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Introduction

It is well known that a unilateral supratentorial stroke may 
affect the control of standing balance in several ways. Many 
posturographic studies have reported impaired body sway 
control as exemplified by increased center-of-pressure (COP) 
movements in the anteroposterior (AP) and mediolateral 
(ML) directions.1-3 In addition, some degree of weight-bear-
ing asymmetry (WBA) in favor of the less-affected leg is 
observed in many patients with stroke.4-7 Although both 
abnormalities may improve during the subacute phase after 
stroke, patients with a moderate to severe paresis often show 
persistently impaired body sway control as well as persistent 
WBA (on average about 10% more weight being borne on the 
less-affected leg) in the chronic phase (ie, >6 months post-
stroke).8 More recent studies in patients with unilateral supra-
tentorial stroke that used dual-plate posturography have 
further revealed that, in kinetic terms, the less-affected leg 

contributes much more to standing balance than the affected 
leg.9 In other words, after a unilateral supratentorial stroke, 
both legs do not contribute equally to the generation of COP 
movements or ankle torques. Remarkably, this so-called 
dynamic control asymmetry (DCA) shows little tendency to 
diminish during rehabilitation.8-10 Together, these results sug-
gest that although postural sway control and affected-leg 
weight bearing improve over the course of rehabilitation,8 the 
contribution of the affected leg to standing balance control 
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Abstract
Background. The relationships between motor impairment of the affected leg, postural control asymmetry, and impaired 
body sway control after stroke are not well understood. Objective. To examine the relationship between motor impairment 
of the affected leg and reduced contribution of this leg to body sway control (ie, dynamic control asymmetry [DCA]) 
and to determine the relationships between impaired body sway control, DCA, and weight-bearing asymmetry (WBA). 
Methods. We assessed quiet-standing balance with eyes open in 70 persons with a unilateral supratentorial chronic stroke 
using 2 force plates. Center-of-pressure (COP) velocity was calculated for both feet together in the anteroposterior (AP) 
and mediolateral (ML) directions as a measure of body sway control. Bilateral AP COP velocities were used to calculate 
an index for DCA and weight borne on each side to calculate WBA. Fugl-Meyer assessment of the lower extremity (FMA-
LE; range: 0-28) served as a measure of affected-leg motor impairment. Results. All participants with FMA-LE <24 showed 
pronounced DCA, but this was also true for 21% of those with FMA ⩾24. Higher DCA values were related to more WBA 
(r

s
 = 0.496; P < .001), and less ML sway control (r

s
 = 0.268; P = .025). AP sway control was not significantly related to 

either DCA or WBA. Conclusions. Even clinically well-recovered stroke survivors with (near) maximal FMA-LE scores may 
show clear postural asymmetry in terms of the relative contribution of the affected leg to body sway control. WBA seems 
to be an effective compensatory mechanism to optimize the contribution of the less-affected leg to balance, particularly in 
the AP direction.
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often remains poor in the chronic phase poststroke.9 
Asymmetry in the contribution of each leg to standing balance 
is also reflected in a reduced between-limb temporal synchro-
nization (ie, cross-correlation) of COP movements. Recently, 
Mansfield et al11 investigated quiet standing balance in the 
subacute phase of stroke and found that between-limb syn-
chronization was indeed reduced. This synchronization was 
moderately associated with motor scores (Chedoke-McMaster 
Stroke Assessment) of the affected leg and foot (r

s
 = 0.4),12 

but the relationship between leg motor impairment and DCA 
is still unknown. In addition, whether persisting DCA may be 
present in the chronic phase after stroke even in well-recov-
ered individuals has yet to be established.

