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Introduction

Neuromotor impairments associated with stroke often result 
in asymmetric walking patterns and reducing step length 
asymmetry is a common objective of rehabilitation.1-3 
However, the effects of reducing asymmetry on the energy 
cost of walking poststroke are heterogeneous4,5 and depend 
on individual differences in the level of impairment.6 These 
findings demonstrate that reducing step length asymmetry 
does not always lead to reductions in energetic cost. One 
alternative advantage of reducing step length asymmetry is 
that it may improve balance and reduce fall risk, which is 
critically important poststroke.7,8 One recent study found 
that people with lower scores on the Berg Balance Scale 
(BBS) and greater step widths had more asymmetric step 
lengths and swing times during walking.9 However, the BBS 
and measures of step width provide a limited and indirect 
assessment of dynamic balance during walking. Therefore, 
it is unclear if step length asymmetry is associated with 

objective measures of dynamic balance during walking or if 
reducing asymmetry would improve dynamic balance in 
either the sagittal or frontal planes.

One way to characterize dynamic balance during walk-
ing is by measuring the rotational dynamics of the body 
using measures of whole-body angular momentum.10-14 
Whole-body angular momentum captures the combined 
effects of the rotational dynamics of the body and the rela-
tive rotations of the limbs about an axis of rotation that is 
commonly considered to project through the body’s center 
of mass (CoM). People without disabilities regulate their 
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Abstract
Background. People poststroke often walk with a spatiotemporally asymmetric gait, due in part to sensorimotor impairments 
in the paretic lower extremity. Although reducing asymmetry is a common objective of rehabilitation, the effects of 
improving symmetry on balance are yet to be determined. Objective. We established the concurrent validity of whole-body 
angular momentum as a measure of balance, and we determined if reducing step length asymmetry would improve balance 
by decreasing whole-body angular momentum. Methods. We performed clinical balance assessments and measured whole-
body angular momentum during walking using a full-body marker set in a sample of 36 people with chronic stroke. We then 
used a biofeedback-based approach to modify step length asymmetry in a subset of 15 of these individuals who had marked 
asymmetry and we measured the resulting changes in whole-body angular momentum. Results. When participants walked 
without biofeedback, whole-body angular momentum in the sagittal and frontal plane was negatively correlated with scores 
on the Berg Balance Scale and Functional Gait Assessment supporting the validity of whole-body angular momentum as an 
objective measure of dynamic balance. We also observed that when participants walked more symmetrically, their whole-
body angular momentum in the sagittal plane increased rather than decreased. Conclusions. Voluntary reductions of step 
length asymmetry in people poststroke resulted in reduced measures of dynamic balance. This is consistent with the idea 
that after stroke, individuals might have an implicit preference not to deviate from their natural asymmetry while walking 
because it could compromise their balance. Clinical Trials Number: NCT03916562.
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balance, in part, by maintaining the peak-to-peak range of 
angular momentum during walking within a small range.10,11 
In addition, angular momentum in the frontal plane has 
been validated as a measure of mediolateral balance in peo-
ple poststroke as higher momentum is associated with lower 
scores on clinical balance assessments.13,14

People poststroke have a higher peak-to-peak range of 
whole-body angular momentum in both the frontal plane13 
and the sagittal plane12 compared with age- and speed-
matched controls. Increased frontal plane momentum may 
result from compensatory strategies such as lateral trunk 
lean, hip hiking, and circumduction.13,15,16 In the sagittal 
plane, regulation of angular momentum is achieved by the 
cancellation of limb angular momenta between sides.11 
Cancellation of angular momenta in the sagittal plane 
occurs when contralateral limb segments move in anti-
phase. This corresponds to a kinematic pattern where the 
moment of peak flexion for segments on one side of the 
body happens at the same time as the moment of peak 
extension for contralateral segments and vice-versa. 
However, if the contralateral limb segments do not move in 
anti-phase, the degree of segmental angular momenta can-
cellation decreases, and whole-body angular momentum 
increases.17 Angular momentum in the frontal plane is pri-
marily regulated by anti-phase movement of trunk and 
swing leg during mediolateral weight shift.11 Therefore, 
one might expect to observe greater angular momentum 
during walking in stroke survivors in part because their gait 
asymmetries may reduce the sagittal plane momentum 
cancellation between the left and right limbs. Although 
asymmetries may increase angular momentum in the sagit-
tal plane, it is yet to be determined if restoring symmetry 
could reduce angular momentum.

