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Abstract—Persons with poststroke hemiparesis are character-
ized by asymmetry in limb loading (LL) and limb unloading 
(LU), which has been reported in static and quasi-static tasks 
but has not been quantified during walking. The purpose of this 
study was to determine the asymmetry in magnitude and dura-
tion of LL and LU in individuals with hemiparesis and its rela-
tionship with functional walking status and specific kinematic 
and kinetic variables during walking. Forty-four participants 
with chronic hemiparesis walked at their self-selected speeds 
and eighteen nondisabled control subjects of similar ages 
walked at predetermined matched speeds while three-dimen-
sional ground reaction forces and body-segment kinematics 
were recorded. Magnitude of paretic LL was reduced, while 
duration was increased compared with the nonparetic leg and 
nondisabled controls walking at matched speeds. The paretic 
LL and LU was significantly correlated with average leg angle, 
while the nonparetic leg significantly correlated with average 
knee angle. Three different patterns of LL and LU were identi-
fied (concave, convex, and linear). Individuals with hemipare-
sis make several biomechanical adjustments that minimize LL 
of the paretic leg. LL deviations were more pronounced with 
increased lateral placement of the paretic foot and with 
decreased functional gait speed. Characterization of these devia-
tions may inspire new strategies for rehabilitation.

Key words: gait, hemiparesis, knee angle, leg angle, loading, 
magnitude, pattern, stroke, timing, unloading, vertical ground 
reaction forces.

INTRODUCTION

Hemiparesis following stroke results in poorly coor-
dinated and asymmetric gait. In addition to the well-
described kinematic asymmetries, there are also some 
less-described kinetic asymmetries. Kinetic parameters 
(e.g., joint moments, powers, and ground reaction forces 
[GRFs]) are particularly important because of their 
dependence on both kinematics and muscle activity and 
can provide insight into the underlying causes of changes 
in walking patterns. In particular, the vertical GRF has 
been used to characterize poststroke weight-bearing [1–2].
The paretic leg typically exhibits reduced weight-bearing 
compared to the nonparetic leg (i.e., neither limb loading 
(LL) nor limb unloading (LU) are symmetric) [3–8]. LL 
and LU asymmetry are important contributing factors to 
postural instability, reduced dynamic balance, increased
postural sway, and thus falls [6]. Reduced paretic (as 
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compared with nonparetic) LL has been reported in static 
and quasi-static tasks such as standing in different stance 
positions [1,9–10], stepping on stairs of different heights 
[8], and sitting to standing from a chair [10] and has been 
related to walking ability poststroke [11–13]. However, 
studies typically report reduced paretic LL without quan-
tifying the temporal characteristic of LL and LU, which 
may provide important information for understanding 
loading. While it is often assumed clinically that reduced 
loading of the paretic leg is indicative of poor walking 
and recovery, LL and LU asymmetry during walking in 
individuals with hemiparesis has been poorly quantified 
and the relationship with walking performance or stroke 
severity is unknown.

Walking involves acceleration of all individual body 
segments such that the whole body’s center of mass is 
mostly positioned outside the base of support. Therefore, 
measuring LL and LU ability during static standing 
(standing on force plates and transferring weight from 
one leg to the other while the whole-body center of mass 
stays between the two feet) does not provide much detail 
about walking ability. In addition to forward and vertical 
acceleration of the whole-body center of mass, walking 
also involves mediolateral acceleration of the center of 
mass. Though the magnitudes of movement and forces in 
the mediolateral direction are small, they are expected to 
be important to facilitate LL and LU. This would be con-
sistent with the observation that manual assistance pro-
vided at the pelvis by trainers during locomotor training 
to produce mediolateral movement of the body, presum-
ably to facilitate appropriate weight shift, appears to 
improve walking patterns and increase stability [14].

Multiple paretic and nonparetic LL and LU patterns 
can be employed by individuals with hemiparesis to 
maintain steady-state walking. It is important to quantify 
these patterns to understand the differences in asymmetry 
between subjects during steady-state walking. The pres-
ence of multiple loading patterns would be consistent 
with the observation that subjects with poststroke hemi-
paresis exhibit multiple kinematic patterns to success-
fully maintain steady-state walking. The kinematic 
characteristics may provide more insight into the various 
patterns of LL and LU exhibited by different individuals. 
Therefore, we suggest that classifying poststroke indivi-
duals based on their LL and LU and evaluating the rela-
tionship of these parameters to kinematic and kinetic 
measures will provide deeper understanding of the effects

of weight support and its influence on dynamic stability 
during walking.