Persistent DCA after unilateral supratentorial stroke 
together with improvements in postural sway control sug-
gest that the less-affected leg compensates for the loss of 
selective motor control on the affected side to maintain 
standing balance. This compensation may be so effective 
that body sway control does not necessarily differ between 
patients with mild paresis and those with relatively severe 
paresis. Typically, patients with more severe paresis tend to 
show a greater degree of DCA and WBA than those with 
limited motor impairments, without significant group dif-
ferences in overall COP movements.10 Yet patients who 
show a fairly symmetric weight distribution may still 
exhibit DCA in favor of the less-affected leg.9

To gain better insight into the effects of unilateral 
supratentorial stroke on the various characteristics of 
standing balance control, we conducted a cross-sectional 
study in the chronic phase after unilateral supratentorial 
stroke and included community-dwelling independent 
walkers with a wide range of motor impairments of the 
affected leg. Our first aim was to examine the relationship 

of motor impairment of the affected leg, as assessed with 
the Fugl-Meyer assessment (FMA) with DCA (Figure 1). 
We hypothesized that the relationship between leg motor 
impairment and DCA would be nonlinear—that is, even 
patients with clinically no impairment or only very limited 
leg motor impairment may show a substantial degree of 
DCA as a result of loss of fine lower-leg motor control 
needed to execute ankle strategies. Our second aim was to 
determine the mutual relationships between WBA, DCA, 
and body sway control during quiet standing (Figure 1). 
We hypothesized that the relationship between DCA and 
WBA would be positive and statistically significant, but 
that the relationship between DCA and body sway control 
would be statistically nonsignificant because of a modu-
lating effect of WBA.

Methods

Participants

A total of 70 persons in the chronic phase (>6 months) 
after a unilateral supratentorial stroke were included. 
Potential participants were recruited from the outpatient 
departments of Rehabilitation and Neurology at Radboud 
University Medical Center, from the outpatient clinics of 
affiliated rehabilitation centers, and through advertise-
ments in local newspapers. The medical record of each indi-
vidual was checked before participation in the case of any 
uncertainty about the stroke location. Participants had to be 
able to stand and walk independently on a regular surface 
without supervision (Functional Ambulation Categories 
[FAC] score ⩾4).13 All participants had normal or corrected 
to normal vision. We excluded potential participants if they 

Figure 1. Conceptual framework of the presumed mutual relationships between unilateral supratentorial stroke, motor impairment 
on the affected side, dynamic control asymmetry in favor of the less affected leg, weight-bearing asymmetry, and impaired body sway 
control.
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suffered from neurological (except stroke), musculoskele-
tal, or cognitive (Mini Mental State Examination < 24)14 
impairments as well as individuals who used psychotropic 
medication. Table 1 shows relevant participant characteris-
tics, including the FMA lower-extremity score without the 
coordination domain (FMA-LE; range: 0-28) as a measure 
of leg motor impairment15; the Motricity Index lower-
extremity score (MI-LE; range: 0-100) as a measure of leg 
strength16; Quantitative Vibration Threshold (QVT) of the 
affected lateral malleolus and hallux as a reliable and sensi-
tive measure of deep sensibility17,18; and the 10-m walking 
test at comfortable walking speed, the Timed Up and Go 
test,19 and the Berg Balance Scale20,21 as functional mea-
sures. Written informed consent was obtained from all par-
ticipants. The protocol was approved by the Medical Ethical 
Board of the region Arnhem-Nijmegen (NL33977.091.10), 
and all procedures were conducted in accordance with the 
Declaration of Helsinki.

Experimental Setup and Assessment Protocol

During the balance assessment, participants stood barefoot 
on 2 force plates (AMTI, Watertown, NY) with their arms 
alongside their trunk. Each foot was positioned on one force 
plate against a fixed foot frame, so that the medial sides of 
the heels were 8.4 cm apart and the toes were oriented out-
ward at a 9° angle from the sagittal midline.22 Participants 

were instructed to stand as still as possible on a firm surface 
with their eyes open for 30 s. Participants were instructed to 
look straight ahead at a fixation cross mounted on the oppo-
site wall at a distance of 8.1 m. Two trials were recorded for 
each participant.

Data Collection and Analysis

Force-plate data were recorded at 1000 Hz and were low-
pass filtered with a dual-pass, second-order Butterworth 
filter with a cutoff frequency of 6 Hz. For each trial, the first 
5 seconds were removed to prevent the influence of starting 
effects. In addition, the last 5 seconds were discarded to 
reduce any influence of loss of focus on the task (standing 
still) at the end of each trial. This resulted in 20 s of data 
available for analysis. Previous research has shown that 20 
to 30 s quiet standing registrations yield optimal test-retest 
reliability.23 As a measure of body sway control in the AP 
and ML directions, we calculated the root mean square 
(RMS) of the overall COP velocity (ie, taking 2 feet together 
without correction for toeing-out angle). To assess the sym-
metry in the use of ankle strategies, COP movements in the 
AP direction were also calculated for each leg separately, 
corrected for toeing-out angle because of the different ori-
entation of each foot in the coordinate system (left foot 9° 
rotated to the left; right foot 9° rotated to the right with 
respect to the sagittal midline). To express the degree of 
DCA in the AP direction, we calculated a symmetry index 
(SI) according to the following formula24:

SI

RMS AP COP velocity 

RMS AP COP velocit
=

×

−

2 ( less affected

yy 

RMS AP COP velocity 

RMS AP COP 

affected

less affected

)

(

+ vvelocity affected )
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A SI of zero represented an equal contribution of both legs 
to the overall AP COP velocity. Positive and negative SI 
values indicated a larger contribution of the less-affected 
and the affected leg to the overall AP COP velocity, respec-
tively. If the SI fell outside the normal range observed in 
healthy control individuals (ie, −66% to 66%),22,25 DCA 
was considered to be significant. WBA was defined as the 
difference between 50% and the percentage of total body 
weight borne on the affected leg. A value of 0% indicated an 
equal weight distribution between both legs. Positive WBA 
values indicated a larger amount of weight on the less-
affected leg, whereas negative WBA values corresponded 
to more weight on the affected leg.

Statistical Analysis

To determine whether the FMA-LE score was predictive for 
DCA, we calculated the positive and negative predictive 

Table 1. Clinical Characteristics of Participants (n = 70).

Mean (SD) or Percentage

Age (years) 63.6 (8.2)
Sex (male/female, percentage male) 77.1%
Months since stroke 56.2 (46.7)
Stroke type (ischemic/

hemorrhagic, percentage 
ischemic)

85.3%

Affected hemisphere (left/right, 
percentage left)

42.9%

MMSE 28.5 (1.5)
FMA-LE 25.0 (4.2)
MI-LE 79.9 (15.1)
QVT-lateral malleolus 4.7 (2.1)
QVT-hallux 4.2 (2.4)
FAC (4/5, percentage FAC 5) 95.7%
Comfortable walking speed (m/s) 1.0 (0.3)
Timed Up and Go test (s) 12.2 (7.8)
Berg Balance Scalea 51.8 (5.6)

Abbreviations: FAC, Functional Ambulation Categories; FMA-LE, Fugl-
Meyer Assessment—lower extremity, affected side (range: 0-28); MI-LE, 
Motricity Index—lower extremity, affected side (range: 0-100); MMSE, 
Mini Mental State Examination (range: 0-30); QVT-hallux, Quantitative 
Vibration Threshold—hallux, affected side (range: 0-8); QVT-lateral 
malleolus, QVT-lateral malleolus, affected side (range: 0-8).
aBerg Balance Scale, range: 0-56.
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values (PPVs and NPVs) and their corresponding 95% 
CIs for several cutoff points of the FMA-LE score (ie, 22 
to 27). The PPV was defined as the percentage of partici-
pants with a FMA-LE score below or equal to the cutoff 
point who had significant DCA (ie, an abnormally high  
SI >66%). The NPV was defined as the percentage of 
participants with a FMA-LE score above the cutoff point 
who had no DCA (ie, a normal SI between −66% and 66%). 
To also examine other contributors to DCA, we conducted 
a forward stepwise logistic regression analysis with DCA 
(normal vs abnormal) as the dependent variable and 
FMA-LE score, MI-LE score, QVT of the affected lateral 
malleolus, QVT of the affected hallux, affected body side, 
and age as independent variables. To examine the relation-
ship between DCA, WBA, and body sway control, we per-
formed linear regression analyses and calculated Spearman 
correlation coefficients between each pair of postural char-
acteristics. All statistical analyses were performed in SPSS 
(version 22.0). P values <.05 were considered statistically 
significant.

Results

Participants showed, on average, a relatively high level of 
balance and gait capacities based on FAC, gait speed, Timed 
Up and Go test, and Berg Balance Scale (Table 1). The 
DCA in favor of the less-affected leg fell outside the normal 
range in favor of the less-affected leg (SI > 66%) in 28 
participants (40%). There was on average 4.4% WBA in 
favor of the less-affected leg, but a large between-subjects 
variance existed (Table 2).