The strategy that people poststroke use to reduce step 
length asymmetry may vary widely due to heterogeneity in 
the level of motor impairment and in the direction and mag-
nitude of step length asymmetry. Asymmetries in step 
length and step timing can result from difficulty advancing 
the paretic leg,18,19 reduced propulsion with the paretic 
leg,20,21 or both. Depending on the source of impairment, 
people poststroke may walk with asymmetries character-
ized by longer step lengths with either the paretic or non-
paretic leg.6,22,23 People poststroke retain the capacity to 
reduce this step length asymmetry, but this capacity depends 
on the magnitude and direction of asymmetry.6 Therefore, 
the strategies used to reduce step length asymmetry are not 
consistent across the poststroke population. For example, 
individuals who have longer step lengths on the paretic side 
may need to advance the nonparetic limb and increase 
paretic stance time24 to reduce step length asymmetry. In 
contrast, individuals with longer nonparetic steps may rely 
on strategies such as increasing mediolateral trunk lean,25 
hip hiking, or circumduction15,16 to advance the paretic limb 
to compensate for weakness of the paretic hip and knee 

flexors23,26-28 inadequate ankle plantar flexor power genera-
tion,29 or spasticity in the quadriceps or hamstrings.30 What 
remains to be seen is if reducing step length asymmetry 
alters dynamic balance and whether those effects depend on 
the direction of each individual’s asymmetry.

The primary goal of this work is to determine whether 
reducing step length asymmetry improves dynamic balance 
by decreasing whole-body angular momentum. Before 
addressing this goal, we first established the concurrent 
validity of whole-body angular momentum as a measure of 
balance for people poststroke. If angular momentum is a 
valid measure of balance during walking, the baseline angu-
lar momentum in both the sagittal and frontal planes would 
be inversely correlated with clinical assessments of balance 
and balance confidence such that a higher angular momen-
tum would be associated with lower balance measures. We 
also tested the hypothesis that participants would reduce 
angular momentum as step length asymmetry decreases. 
This would be consistent with the notion that reductions in 
asymmetry would improve dynamic balance. We expected 
that participants who walked with longer nonparetic step 
lengths would show smaller reductions in angular momen-
tum compared with participants who walked with longer 
paretic step lengths given that they would rely more on 
compensatory strategies to advance the paretic limb when 
reducing asymmetry. In the frontal plane, we hypothesized 
that participants would increase mediolateral peak angular 
momentum as step length asymmetry decreases as partici-
pants might rely on compensatory strategies such as cir-
cumduction to increase step length.

Methods

Participants

A total of 36 individuals poststroke (92 ± 84.5 months 
poststroke) (Table 1) participated in this study. We com-
puted a necessary sample size of 20 from a set of pilot data 
where we observed a mean difference in the peak angular 
momentum in the sagittal plane of 0.004 during asymmet-
ric versus symmetric walking with a standard deviation of 
0.006. Inclusion criteria for this study were (1) a history of 
unilateral stroke more than 6 months before the study, (2) 
paresis confined to one side, (3) ability to provide informed 
consent and communicate with the investigators, and (4) 
ability to walk more than 5 minutes without the assistance 
of another individual or walking aids (eg, a cane or walker). 
The use of an ankle-foot orthosis was permitted during the 
experiment. All experimental procedures were approved 
by the University of Southern California Institutional 
Review Board, and each participant provided written, 
informed consent before the experiment began. All aspects 
of the study conformed to the principles described in the 
Declaration of Helsinki.
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Experimental Protocol

All participants visited the lab once and performed a 10-m 
walk test before the experiment to determine their self-
selected walking speed. We performed the following assess-
ments: (1) the Berg Balance Scale (BBS)31,32 to assess static 
balance, (2) the Functional Gait Assessment (FGA) to 
assess dynamic balance,32,33 (3) the Activity-Specific 
Balance Confidence (ABC) test to evaluate balance self-
efficacy,34 (4) the Fall Efficacy Scale to assess fear of fall-
ing,35 and (5) the lower extremity motor domain of the 
Fugl-Meyer (FM) assessment to evaluate level of motor 
impairment.36,37