The main purpose of this study was to determine the 
asymmetry in magnitude and duration of LL and LU in 
individuals with hemiparesis and its relationship with
(1) functional walking status and (2) specific kinematic 
and kinetic variables during walking. We hypothesize 
that LL and LU in the paretic and nonparetic leg will dif-
fer with functional walking status and that the asymmetry 
will be related to knee angle and mediolateral leg angle 
(angle between vertical and the frontal plane projection 
of the line connecting the center of masses of the pelvis 
and foot). Since the magnitude of mediolateral forces are 
directly related to the mediolateral accelerations of the 
whole-body center of mass, we hypothesize that they will 
be intimately related to weight shift; thus, we will also 
establish the relationship between mediolateral forces 
and LL and LU. Detailed understanding of LL and LU 
asymmetry will provide additional insight into the 
changes in locomotion in poststroke individuals and 
potentially inspire new strategies to rehabilitate walking.

METHODS

Participants
Data were collected from 44 individuals with chronic 

hemiparesis (age = 60.2 ± 12.3 yr, 19 females, 19 left-
side hemiparesis) and 18 similarly aged nondisabled indi-
viduals (age = 66.2 ± 10.0 yr, 4 males) at the Department 
of Veterans Affairs (VA)-University of Florida Human 
Motor Performance Laboratory in Gainesville, Florida. 
To be included in the study, individuals had to have hemi-
paresis secondary to a single-onset unilateral stroke, the 
ability to ambulate independently with or without an 
assistive device over 10 m on a level surface, and the 
ability to walk regularly in the home environment. Exclu-
sion criteria were any orthopedic or neurologic condi-
tions in addition to stroke that might limit hip and knee 
extension or ankle plantar flexion relative to neutral or 
inability to provide informed consent. Three categories of 
subjects with different stroke severity were identified 
based on functional walking status as defined by self-
selected overground walking speeds [15]: individuals 
who walked <0.4 m/s (household ambulators), 0.4–0.8 m/s
(limited community ambulators), or >0.8 m/s (commu-
nity ambulators).
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Experimental Protocol
Retroreflective markers were placed at specified 

bony prominences on the body. Clusters of reflective 
markers attached to rigid bodies were also placed firmly 
on the pelvis and each thigh, shank, and foot. All partici-
pants walked on an instrumented split-belt treadmill 
(Techmachine; Andrezieux-Boutheon, France) without 
using any assistive device or ankle foot orthosis for three 
walking trials at their self-selected treadmill walking 
speed. The treadmill was started at a substantially slower 
speed than subjects’ overground walking speeds. The 
treadmill speed was then increased gradually until a com-
fortable walking speed for each subject was achieved. In 
order to ensure the safety of the ankle, subjects feeling 
unstable without an ankle foot orthosis were allowed to 
wear an ankle air cast (Aircast AirSport; Vista, Califor-
nia), which provided ankle stability in the mediolateral 
plane without limiting mobility in the sagittal plane. Data 
were collected for 30 s after the subject walked for ~10 s 
to achieve steady state. Three-dimensional GRF and 
kinematic parameters for each leg were obtained as the 
subjects walked on the treadmill.

The subjects did not use any assistive device during 
data collection. However, a harness system mounted to 
the ceiling of the laboratory was used for safety in case 
participants lost their balance. The harness was worn 
across the shoulders and chest of participants, and no 
body weight was off-loaded by the system. A physical 
therapist stood near the subjects, but did not provide any 
assistance as they walked over the treadmill. Nondisabled 
control subjects walked at their self-selected speeds as 
well as at speeds of 0.3 m/s and 0.6 m/s to provide con-
trol data at speeds comparable to those of the hemiparetic 
individuals. Nondisabled control subjects practiced walk-
ing at each speed, and data collection did not begin until 
the subjects felt comfortable at the slow speeds.

A 12-camera motion analysis system (Vicon Motion 
Systems; Oxford, England) was used to collect the data 
as subjects walked on the instrumented treadmill. Cus-
tomized MATLAB (The MathWorks, Inc; Natick, Massa-
chusetts) programs were used for data analysis. 
Kinematic data were low-pass filtered using a fourth-
order, zero-lag Butterworth filter with a 10 Hz cutoff fre-
quency. GRFs were sampled at 2,000 Hz and low-pass 
filtered using a fourth-order, zero-lag Butterworth filter 
with a 20 Hz cutoff frequency. GRF data were normal-
ized to each subject’s body weight, and the gait cycle was 
expressed as percent of paretic leg gait cycle (i.e., paretic 
foot contact to paretic foot contact). LL and LU occur dur-

ing the double-limb support phases of the gait cycle, and 
therefore, all variables were calculated in these two phases.

