each leg which was 
further divided into late single-leg stance (i.e. second 50% of 
single-leg stance) and pre-swing (i.e. double support phase 
preceding swing). Within these two regions joint moment 
impulses (i.e. time integral of the joint moment) were 
calculated at the hip (flexor positive), knee (extensor positive) 
and ankle (plantarflexor positive). For the control subjects, left 
and right leg values were averaged.  
 
Hemiparetic subjects were grouped by paretic step ratio (PSR, 
calculated as paretic step length divided by the sum of the 
paretic and nonparetic step length) into high (PSR > 0.535), 
symmetric (0.535 >= PSR >=0.465) and low (PSR < 0.465) 
groups. For each PSR group a non-parametric Wilcoxin 
signed-rank test (Matlab, α = 0.05) was used to test for 
differences in joint moment impulses between each 
hemiparetic subject in the group and the average of the control 
subjects walking at matched speed to that subject (paretic leg 
vs. control, nonparetic leg vs. control) based on functional 
walking status (Table 1). 
 
Table 1: Hemiparetic walkers were matched with controls 
based on functional walking status.  
 

Functional 
Walking Status 

Hemiparetic 
Speed 

Matched 
Control Speed 

Household < 0.4 m/s 0.3 m/s 
Limited Community 0.4 – 0.8 m/s 0.6 m/s 
Community > 0.8 m/s 0.9 m/s 

 
RESULTS AND DISCUSSION 
Nine hemiparetic subjects were in the low PSR group, 17 in 
the symmetric PSR group, and 29 in the high PSR group. All 
PSR groups had less paretic leg plantarflexor moment impulse 
compared to controls walking at similar speeds in both late 
single-leg stance and pre-swing. This result is consistent with 
impairment of the paretic plantarflexors being common among 
post-stroke hemiparetic subjects [2].  



In addition to a reduced paretic leg plantarflexor moment 
impulse, the high PSR group had an increased nonparetic leg 
ankle plantarflexor and hip flexor moment impulse during late 
single-leg stance and a knee extensor versus flexor moment 
during both late single-leg stance and pre-swing (Table 2). 
The plantarflexors have previously been shown to be 
important for the generation of forward propulsion [3]. An 
increased nonparetic leg moment impulse during late single-
leg stance would thus act to increase forward propulsion, 
allowing the center-of-mass to move further forward while the 
paretic leg is in swing, thus increasing the paretic step length 
[4]. Similarly, the knee extensors have been found to 
contribute to forward propulsion and an increase in nonparetic 
knee extensor moment impulse likely increases the paretic 
step length in a similar manner. This is consistent with 
previous work showing the strength of the nonparetic leg knee 
extensors correlates positively with the paretic step length [5]. 
These results suggest that the high PSR group relied primarily 
on the nonparetic leg to compensate for paretic plantarflexor 
impairment.   
 
The symmetric PSR group also had a larger nonparetic leg 
ankle plantarflexor moment impulse during nonparetic late 
single-leg stance, which would likely act in a similar manner 
to increase paretic leg step length. In addition, this group had 
increased hip flexor moment impulses in both the paretic and 
nonparetic legs during their respective late single-leg stance 
and pre-swing phases. Increased hip flexor moment impulse is 
likely indicative of a hip strategy in which the hip flexor 
muscles are utilized to accelerate the leg forward [6], thus 
increasing step length. These results suggest that the 
symmetric PSR group utilizes a bilateral hip strategy to 
compensate for paretic plantarflexor impairment.  
 
No other significant differences in the low PSR group were 
found, likely due to the combination of high data variability 

and smaller number of low PSR subjects in our dataset. 
Therefore no hypotheses could be made about how the low 
PSR group compensated for paretic plantarflexor impairment.  
 
CONCLUSIONS 
The results of this study suggest that the direction of step 
length asymmetry in post-stroke hemiparetic subjects is 
indicative of the compensatory mechanism used to overcome 
paretic plantarflexor weakness. Those subjects who walk with 
longer paretic than nonparetic steps typically rely on the 
nonparetic leg while those subjects who walk with symmetric 
steps are able to compensate using a bilateral hip strategy.  
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Table 2: Ankle (plantarflexor positive), knee (extensor positive) and hip (flexor positive) joint moment impulses (N•m•s/kg) for 
control, paretic and nonparetic leg during their respective late single-leg stance and pre-swing phases (* and # denote statistical 
differences relative to the controls, p<0.05 and p<0.1, respectively).  

  Late Single-Leg Stance Pre-Swing 
  Paretic Nonparetic Control Paretic Nonparetic Control 
Low PSR       
 Ankle Moment Impulse 114.9 (57.8)# 173.3 (76.5) 160.4 (8.6) 156.8 (54.5)# 251.5 (93.1) 208.8 (42.0) 

Knee Moment Impulse -25.5 (39.1) -0.15 (35.6) -18.7 (5.8) -16.9 (52.2) 20.5 (47.2) -7.5 (4.0) 
Hip Moment Impulse -3.0 (27.1) 7.7 (28.7) 2.6 (1.8) 42.7 (31.6) 44.6 (37.5) 41.7 (2.5) 

Symmetric PSR       
 Ankle Moment Impulse 124.3 (57.7)* 195.9 (52.7)* 163.6 (7.1) 173.0 (64.5)# 225.5 (77.9) 206.8 (33.3) 

Knee Moment Impulse -4.6 (43.5) -16.7 (42.8) -20.8 (2.8) 20.6 (50.3)# 4.8 (35.9) -6.4 (3.5) 
Hip Moment Impulse 23.0 (30.6)* 46.0 (60.7)* 2.8 (1.7) 84.1 (49.6)* 72.6 (53.0)# 42.0 (2.4) 

High PSR       
 Ankle Moment Impulse 73.0 (54.2)* 196.0 (74.0)* 155.8 (7.8) 148.9 (72.5)* 272.6 (114.2) 240.0 (37.2) 

Knee Moment Impulse -26.7 (52.9) 7.1 (57.9)# -15.7 (5.3) -25.7 (68.5) 15.9 (67.1)* -9.1 (3.9) 
Hip Moment Impulse -1.7 (40.4) 34.5 (58.7)* 2.5 (1.7) 50.7 (59.4) 47.3 (66.1) 41.2 (2.5) 

 