After the clinical assessments, we determined the par-
ticipants’ self-selected walking speed on the treadmill.  
We started the treadmill at 70% of a participant’s speed 
measured during the 10-m walk test, and progressively 
increased or decreased the speed in increments of 0.05 m/s 
until the participant felt that the speed was comfortable. 
The experiment began with three minutes of walking at 
their self-selected treadmill speed to determine the partici-
pant’s natural step length asymmetry (Baseline) (Figure 1). 
Participants then walked with visual feedback of actual and 
desired step lengths for 3 different trials.6,38 Visual feed-
back was displayed on a screen in front of the participant 
and showed the position of reflective markers placed on the 
ankle during the swing phase and a vertical bar on each 
side, which represented the target step length.

The order of the three feedback trials, baseline asymme-
try (Baseline FB), symmetry (Sym), and exaggerated asym-
metry (ExggAsym) (Figure 1), was randomized. Each trial 
lasted three minutes. During Baseline FB, participants 

walked with visual feedback of their natural step length 
asymmetry as this allowed us to assess the effects of walk-
ing with visual feedback on their angular momentum. 
During Sym, participants were instructed to walk such that 
the ankle marker reached the target step length at each foot 
strike, and we set the target length of the shorter step equal 
to the length of the longer step. During ExggAsym, we 
lengthened the target length of the longer step by adding the 
original difference in step lengths so that their step length 
asymmetry was doubled. We provided participants with 
scores to motivate them to achieve the target asymmetry 
level during each condition. The scores were calculated at 
every step based on the difference between the actual and 
target step lengths as described previously.6 If the difference 
between the actual and target step length was less than  
10 mm, the participant would receive a score of 10. The 
scores were shown adjacent to the top of the bars at every 
foot-strike. All participants wore a safety harness, and no 
handrail support was provided during the experiment. 
Participants also received rest breaks of approximately  
5 minutes between each trial to minimize fatigue.

Data Acquisition

Segmental kinematics were recorded using a full-body 
marker set placing retroreflective markers on bony land-
marks.39,40 In addition, sets of cluster markers were placed 
over the upper arms, lower arms, thighs, shanks, and heels. 
Marker kinematics were recorded using a 10-camera 
Qualisys Oqus motion capture system (Qualisys AB). We 
first collected 5 seconds of a static trial and removed all 
markers on bony landmarks during the walking trials.

Figure 1. Experimental protocol. We provided online visual feedback to show the position of the ankle markers during swing phase 
as round points and a vertical bar on each side, which represented the target step length. Black horizontal lines near the top of each 
bar in the Baseline asymmetry trial represent the target range that was equal to the standard deviation of the step length measured 
during baseline. Scores were provided on the top left or right corner of the display to encourage participants to achieve the desired 
step lengths.
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Data Processing

Markers were labeled using Qualisys Track Manager and 
then exported to Visual 3D (C-Motion) to construct a full-
body model. Three-dimensional marker positions were low-
pass filtered with a cutoff frequency of 6 Hz. We then created 
a full-body model in Visual 3D, which included 12 seg-
ments: head, trunk/pelvis, left and right upper arms, fore-
arms, thighs, shanks, feet. Since participants wore a safety 
harness over their pelvis, we removed the reflective markers 
from the pelvis. As this prevented us from tracking the pel-
vis, we assumed that the pelvis and trunk were rigidly con-
nected in our model. We validated this 12-segment model by 
comparing the peak-to-peak angular momentum to a 13-seg-
ment model in 5 participants without disabilities. The root-
mean-square error for the peak positive and negative 
whole-body angular momentum during a gait cycle in the 
12-segment model compared with the 13-segment model 
was 2.1% ± 1.5% and 0.95% ± 0.70 % in the sagittal plane, 
respectively. Thus, the 12-segment model used in this study 
introduced relatively small errors in the whole-body angular 
momentum compared with 13-segment model.