Magnitude of Limb Loading and Unloading
Average LL and LU were quantified by the average 

vertical GRF in the first and second double-support 
phases, respectively (Figure 1(a), 

Figure 1.
(a) Limb loading and unloading. (b) Knee angle, (c) leg angle, 

and (d) loading and unloading pattern in one representative 

subject of each speed-based functional group (column 1 = 

household ambulators [HAs]; column 2 = limited community 

ambulators [LCs]; and column 3 = community ambulators [Cs]). 

Red is paretic leg (P), blue is nonparetic leg (NP), aqua blue is 

control at matched speeds (C-MS), and green is control at self-

selected speeds (C-SS). Black highlight in (d) represents con-

cave pattern; purple shows convex pattern and yellow is linear 

pattern. BW = body weight, GRF = ground reaction force.

Figure 2(a)). The legs 
in the first and second double-support phase were defined 
as loading and unloading, respectively (i.e., when one leg 
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Figure 2.
(a) Limb loading and unloading. (b) Knee angle and (c) medio-

lateral leg angle of all individuals in each functional group 

(based on speed). First column represents household ambulators

(HAs); second column limited community ambulators (LCs), 

while third column community ambulators (Cs). Red represents 

paretic leg (P), blue nonparetic leg (NP), green control at self-

selected speed (C-SS), aqua blue control at matched speeds 

(C-MS). BW = body weight, GRF = ground reaction force.

is being loaded the other is being unloaded in the same 
double-limb support phase).

Timing of Limb Loading and Unloading
The timing of LL was calculated for each leg as the 

crossover point of the two vertical GRF curves during the 
double-limb support phase (i.e., the percent gait cycle 
from the beginning of the double support until the major-
ity of weight shifts from the leg in second double support 
to the leading leg in first double support) (Figure 3). 
Thus, the timing of LL of one leg is equal to that of LU in 
the other leg and expressed as a 

Figure 3.
Crossover point (circled in black) during paretic loading and 

unloading during walking.  BW = body weight, GRF = ground 

reaction force.

percentage of the double 
support phase (i.e., 50% = symmetric).

Pattern of Limb Loading and Unloading
The pattern of LL and LU was calculated from the 

shape of the vertical GRF, from which we identified three 
patterns: concave curvature, convex curvature, and linear 
(Figure 1(d)). Concave curvature was associated with 
initially slow and then rapid loading of the limb. In con-
trast, convex curvature was associated with initially rapid 
and then slow loading of the limb. A linear shape of ver-
tical GRF was indicative of uniform loading similar to 
the nondisabled control subjects. The vertical GRF was 
plotted separately from heel strike to the beginning of the 
single-limb support and from the end of the single-limb 
support to the toe-off highlighted in Figure 1(d). There-
after, a best-fit line was plotted. The best-fit curve for a 
polynomial was calculated (JMP, SAS Institute, Inc; Cary 
North Carolina) for the vertical GRF values for the load-
ing phase and unloading phase (end of single-leg support 
to toe-off) for each subject. Significance was set to p < 
0.001 as a correction for the large number of calculated 
curves. A significant first-order term meant a linear 
slope, which was a characteristic of the nondisabled con-
trol subjects, whereas a second-order coefficient term 
meant the LL and LU profile had a curvature that was a 
characteristic of LL and LU in individuals with hemipa-
resis. A positive second-order coefficient indicated con-
cave curvature, while a negative coefficient indicated 
convex curvature.

Kinematics
The average leg angle in the mediolateral direction 

was calculated during each double-limb support phase as 
the angle between the vertical and the projection of the 
line connecting the center of mass of the pelvis with the 
center of mass of the foot in the frontal plane (Figure 1(c), 
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Figure 2(c)). The average knee flexion-extension angle 
was calculated during each of the two double-limb sup-
port phases of the gait cycle (Figure 1(b), Figure 2(b)).