To provide insight into the relationship between motor 
impairment of the affected leg and DCA, Table 3 shows the 
PPVs and NPVs for several FMA-LE values with regard to 
DCA. The sum of the PPV and NPV was highest for 
FMA-LE score 23. All participants who scored <24 points 
on the FMA-LE had abnormally high SI values (PPV value 
100%; Figure 2, Q1). Of the 53 participants who scored 

⩾24 points on the FMA-LE, 42 had normal SI values (NPV 
value 79%; Figure 2, Q4). However, 11 participants (21%) 
with such a high FMA-LE score still showed abnormally 
high SI values, indicating DCA (Figure 2, Q2).

Furthermore, the results of the forward stepwise logistic 
regression analysis showed that besides the FMA-LE score 
(Nagelkerke R2 = 62.6%; P < .001), only QVT of the 
affected hallux significantly contributed to the overall 
explained DCA variance (Nagelkerke R2 = 69.0%; 
FMA-LE P < .001; QVT-hallux P = .024).

Figure 3 provides insight into the mutual relationships 
between DCA, WBA, and body sway control. A significant 
and moderately strong correlation between DCA and WBA 
was found (r

s
 = 0.496; P < .001); however, body sway 

control in the AP direction did not show a significant cor-
relation with either DCA (r

s
 = 0.133; P = .273) or WBA  

(r
s
 = −0.013; P = .917). Body sway control in the ML 

direction, on the other hand, showed a significant yet rather 
weak correlation with DCA (r

s
 = 0.268; P = .025), but not 

with WBA (r
s
 = 0.052; P = .670).

Discussion

In this study, we evaluated the effects of a unilateral supra-
tentorial stroke on various characteristics of standing bal-
ance control. Confirming our first hypothesis, the results 
demonstrated that even individuals in the chronic phase 
after stroke with clinically no impairment or only very lim-
ited leg motor impairment can show substantial asymmetry 
in the relative contribution of each leg to body sway control 
(DCA). This finding suggests that the relationship between 
leg motor impairment and this dynamic aspect of postural 
asymmetry may indeed be nonlinear. Furthermore, as 
hypothesized, we found a significant relationship between 
DCA and static control asymmetry in terms of weight bear-
ing (WBA), indicating that persons with DCA bear more 
weight on their less-affected leg. Coherent with previous 
findings of others,10,12 we found that DCA was weakly asso-
ciated with body sway control in the ML direction, but not 
with body sway control in the AP direction.

Table 2. Posturographic Characteristics of Participants (n = 70).

Mean (SD; range)

Body sway control (AP; RMS 
AP COP velocity; mm/s)

13.7 (5.4; 5.6-28.2)

Body sway control (ML; RMS 
ML COP velocity; mm/s)

7.3 (3.7; 2.4-22.3)

Dynamic control asymmetry 
(AP; symmetry index [AP])

48.9 (52.9; −56.4 to 159.7)

Weight-bearing asymmetry 
(50% − Percentage of body 
weight on affected leg)

4.4 (7.8; −9.9 to 28.7)

Abbreviations: AP, anteroposterior direction; ML, mediolateral direction; 
RMS COP velocity, root mean square velocity of center-of-pressure 
movements.

Table 3. PPV and NPV of the FMA-LE With Respect to 
Dynamic Control Asymmetry.

FMA-LE PPV (%) [95% CI] NPV (%) [95% CI]

22 100 76; [66-86]
23 100 79; [69-89]
24 86; [78-94] 81; [72-90]
25 80; [71-89] 82; [73-91]
26 71; [60-82] 89; [82-96]
27 67; [56-78] 94; [88-100]