Step length asymmetry (SLA) was computed as the nor-
malized difference in step lengths based on Equation 1.

 SLA
SL SL

SL SL
nonparetic paretic

nonparetic paretic

=
−

+
 (1)

Here, SLnonparetic  is the fore-aft distance between the heel 
markers at nonparetic limb foot-strike and SLparetic  is the 
fore-aft distance between heel markers at paretic limb foot-
strike. A positive SLA indicates that the participant takes 
longer nonparetic steps, while a negative SLA indicates a 
longer paretic step.

Marker data were also used to compute whole-body 
angular momentum about the CoM in the sagittal and fron-
tal plane as measures of dynamic balance. Whole-body 
angular momentum (L) is the sum of the angular momenta 
of individual limb segments with respect to the whole-body 
CoM11 (Equation 2).

 
�

�� �� ���

L
r m v I
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i

limbs

i i i i i
=

× +
=∑ 1

[ ]ω

V
 (2)

Whole-body angular momentum was normalized by body 
mass (M), the CoM height (H), and self-selected walking 
speed (V).12 The angular momentum of the individual limb 
segments in the sagittal and frontal plane was calculated as 
the sum of the angular momentum of each segment about a 
mediolateral and fore-aft axis, respectively, projecting 
through the body’s CoM (ri  = position of the segmental 
CoM, mi = segment mass, vi = linear velocity of the seg-
ment relative to body’s CoM) and the angular momentum of 
each segment about its own CoM ( Ii  = segmental moment 
of inertia, ωi = segmental angular velocity).

Data Analysis

We calculated whole-body angular momentum (L) during 
each stride in the sagittal and frontal planes. In the sagittal 
plane, negative values of angular momentum represented 
forward rotation, while positive values represented back-
ward rotation. In the frontal plane, we specified rotation 
toward the paretic side as positive and rotation toward the 
nonparetic side as negative. A stride was defined as starting 
with paretic foot-strike and ending with the subsequent 
paretic foot-strike. Since angular momentum captures the 
contribution of inertia and velocity, greater angular momen-
tum in any direction would require more effort to restore the 
body toward its equilibrium position. Thus, we calculated 
peak negative (LSag

min , LFr
min ) and positive (LSag

max, LFr
max) angular 

momentum during each stride in the sagittal and frontal 
planes as our measures of dynamic balance.

Statistical Analysis

All statistical analyses were performed in MATLAB ver-
sion R2018a (MathWorks). We first tested for correlations 
between Baseline peak angular momentum and each clini-
cal balance assessment (BBS, ABC, and FGA) with the 
whole dataset to determine the validity of angular momen-
tum as a measure of dynamic balance. We then used linear 
regression models to determine if Baseline angular momen-
tum in the sagittal and frontal plane was associated with 
Baseline step length asymmetry and the direction of 
asymmetry.

We used mixed-effects regression models to determine 
if changes in step length asymmetry influenced measures 
of angular momentum in the sagittal or frontal plane. We 
used a step length asymmetry of 0.06 as the minimum 
asymmetry necessary to be included in this analysis based 
on previous studies,26,41 and we included 15 participants 
who had a step length asymmetry greater than the cutoff 
in the regression model. We restricted our analysis to this 
subset because we were only interested in how changes in 
asymmetry influenced angular momentum. The indepen-
dent variables in this model included (1) changes in step 
length asymmetry magnitude (Δ|SLA|) from Baseline, (2) 
whether participants took longer paretic or longer nonpa-
retic steps (SLAdirection), and (3) level of impairment mea-
sured by overground walking speed (OGW).42 We also 
included a random intercept for each participant to 
account for differences in angular momentum across par-
ticipants. We used the mean values of all variables for 
each participant during each trial in the regression mod-
els. We fit a range of models with main effects and inter-
actions between the independent variables. The most 
complex potential model included Δ|SLA|, SLAdirection, 
and OGW as main effects and interactions between 
Δ|SLA| and SLAdirection and between Δ|SLA| and OGW 
(Equation 3).
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The interaction between Δ|SLA| and SLAdirection captures 
how differences in SLA direction influence the association 
between changes in SLA magnitude and angular momen-
tum. The interaction between Δ|SLA| and OGW represents 
how different levels of impairment influence the associa-
tion between changes in SLA magnitude and angular 
momentum. We selected the model with the lowest Akaike 
information criterion (AIC)43 as the best-fit model,44,45 and 
we conducted post hoc comparisons using the Bonferroni 
correction for multiple comparisons. Significance was set at 
the P < .05 level for all analyses.