Statistical Analysis
For each of the measures of LL and LU, we ran sepa-

rate one-way analyses of variance (ANOVAs) using 
SPSS, version 17 (IBM; Armonk, New York). One-way 
ANOVA was first used to compare the paretic and nonpa-
retic leg of individuals with hemiparesis with nondis-
abled control subjects walking at matched and self-
selected speeds. Another set of analyses using a one-way 
ANOVA was used to compare the LL and LU of indivi-
duals with hemiparesis classified into different speed 
groups with nondisabled control subjects walking at the 
corresponding matched speed and their self-selected 
speed. We also correlated LL and LU with the kinematic 
measures during each double-limb support phase of the 
gait cycle. Pearson correlation analysis was used to 
examine the relationship between LL and LU and various 
parameters selected (i.e., knee angle, leg angle, mediolat-
eral GRF). The value of significance for all analysis was 
set at α = 0.05, and alpha values are reported.

RESULTS

The control subjects exhibited symmetric LL and LU 
patterns and kinematics between the two legs. Therefore, 
the average value of both legs for all parameters was used 
at all speeds.

Magnitude of Limb Loading
At the self-selected speeds, the average magnitude 

(normalized by body weight) of LL was less in the 
paretic leg than the nonparetic leg and similarly aged 
nondisabled control subjects. In contrast, at matched 
speeds, no significant difference existed between LL of 
the paretic leg and control subjects when considering all 
subjects with hemiparesis as a single group. When each 
speed group was considered separately, the reduced 
paretic leg LL was found to be related to the functional 
walking status of individuals with hemiparesis. The indi-
viduals walking at slower speeds had significant differ-
ences in LL compared with the control subjects, while 
community ambulators did not reveal any significant dif-
ference in LL (Table 1, Figure 1(a): individual represen-
tative subject, Figure 2(a): group average).

Comparison Status
Limb Loading Limb Unloading

Mean ± SD p-Value Mean ± SD p-Value

P vs Cms HA 0.459 ± 0.09 vs 0.585 ± 0.076 0.01 0.310 ± 0.06 vs 0.504 ± 0.076 <0.001

LC 0.513 ± 0.069 vs 0.554 ± 0.117 0.04 0.390 ± 0.056 vs 0.513 ± 0.04 <0.001

C 0.526 ± 0.99 vs 0.596 ± 0.373 0.16 0.438 ± 0.08 vs 0.504 ± 0.063 0.48

P vs Css HA 0.459 ± 0.09 vs 0.596 ± 0.373 0.01 0.310 ± 0.06 vs 0.504 ± 0.063 <0.001

LC 0.513 ± 0.069 vs 0.596 ± 0.373 0.03 0.390 ± 0.056 vs 0.504 ± 0.063 <0.001

C 0.526 ± 0.99 vs 0.596 ± 0.373 0.16 0.438 ± 0.08 vs 0.504 ± 0.063 0.49

P vs NP HA 0.459 ± 0.09 vs 0.680 ± 0.11 0.001 0.31 ± 0.06 vs 0.524 ± 0.09 <0.001

LC 0.513 ± 0.069 vs 0.646 ± 0.08 <0.001 0.390 ± 0.056 vs 0.646 ± 0.08 <0.001

C 0.526 ± 0.99 vs 0.565 ± 0.105 0.59 0.48 ± 0.08 vs 0.462 ± 0.504 0.77

NP vs Cms HA 0.680 ± 0.11 vs 0.585 ± 0.076 0.02 0.524 ± 0.09 vs 0.504 ± 0.076 0.28

LC 0.626 ± 0.07 vs 0.554 ± 0.117 0.02 0.646 ± 0.08 vs 0.513 ± 0.04 0.96

C 0.565 ± 0.105 vs 0.596 ± 0.373 0.68 0.462 ± 0.06 vs 0.504 ± 0.063 0.92

NP vs Css HA 0.68 ± 0.11 vs 0.596 ± 0.373 0.04 0.524 ± 0.09 vs 0.504 ± 0.076 0.28

LC 0.626 ± 0.07 vs 0.596 ± 0.373 0.34 0.646 ± 0.08 vs 0.504 ± 0.04 0.82

C 0.565 ± 0.105 vs 0.596 ± 0.373 0.68 0.462 ± 0.06 vs 0.504 ± 0.063 0.98

Table 1.
Comparisons of average of limb loading and unloading of paretic (P) and nonparetic (NP) leg of individuals walking at different speeds with 
nondisabled control subjects walking at matched speeds (Cms) and self-selected speed (Css).