Abbreviations: FMA-LE, Fugl-Meyer Assessment—lower extremity; NPV, 
negative predictive value; PPV, positive predictive value.
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Previous studies have shown that people with stroke 
recover 33% to 88% of their initial leg motor impairments 
within 3 to 4 months after stroke.26,27 Despite these rela-
tively large improvements, a substantial degree of impair-
ment in the motor control of the affected leg may persist in 
the chronic phase after stroke. In line with this notion, 17 
of our participants (24%) who showed a substantial degree 
of affected-leg motor impairment (ie, FMA-LE < 24) all 
showed significant DCA. This finding is in accordance 
with previous studies reporting that greater leg motor 
impairment results in a lower relative contribution of the 
affected leg to body sway control compared with the less-
affected leg.10,28 Based on logistic regression analysis, it 
can be concluded that this relationship is independent of 
affected body side or age, but to some degree (6.4% addi-
tionally explained variance) influenced by loss of deep 
sensibility (ie, vibration sense). Whereas substantial motor 
impairment always resulted in poorer DCA, the opposite 
was not necessarily true. In all, 21% of participants with 
good leg motor recovery (ie, FMA-LE ≥ 24) demonstrated 

significant DCA. These results imply that the functional 
impact of a relatively mild paresis, based on clinical exam-
ination, on the control of standing balance may be underes-
timated, even though DCA was not significantly associated 
with impaired body sway control. This lack of association 
is most likely caused by the efficacy of compensatory con-
trol by the less-affected leg.

Indeed, the absence of a correlation between DCA and 
AP body sway control and the presence of an association 
between DCA and WBA corroborate the notion that the 
ankle strategies executed by the less-affected leg compen-
sate for the loss of ankle control by the affected leg, which 
compensation may be facilitated by a certain degree of 
WBA in favor of the less-affected leg. Notably, a strategy of 
more than 10% WBA was observed only in favor of the 
less-affected leg and nearly always in participants (except 1 
individual) with a FMA-LE score <27. As a result, DCA 
and WBA are to some extent associated, whereas their 
respective associations with AP body sway control are lost 
because of the efficacy of these compensatory mechanisms. 

Figure 2. Dynamic control asymmetry (expressed as a symmetry index) plotted against leg motor impairment (expressed as Fugl-
Meyer Assessment—lower extremity [FMA-LE] score). The gray area represents the normal range of symmetry indices obtained from 
healthy individuals.22,25 Q1 and Q2 represent participants with SI values >66% (ie, in favor of the less-affected leg) and FMA-LE scores 
<24 points (Q1) or ⩾24 points (Q2). None of our participants with a FMA-LE score <24 points had a SI value within the normal 
range for healthy individuals (gray area; Q3). Participants in Q4 had a SI value within the normal range and a FMA-LE score ⩾24 
points. The vertical line represents the distinction between a FMA-LE score <24 (ie, moderate to severe leg motor impairment) and a 
FMA-LE score ⩾24 points (ie, mild leg motor impairment).
Abbreviation: AP, anteroposterior direction.
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Figure 3. Upper panel: dynamic control asymmetry in the AP direction (expressed as a symmetry index) in relation to weight-
bearing asymmetry (expressed as 50% − Percentage of body weight borne on the affected leg). Asterisks represent individuals with 
FMA-LE score ⩾27, and circles represent individuals with FMA-LE score <27 (A). Midpanel: body sway control in AP (B) and ML (C) 
directions in relation to weight-bearing asymmetry. Lower panel: body sway control in AP (D) and ML (E) directions in relation to 
dynamic control asymmetry in the AP direction.
Abbreviations: AP, anteroposterior; COP, center of pressure; FMA-LE, Fugl-Meyer Assessment—lower extremity; ML, mediolateral.
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This notion is in accordance with previous studies in sub-
acute stroke patients.10-12 It is also coherent with results 
obtained in healthy individuals who showed increased con-
tribution of the more loaded leg when being forced toward 
an asymmetric weight distribution.22 The underlying mech-
anism is probably that increasing the load on one leg also 
increases the efficacy of the corrective COP movements on 
this body side because it enhances the corresponding ankle 
torques. This compensatory mechanism is most likely less 
effective in the ML sway direction.