Results

Timing of Peak Angular Momentum in the 
Sagittal and Frontal Planes

The magnitude and direction of angular momentum 
changed systematically during each stride cycle. Whole-
body angular momentum in the sagittal plane was most 
negative during the transition from swing to stance, 
which corresponded to the moment of peak forward 

momentum (Figure 2A). Participants then increased 
angular momentum until it became positive during the 
swing phase and then fell forward again at foot-strike. 
The peak forward angular momentum in the sagittal 
plane ( LSag

min ) occurred between ~40% and 60% of the  
gait cycle, indicating that participants fell forward most 
rapidly immediately before non-paretic foot-strike. 
Furthermore, the 2 peaks of backward angular momen-
tum ( LSag

max ) occurred within 25% and 35% and 75% and 
85 % of the gait cycle, indicating that the largest back-
ward body rotation occurred during mid-swing of both 
the paretic and non-paretic sides. In the frontal plane, 
positive angular momentum peaked at paretic foot-strike 
(LFr

min ) and negative angular momentum peaked at non-
paretic foot-strike (LFr

max ) (Figure 2B).

Associations Between Baseline Angular 
Momentum and Clinical Assessments  
of Balance

We first assessed the concurrent validity of measures  
of whole-body angular momentum by determining if 
Baseline angular momentum was associated with clinical 
balance assessments. We found significant correlations 
between measures of peak angular momentum and par-
ticipants’ scores on clinical assessments of balance. For 
the sagittal plane, LSag

min  was positively correlated with 

Figure 2. Angular momentum across the gait cycle. (A) Angular momentum in the sagittal plane. Participants rotated forward most 
around nonparetic foot-strike (40%-60% of a gait cycle) and rotated backward most around nonparetic mid-swing (75%-85% of a 
gait cycle). The line represents the average across participants and the shaded area represents the standard deviation. The gait cycle 
starts with foot-strike on the paretic side. (B) Angular momentum in the frontal plane. Participants rotated toward the nonparetic 
side near nonparetic foot-strike (40%-60% of a gait cycle) and rotated toward the paretic side most near paretic foot-strike  
(0%-15 % of a gait cycle).
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Figure 3. Associations between the peak forward and backward angular momentum in the sagittal (LSagmin  and LSagmax) and frontal plane 
(LFrmin ) and clinical balance assessments during Baseline. LSagmin  was positively associated with (A) the Functional Gait Assessment (FGA) 
and LSagmax was negatively associated with (B) Berg Balance Scale (BBS) and (C) FGA. LFrmin  was positively associated with (D) FGA.

FGA (r = 0.53, P < .001) and LSag
max  was negatively cor-

related with BBS (r = −0.43, P = .009) and FGA (r = 
−0.68, P < .001) (Figure 3A-C). This indicates that par-
ticipants who scored better on clinical assessments of bal-
ance had less forward and backward angular momentum 
in the sagittal plane. In the frontal plane, LFr

min  was posi-
tively correlated with FGA (r = 0.40, P < .001, Figure 
3D). This indicates that individuals who performed better 
on clinical assessments of dynamic balance during gait 
tended to rotate more slowly toward the nonparetic side 
while walking. We did not observe associations between 
ABC and LSag

min  (r = 0.004, P = .98), LSag
max  (r = −0.23, P = 

.17), LFr
min  (r = 0.12, P = .48), or LFr

max  (r = 0.01, P = .95). 
Overall, these results support the use of peak angular 
momentum as a measure of dynamic balance in people 
poststroke.