Note: p < 0.05 for significance.
C = community ambulators (>0.8 m/s), HA = household ambulators (<0.4 m/s), LC = limited community ambulators (0.4–0.8 m/s), SD = standard deviation.
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Magnitude of Limb Unloading
For household and limited community ambulators, 

the average magnitude of LU was significantly lower in 
the paretic leg than the nonparetic leg and similarly aged 
controls walking at self-selected and matched speeds. 
This lower average magnitude of force is indicative of 
greater unloading and was related to the severity of gait 
speed deficits. However, no significant difference was 
found in the LU profiles of the community ambulators 
when compared with nonparetic leg and control subjects 
walking (Table 1, Figure 1(a), Figure 2(a)).

Timing and Pattern of Limb Loading and Unloading
In addition to the difference in the magnitude of LL 

and LU, the timing of LL and LU of the paretic and non-
paretic legs and nondisabled controls was significantly 
different. The transition of the majority of weight from 
the paretic to the nonparetic leg (timing of paretic LU) 
occurred at 32.0 ± 8.2 percent of the duration of the dou-
ble-limb support phase, which was earlier than that from 
the nonparetic leg to the paretic leg (timing of nonparetic 
LU 51.6% ± 9.9%) or control legs (44.5% ± 4.6%).This 
can be related to the information gained by the duration 
of the second double-limb support phase of the paretic 
(28.0% ± 4.2% of the gait cycle or 0.427 s ± 0.07 s) or non-
paretic (25.8% ± 2.9% of the gait cycle or 0.38 ± 0.09 s) 
legs. This difference in timing of LL and LU was further 
investigated in each of the functional groups. One-way 
ANOVA analysis revealed that the average LL time of 
the nonparetic leg (transition of the weight from the 
paretic to nonparetic leg) in the household ambulators 
was significantly less than the limited community ambu-
lators and the community ambulators. In addition, the LU 
time of the paretic leg of household ambulators was 
greater than limited community ambulators and commu-
nity ambulators (Table 2).

In addition to the difference in timing of LL and LU, 
most subjects with hemiparesis were clustered into three 
groups based on the curvature of the LL and LU profiles 
of the paretic leg. Concave curvature of the LL profile 
was presented by 12 subjects: 10 household ambulators, 
1 limited community ambulator, and 1 community ambu-
lator. On the other hand, 20 subjects presented with con-
vex curvature of the LL profile: 11 limited community 
ambulators, 4 household ambulators, and 5 community 
ambulators. Only 4 subjects presented with LL linear 
profile, 3 of whom were limited community ambulators 
and 1 of whom was a community ambulator. 

Status
LL of NP 
(P to NP)

LU of NP 
(NP to P)

HA 22.5 ± 8.9 57.6 ± 9.1

LC 30.4 ± 4.8 50.1 ± 8.6

C 39.8 ± 7.7 47.1 ± 6.9

The side of 

paresis did not appear to be a factor in categorization of 
LL profiles. Eight subjects, which included six limited-
community ambulators and two community ambulators, 
could not be categorized because the GRF LL pattern 
was neither linear nor a second-order polynomial pattern 
(Table 3).

For LU, 31 subjects presented with concave curva-
ture of the LU profile: 16 limited community ambulators, 
11 household ambulators, and 4 community ambulators. 
In contrast, 7 subjects of all functional groups revealed 
convex curvature of the LU profile: 3 household ambula-
tors, 2 limited community ambulators, and 2 community 
ambulators. Linear LU included only 2 community ambu-
lators (Table 3). Four subjects could not be categorized 
because the GRF LU pattern was neither linear nor a
second-order polynomial pattern (note that these subjects 
differed from the subjects mentioned in the pattern of LL 
analysis above). In summary, 8 out of 14 household 
ambulators had concave loading and 11 of 14 had concave
unloading patterns. On the other hand, 11 out of 21 lim-
ited community ambulators had a convex loading pattern 
and 16 of 21 had a concave unloading pattern. The com-
munity ambulators did not show any consistent patterns.

Relationship Between Mediolateral Ground Reaction 
Forces and Limb Loading and Unloading

Mediolateral forces were not significantly correlated 
with the vertical GRF during both double-limb support 
phases of the paretic leg for first (p = 0.91) and second (p =
0.34) double-limb support phases.

Relationship Between Knee Angle and Limb Loading 
and Unloading

There was no statistically significant correlation 
between average LL and LU and knee angle on the 

Table 2.
Average percentage of double-limb support phase required for transition
of weight from paretic (P) to nonparetic (NP) (P to NP) and nonparetic 
to paretic (NP to P). Data presented as mean ± standard deviation.