In contrast with the AP direction, we did find a weak 
association (24% covariance) between DCA and ML body 
sway control, which is in agreement with previous work by 
Mansfield et al.11,12 They reported that reduced between-
limb temporal synchronization in COP movements in sub-
acute stroke patients was related to impaired ML body 
sway control (r

s
 = 0.3), WBA (r

s
 = 0.2), and clinical bal-

ance scores (Berg Balance Scale; r
s
 = 0.3), whereas no 

associations could be demonstrated with AP sway con-
trol.12 This pattern of results supports the idea that DCA 
may be less effective for compensating impaired ML body 
sway control compared with AP body sway control. In fact, 
there are several explanations for this notion. First, ML 
body sway control during quiet standing is mostly con-
trolled by a so-called weight-shifting strategy that does not 
require the generation of corrective ankle torques but 
merely the generation of hip torques (abduction/adduction) 
in the frontal plane. Second, ML body sway control after 
stroke is relatively severely affected compared with AP 
body sway control,8 which besides sensorimotor impair-
ments may be a result of disturbances in the perception of 
the postural and visual vertical.29 Hence, DCA and ML 
body sway control probably both reflect the severity of 
stroke and more so than AP sway control.

Strengths and Limitations

In our study, we determined DCA based on COP move-
ments solely in the AP direction for 2 reasons. First, motor 
impairment of the affected leg (FMA-LE) was based on 
testing the selective use of affected ankle plantarflexors and 
dorsiflexors that are working in the sagittal plane. Second, 
as mentioned above, ankle mechanisms in the ML direction 
hardly contribute to body sway control during quiet 2-legged 
standing. A slightly different approach for estimating the 
kinetic contribution of the affected leg to body sway control 
is the calculation of ankle torques (instead of COP move-
ments) that integrate the amount of weight bearing.9 By 
focusing on COP movements, however, we were able to 
study the modulating effect of WBA on the relation between 
DCA and body sway control, which cannot be identified 
from an integrated ankle torque measure.

As in most posturographic studies, participants stood at 
a standardized stance width, which could have influenced 

the results. However, stance width predominantly influ-
ences ML sway control, whereas it has only limited influ-
ence on COP movements in the AP direction30 and, thus, on 
our main outcome measures (ie, DCA and AP sway con-
trol). Moreover, we focused on the relationships between 
several posturographic characteristics rather than on their 
absolute values. Therefore, we believe that a possible influ-
ence of the selected standardized stance width on our results 
remains very limited.

Although we included participants with a wide range of 
leg motor impairments after stroke, a fairly skewed distri-
bution toward well-recovered individuals was present (76% 
had a FMA-LE score ⩾ 24). Because all severely affected 
participants (FMA-LE score < 24) showed DCA, more par-
ticipants with severe stroke would probably not have 
changed our results.

In this study, we compared the DCA values of our par-
ticipants with those of healthy individuals obtained from a 
previous study of our group.22 Preferably, we had included 
an age-matched healthy control group in the current study, 
but the similar experimental conditions did not justify the 
extra effort and burden on participants.

Ideally, we had attempted a longitudinal study starting in 
the subacute phase after stroke to be better able to study 
causal relationships based on time-dependent analysis. 
However, many subacute patients with a hemiparesis are 
not able to stand safely and independently without aids or 
support until several weeks after stroke, as we observed in a 
previous study.8 Nevertheless, such a study would be war-
ranted based on the results of the current study to further 
substantiate the presumed causalities.

In conclusion, even clinically well-recovered stroke sur-
vivors with (near) maximal FMA-LE scores may still show 
subtle impairments in distal leg motor control leading to 
DCA (in terms of an asymmetric kinetic contribution of each 
leg to standing balance). This dynamic postural control 
asymmetry does not seem to hamper AP body sway control 
during quiet 2-legged standing, presumably because of com-
pensation by the less-affected ankle that may be further 
facilitated by concomitantly adopting some degree of static 
postural control asymmetry (in terms of WBA). The clinical 
implication of this knowledge is that one may easily overes-
timate “well-recovered” stroke survivors with regard to their 
capacity to perform complex balance skills that require sin-
gle-leg balance control—for example, during regular walk-
ing, stair climbing, hopping, jumping, getting on and off a 
bike, and so on. Clinicians could assess whether a lower 
kinetic contribution of the affected leg to standing balance is 
present by using dual-plate posturography. Another, yet 
speculative, clinical implication may be that AP body sway 
control will be much more seriously affected once a patient 
suffers a second contralateral (or bilateral) stroke, even if the 
severity of the paraparesis would appear to be mild. In such 
cases, use of ankle strategies for controlling AP body sway 
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may be seriously affected, forcing patients to rely on alterna-
tive, but less efficient, hip strategies. This notion needs to be 
corroborated by future research.
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