Baseline Backward Angular Momentum Was 
Associated With Step Length Asymmetry 
Magnitude

There was a significant effect of step length asymmetry mag-
nitude on backward angular momentum (LSag

max) during 
Baseline (F1, 32 = 6.641, P = .015) (Figure 4), but there was 
no effect of SLAdirection (F1, 32 = 1.748, P = .195) or interac-
tion between |SLA| and SLAdirection (F1, 32 = 1.522, P = .226). 
This association between LSag

max  and |SLA| remained signifi-
cant after removing 2 participants who had asymmetry mag-
nitude greater than 0.3 (P = .04). In contrast, forward angular 
momentum (LSag

min ) during Baseline was not associated with 
|SLA| (F1, 32 = 2.663, P = .112) or SLAdirection (F1, 32 = 1.307, 
P = .262), nor was there an interaction between |SLA| and 
SLAdirection (F1, 32 = 0.946, P = .338).
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Baseline angular momentum in the frontal plane was not 
associated with asymmetry magnitude or the direction of 
asymmetry. Angular momentum toward the nonparetic side 
(LFr

min ) during Baseline was not associated with |SLA| (F1, 32 
= 0.441, P = .511) or SLAdirection (F1, 32 = 0.131, P = .720), 
nor was there an interaction between |SLA| and SLAdirection 
(F1, 32 = 0.003, P = .955). Similarly, angular momentum 
toward the nonparetic side (LFr

max) during Baseline was not 
associated with |SLA| (F1, 32 = 0.010, P = .921) or 
SLAdirection (F1, 32 = 0.043, P = .836), nor was there an 
interaction between |SLA| and SLAdirection (F1, 32 = 0.019,  
P = .89).

Participants Modified Step Length Asymmetry 
Using Visual Feedback

Participants successfully modified SLA using visual feed-
back. Performance of one representative participant with lon-
ger nonparetic steps demonstrates that during Baseline FB, 
SLA was maintained at the same level as Baseline since the 
target asymmetry during Baseline FB was the mean of their 
natural asymmetry (Figure 5A). The participant reduced SLA 
during Sym when walking with feedback to take steps of 
equal length. Last, SLA increased during ExggAsym com-
pared with Sym since the participant walked with feedback of 
exaggerated asymmetry. Similarly, a representative partici-
pant with longer paretic steps maintained a consistent level of 
asymmetry during Baseline, Baseline FB, but modified their 
asymmetry in the Sym and ExggAsym conditions (Figure 5B). 
At the group level, participants reduced SLA magnitude dur-
ing Sym (0.08 ± 0.06) compared with Baseline FB (P = 
.004), and increased SLA during ExggAsym (0.18 ± 0.09) 
relative to Baseline FB (P = .02) (Figure 5C).

Peak Angular Momentum in the Sagittal Plane 
Varied With Changes in SLA Magnitude

Reductions in SLA were associated with increases in for-
ward angular momentum in the sagittal plane. The model 
with the best fit (lowest AIC) for predicting changes in LSag

min  
magnitude only included SLA magnitude as a significant 
predictor. Changes in LSag

min  magnitude were negatively cor-
related with Δ|SLA| (β = −0.040, P < .001), indicating 
that reductions in asymmetry were associated with an 
increase in the magnitude of forward angular momentum 
(Figure 5D). However, no measures of asymmetry or 
impairment were associated with changes in the magnitude 
of the peak backward angular momentum in the sagittal 
plane and angular momentum in the frontal plane.

Discussion

We sought to determine how manipulation of SLA magni-
tude and the direction of asymmetry influence changes in 
angular momentum during walking in people post-stroke. 
We used online visual feedback to reduce or exaggerate step 
length asymmetry during walking. We first validated the 
use of whole-body angular momentum as a measure of 
dynamic balance by demonstrating that measures of angular 
momentum were correlated with scores on clinical balance 
assessments. Then, we demonstrated that as participants 
reduced step length asymmetry during the feedback trials, 
they increased the magnitude of the peak forward angular 
momentum in the sagittal plane. We also found that the 
peak backward angular momentum was greater in individu-
als who were more impaired and took longer nonparetic 
step lengths.