C = community ambulators (>0.8m/s), HA = household ambulators (<0.4m/s), 
LC = limited community ambulators (0.4–0.8m/s), LL = limb loading, LU = 
limb unloading.
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Status
Speed 
(m/s)

Paretic 
Side

Time 
Since Stroke 

(mo)

LL 
Pattern

LU 
Pattern

HA 0.35 Right 95 Concave Concave
0.18 Right 62 Concave Concave
0.26 Right 11 Concave Convex
0.36 Right 31 Concave Convex
0.15 Right 115 Concave Concave
0.24 Right 29 Concave Concave
0.35 Right 127 Convex Concave
0.34 Left 94 Convex Concave
0.39 Left 26 Convex Concave
0.19 Left 26 Convex Concave
0.21 Left 54 Concave Concave
0.21 Left 9 Concave Concave
0.35 Left 55 Concave Concave
0.22 Left 114 Concave Convex

LC 0.70 Left 65 Convex Concave
0.45 Left 12 Convex Concave
0.63 Left 37 Convex Concave
0.73 Left 62 Convex Concave
0.75 Left 9 Convex Concave
0.42 Left 10 Concave Convex
0.51 Left 76 Linear Concave
0.42 Right 58 Convex Concave
0.63 Right 90 Convex Concave
0.65 Right 67 Convex Convex
0.62 Right 86 Convex Concave
0.43 Right 411 Linear Concave
0.40 Right 100 * Concave
0.48 Right 43 * Concave
0.44 Left 7 * Concave
0.40 Left 25 * Concave
0.80 Left 64 * Concave
0.42 Left 16 * Concave
0.46 Left 36 Convex *
0.57 Left 11 Convex *
0.49 Left 95 Linear *

C 1.05 Left 44 Convex Concave
0.87 Left 15 Convex Concave
0.90 Left 208 Concave Linear
0.86 Left 116 Linear Linear
0.84 Right 26 Convex Concave
1.00 Right 153 Convex Convex
0.99 Right 27 Convex *
0.80 Right 8 * Convex
0.99 Left 41 * Concave

paretic leg (Figure 4(a)). However, there was a trend 
toward significance for LU, suggesting that individuals 
with greater unloading (lower average vertical GRF val-
ues) may have greater knee flexion (r = –0.150, p = 0.16 
for LL and knee angle; and r = –0.213, p = 0.05 for LU 
and knee angle) (Figure 4(b)). Nonparetic leg LL was 
significantly related to knee angle (r = –0.459, p = 0.001) 
(Figure 4(c)), highlighting that the individuals with 
greater LL have less knee flexion, but the LU showed no 
significant correlation (r = 0.196, p = 0.26) (Figure 4(d)).

Relationship Between Mediolateral Leg Angle and 
Limb Loading and Unloading

Subjects with reduced paretic leg LL placed the 
paretic leg further lateral relative to the center of mass of 
the pelvis. LL was negatively associated with the leg 
angle of the paretic side in the mediolateral direction dur-
ing the first double-support phase of the gait cycle (r =
–0.451, p = 0.002) (Figure 5). The paretic leg mediolat-
eral angle (9.4° ± 2.6°) was always significantly (p < 
0.05) greater than that of the nonparetic leg (7.3° ± 2.0°) 
and nondisabled controls walking at matched speeds 
(Figure 1(c), Figure 2(c)), further supporting that the 
paretic leg was placed more lateral from the center of 
mass of the body than the nonparetic leg and controls.

DISCUSSION

The paretic leg was loaded less (reduced magnitude) 
and more slowly (prolonged duration) and was unloaded 
more quickly than the nonparetic leg and nondisabled 
controls. These loading and unloading deviations were 
significantly correlated with lateral placement of the 
paretic foot relative to the pelvis and also functional 
walking status. Existing evidence in the literature has 
indicated asymmetry in the loading abilities of individu-
als with hemiparesis during static and quasi-static tasks 
[1,9,16]. In contrast to the paretic leg, and given the 
mechanical coupling between legs, the nonparetic leg was
loaded more (increased magnitude) and more quickly 
(shortened duration) and was unloaded more slowly than 
the paretic leg and nondisabled controls. Also, these loading
and unloading deviations were significantly correlated 
with nonparetic knee angle such that the increased loading 
was associated with increased knee extension. Further-
more, the reduced LL of the paretic leg and the increased 
compensatory LL of the nonparetic leg varied with the 

Table 3.
Loading and unloading details of hemiparetic subjects arranged based 
on their self-selected speed (household ambulators [HA] <0.0.4 m/s; 
limited community ambulators [LC] 0.4–0.8 m/s, and community 
ambulators [C] >0.8 m/s).