Associations Between Clinical Balance 
Assessments and Baseline Angular Momentum

Participants’ peak forward angular momentum in the sagit-
tal plane at Baseline was associated with clinical assess-
ments of balance. We expected that participants with 
smaller peaks in angular momentum would score higher on 
clinical assessments as this would be consistent with the 
idea that people who are at a lower risk of falls would have 
less body rotation during walking. Consistent with this pre-
diction, we found that participants with less angular 
momentum in the sagittal plane generally had higher scores 
on BBS and FGA. In the frontal plane, we found that FGA 
was positively correlated with the peak negative angular 
momentum indicating that people who had less mediolat-
eral angular momentum at nonparetic foot-strike tended to 
score better on a clinical assessment of their balance con-
trol while walking. This extends previous observations 
demonstrating that people with a lower rate of change of 
angular momentum in the frontal plane also scored better 

Figure 4. Association between step length asymmetry and 
baseline peak angular momentum in the sagittal plane. Participant’s 
natural step length asymmetry (SLA) magnitude was positively 
associated with LSagmax magnitude as measured during the Baseline 
trial. This indicates that larger SLA magnitude is associated with 
larger peak backward angular momentum in the sagittal plane.
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on clinical assessments of balance.13 Since exaggerated 
mediolateral sway in people poststroke often results from 
compensatory movements such as hip hiking and circum-
duction,15,16,25 these compensatory strategies may be 
reflected by measures of frontal plane angular momentum. 
Overall, our findings suggest that whole-body angular 
momentum in the sagittal and frontal planes can be used as 
a valid measure of balance control during walking in peo-
ple poststroke.

The degree of association between BBS and FGA and 
angular momentum was fair and we did not find a signifi-
cant association between balance confidence and angular 
momentum. This should be expected since there are other 
factors that influence these clinical assessments that are not 
captured by angular momentum. For example, the BBS 
evaluates an individual’s ability to transition between 
chairs, retrieve an object from the floor, and perform alter-
nating steps on a stool. We would not expect that the ability 

Figure 5. Variation in step length asymmetry (SLA) across trials. (A) A representative participant with longer nonparetic step 
lengths had positive SLA during Baseline, Baseline FB, and ExggAsym. During Sym, the participant reduced SLA. (B) A representative 
participant with longer paretic step lengths had negative SLA during Baseline, Baseline FB, and ExggAsym. During Sym, the participant 
reduced SLA. (c) SLA magnitude for all participants during Baseline, Baseline FB, Sym, and ExggAsym. *P < .05, **P < .01, and ***P < 
.001. (D) Changes in the magnitude of LSagmin  in the sagittal plane were negatively correlated with changes in SLA magnitude relative to 
Baseline indicating that reductions in asymmetry led to increases in angular momentum. *P < .05.
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to perform these tasks would be captured by measures of 
angular momentum during normal walking. Similarly, we 
did not find significant associations between balance confi-
dence measured by ABC and whole-body angular momen-
tum. This is likely because angular momentum captures 
people’s actual balance capability rather than their per-
ceived ability. Previous work has established that there was 
discordance between the actual balance capacity and the 
perceived balance in people poststroke who showed low 
BBS and high ABC and vice versa.46

Effects of Manipulating Step Length Asymmetry 
on Angular Momentum

Contrary to our hypothesis, the peak forward angular 
momentum in the sagittal plane increased when people 
walked more symmetrically. We expected that angular 
momentum would reduce as SLA decreased since walking 
with more symmetric step lengths would result in more 
symmetrical, antiphase limb rotation and better cancella-
tion of the contralateral limb angular momenta. However, 
we found that participants increased their forward angular 
momentum as they reduced SLA, indicating that improv-
ing asymmetry did not reduce whole-body rotational 
behavior during walking. Although changes in asymmetry 
led to changes in angular momentum in the sagittal plane, 
peak angular momentum in the frontal plane did not 
change when walking more symmetrically. This suggests 
that changes in step length asymmetry in the sagittal plane 
do not systematically influence frontal plane momentum. 
However, it is possible that changes in asymmetry could 
have caused changes in both frontal and sagittal plane bal-
ance that we could not detect. For example, our study was 
not designed to capture changes in the reactive control of 
balance38 and this, among other balance-related measures, 
could be sensitive to changes in asymmetry. Since manip-
ulating asymmetry in our study was not a type of perturba-
tion requiring reactive balance control, the changes in 
angular momentum in the frontal plane may have not been 
significant.