*Represents unquantifiable patterns.
LL = limb loading, LU = limb unloading.
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severity of stroke (as defined by the self-selected walking 
speed). This is supported by significantly greater loading 

Figure 4.
Correlations between loading and unloading and average knee angle. (a) Paretic loading and knee angle, (b) paretic unloading and 

knee angle, (c) nonparetic loading and knee angle, (d) nonparetic unloading and knee angle. x-axis represents average magnitude 

of vertical ground reaction force (VGRF) (Newtons/kilogram); y-axis represents average knee angle (degrees).

of the nonparetic leg (i.e., greater paretic unloading) dur-
ing initial double-limb support in the household ambula-
tors than the limited community and community 
ambulators. This supports the first part of our hypothesis 
that the LL and LU in the paretic leg will differ from the 

nonparetic leg and nondisabled control subjects in indi-
viduals with different functional walking status.

The compensation offered by the nonparetic leg can 
be explained by the phenomenon of “impairment and 
compensation” [17]. This phenomenon suggests that the 
greater the impairment of the paretic leg, the greater the 
compensation offered by the nonparetic leg to maintain 
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Figure 5.
Correlations between loading and average paretic mediolateral 

(M-L) leg angle. x-axis represents average magnitude of verti-

cal ground reaction force (VGRF) (Newtons/kilogram); y-axis 

represents average M-L leg angle (degrees).

stability during the ongoing task of walking. The asym-
metry between the paretic and nonparetic leg in both LL 
and LU could be attributed to the weakness and 
decreased control of the paretic leg [1,18]. Physiologi-
cally, reduced loading of the paretic leg might be associ-
ated with reduced muscle activation during walking, 
which might result in increased impairments such as poor 
body support or propulsion. The LU is increased on the 
paretic side, meaning that the individuals with hemipare-
sis unload their paretic leg rapidly.

In addition to the asymmetry in the magnitude of LL 
and LU, it was important to study the timing of LL and 
LU because walking is a cyclic task produced as a result 
of synchronized phasic stimuli (hip extension and LL and 
LU). Individuals with hemiparesis walking at their self-
selected speeds accept body weight much more slowly 
during the initial double-limb support of the paretic leg 
(than the nonparetic leg), whereas during terminal dou-
ble-limb support, the weight is rapidly transferred to the 
nonparetic leg. This suggests a reluctance to load the 
paretic leg, resulting in reduced single-leg stance phase 
on the paretic leg and longer double-limb support phase.

Although the timing of LL and LU provides details 
about LL and LU asymmetry, it does not capture the vari-
ability of biomechanical adjustments made by individu-
als with hemiparesis as does the convex, concave, or 

linear shape of the LL and LU curves. Individuals with 
concave LL patterns were primarily household ambula-
tors (i.e., walking at <0.4 m/s), and a majority of the indi-
viduals with convex LL patterns were limited community 
ambulators (i.e., 0.4–0.8 m/s). The linear pattern com-
prised both limited community and community ambulat-
ing subjects (Figure 6). 

Figure 6.
Individuals with different (a) loading and (b) unloading patterns 

against their self-selected walking speed. Self-selected walking 

speed is used in this study to categorize individuals into three 

groups (<0.4 m/s = household ambulators, 0.4–0.8 m/s = limited 

community ambulators, and >0.8 m/s = community ambulators). 

Each point on scatter plot represents hemiparetic individual. x-

axis represents different loading and unloading patterns. Note: 

number of points looks less than total number of subjects 

because subjects with similar speeds are all represented with 

single point.

For the 10 subjects who 
displayed both concave LL and LU, the loading of both 
paretic and nonparetic legs was slow, suggesting that they 
spent a large proportion of the gait cycle in the double-
limb support phase and displayed slow loading of both 
the paretic and nonparetic leg. While we limited our load-
ing and unloading phase analysis to the double-support 
regions, Figure 1(d) and Figure 2(a) show that loading 
and unloading was also occurring in the single-limb support 
phase and changing systematically across the different 
types of ambulators (note the progressively wider peaks 
in vertical GRF as functional walking status improves). 
Similar to the shape of the LL and LU curves, the shape 
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of the peak in the vertical GRF may also be related to 
ambulatory status and additional biomechanical variables.

As previously mentioned, individuals with hemipare-
sis make several biomechanical adjustments to minimize 
loading of the paretic leg (i.e., by reducing LL and 
increasing LU, time to load, and knee flexion angle). 
Knee angle is an important component of body support 
during weight acceptance in order to prevent collapse and 
has been the most often reported kinematic variable in 
relation to walking ability poststroke [19–20]. The sec-
ond part of our hypothesis was only partially supported, 
because knee angle was not significantly related to LL 
and LU of the paretic leg, but the trend toward signifi-
cance suggested possible importance of knee angle in 
understanding LU. However, a significant negative rela-
tionship was reported on the nonparetic side. This high-
lights that individuals with greater loading have lesser 
knee flexion, suggesting that the nonparetic leg is main-
tained in extension to support body weight during the 
loading phase. Furthermore, we found that the knee was 
more flexed in the nonparetic leg than the paretic leg and 
nondisabled controls during both LL and LU. In addition, 
the difference in terminal double-limb support could be 
explained by reduced ability to plantar flex the ankle to 
create push-off power during the second double-limb 
support phase, and also the increased knee flexion could be
credited to increased power generation requirements of 
the nonparetic leg (at hip, knee, and ankle) to compensate 
for the decreased power output from the paretic leg [21].

Additionally, LL and LU in subjects with hemipare-
sis is influenced by mediolateral leg angle. The results of 
our study support the observation that the hemiparetic 
individuals place their nonparetic leg close to their body 
while placing their paretic leg farther away [22], indicat-
ing that the mediolateral leg angle is greater on the 
paretic leg and significantly less on the nonparetic leg, 
thus validating the third component of our hypothesis. 
The lateral placement of the paretic leg may be a strategy 
to increase the base of support while walking or to mini-
mize loading of the paretic leg. Minimizing loading of 
the paretic leg may be attributed to weakness of the 
paretic leg, or impairment following stroke, or fear of 
falling. Finally, we believe that the absence of a signifi-
cant correlation between the mediolateral GRF and LL 
and LU may be due to high variability in the mediolateral 
forces from the compensatory gait pattern employed by 
individuals walking after stroke. Thus, this information 
might assist in design of better rehabilitation techniques. 

For example, greater emphasis could be placed on the 
weight-shifting abilities of the household ambulators to 
promote faster and more physiologic walking speeds.

NONNEUROLOGICAL IMPLICATIONS OF 
INCREASED LOADING OF NONPARETIC LEG

Several researchers have recognized that stroke sur-
vivors experience excess bone loss in the paretic and 
lower limbs because of reduced physical activity [23–
24]. Bone loss in the lower limb is a particularly serious 
concern, as stroke survivors have a hip fracture risk two 
to four times higher than that of age- and sex-matched 
nondisabled individuals [25–26]. Furthermore, Worthen 
et al. [27] demonstrated the strongest correlations 
between bone density indexes based on the mean vertical 
GRF experienced during walking. They further suggested 
that these results have implications for the use of gait 
training as an osteoporosis countermeasure. In particular, 
the role of increased vertical GRFs in bone mineral density
maintenance is promising as a therapeutic intervention.

In addition to individuals with hemiparesis, there is 
evidence in individuals postamputation that suggests 
osteoarthritis of the joints in the intact leg (e.g., knee [28] 
and hip [29] joints) due to changes in the direction of the 
GRFs and greater leg loading [30]. In addition, subjects 
with poliomyelitis typically have asymmetrical disease, 
with greater forces transmitted across the unaffected leg 
resulting in greater symptoms on the unaffected leg than 
the affected leg [31]. Thus, greater loading of the nonpa-
retic leg might result in musculoskeletal changes over 
time that might further interfere with the walking ability 
of those with hemiparesis. Therefore, a better under-
standing of LL and LU deviations during gait may allow 
for more objectively directed therapy to address the 
abnormalities of both the paretic and nonparetic limbs to 
promote better functional gait and minimize long-term 
musculoskeletal changes.

CONCLUSIONS

The results of this study indicate that the magnitude 
of paretic LL was reduced, while duration was increased 
compared with the nonparetic leg and nondisabled controls
walking at matched speeds. In addition, three different 
patterns of LL and LU were also identified (concave, 
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convex, and linear). The paretic LL and LU were signifi-
cantly correlated with average leg angle, while the non-
paretic leg significantly correlated with average knee 
angle, indicating that individuals with hemiparesis post-
stroke make several biomechanical adjustments to main-
tain a steady walking state. LL deviations were more 
pronounced with increased lateral placement of the 
paretic foot and with decreased functional gait speed. 
Characterization of these deviations may inspire new 
strategies for rehabilitation.
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