Eight of 15 participants increased forward angular 
momentum near the time of foot-strike on the side where 
they increased step lengths. Since we manipulated asym-
metry by increasing the shorter step length, this may have 
been associated with an increased excursion of the CoM 
relative to the trailing leg and higher CoM velocity when 
lengthening the short step. This increase in velocity may 
have contributed to increases in momentum that we 
observed in these individuals. Seven participants increased 
forward angular momentum near the time of foot-strike on 
the side contralateral to shorter step length. These individu-
als may have relied on increasing propulsion before lift-off 
of the limb on the side where they attempted to increase 
step lengths. This attempt to generate more swing leg 

momentum may have caused increased forward angular 
momentum near the time of foot-strike on the side contra-
lateral to the shorter step length.

Another potential reason why participants did not reduce 
angular momentum is that reductions in SLA may not have 
produced meaningful changes in momentum cancellation 
between limbs. A recent study found that people poststroke 
continue to walk with asymmetric interlimb coordination 
even when reducing step length asymmetry.5 This suggests 
that their legs may not move in perfect antiphase relative to 
the CoM as they reduce SLA. Overall, our results suggest 
that balance-related responses to reductions in step length 
asymmetry in people poststroke may vary based on the 
strategy they use to change their step lengths.

The observed increases in angular momentum during 
more symmetric walking may reflect impairments in 
dynamic balance. In our study, the increase in the peak for-
ward angular momentum during foot-strike was about 0.008 
(~16%) as SLA decreased by 0.2 using the estimated 
co efficient (β = −0.04) in the linear model relating ∆|SLA| 
and ∆ LSag

min . The size of the changes in angular momentum 
when walking more symmetrically was smaller than the 
angular momentum changes when exposed to a perturba-
tion large enough to cause a fall during walking.47 When 
participants without disabilities experienced fore-aft pertur-
bations characterized by abrupt increases in treadmill speed 
of approximately 0.6 m/s, they increased peak angular 
momentum in the sagittal plane by ~0.03 (~50%). Thus, the 
changes in momentum we observed in the current study 
were approximately equal to the changes that one might 
expect in individuals without disabilities responding to an 
unexpected 0.2 m/s increase in treadmill speed. Although 
the change in angular momentum that we observed is 
unlikely to be as large as one might expect in a near fall, 
such changes could be perceived as sizable for people post-
stroke depending on their level of sensorimotor function.

However, it remains to be seen how longer-term practice 
or interventions leading to reductions in SLA affects the 
regulation of momentum during walking. Longer-term 
improvements in symmetry could be achieved through 
methods such as repeated practice on a split-belt treadmill,2 
using auditory feedback of stance time asymmetry,48 or gait 
training with functional electrical stimulation.49 Although 
participants in these studies retained improvements in sym-
metry after practice, it remains to be seen if these improve-
ments in symmetry impact dynamic balance. Overall, our 
findings may inform future research efforts that seek to 
understand how novel interventions affect quantitative 
measures of balance control during walking poststroke.

Conclusion

We found that whole-body angular momentum in the sagit-
tal and frontal plane during walking is a valid measure of 
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dynamic balance in people poststroke. Although we 
expected that improving symmetry would improve balance 
poststroke, we found that the reductions in asymmetry 
impair dynamic balance by increasing whole-body angular 
momentum. This may imply, more generally, that people 
poststroke have an implicit preference not to deviate from 
their natural asymmetry because it may perturb their bal-
ance. However, additional investigation is necessary to 
determine the relative contributions of other factors such as 
energetic optimization, discomfort, and aesthetics in the 
selection of self-selected walking patterns in people post-
stroke. Future studies should determine if the findings 
observed here generalize to overground walking where par-
ticipants’ walking speed is less constrained. This is critical 
from a clinical perspective as existing clinical approaches 
to increase symmetry may rely on providing instructive 
guidance during overground walking. An additional clinical 
implication of our results is that if clinicians choose to focus 
on guiding their patients to improve symmetry, they may 
also need to consider how to reduce heightened destabiliza-
tion resulting from these improvements or increase their 
patients’ capacity to withstand the instability.
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