
Right in Comparison to Left C
erebral Hemisphere Damage by
Stroke Induces Poorer Muscular Responses to Stance

Perturbation Regardless of Visual Information
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Objective: Fast and scaled muscular activation is required to recover body balance
following an external perturbation. An issue open to investigation is the extent to
which the cerebral hemisphere lesioned by stroke leads to asymmetric deficits in
postural reactive responses. In this experiment, we aimed to compare muscular
responses to unanticipated stance perturbations between individuals who suffered
unilateral stroke either to the right or to the left cerebral hemisphere. Methods:
Stance perturbations were produced by releasing a load attached to the participant's
trunk, inducing fast forward body oscillation. Electromyography was recorded
from the gastrocnemius medialis and biceps femoris muscles. Muscular activation
from age-matched healthy individuals was taken as reference. Results: Analysis
indicated that damage to the right hemisphere induced delayed activation onset,
and lower rate and magnitude of activation of the proximal and distal muscles of
the paretic leg. Those deficits were associated with stronger activation of the nonpa-
retic leg. Comparisons between left hemisphere damage and controls showed defi-
cits limited to activation of the biceps femoris of the paretic leg. Manipulation of
visual information led to no significant effects on muscular responses. Conclusions:
These results suggest that right cerebral hemisphere damage by stroke leads to
more severe deficits in the generation of reactive muscular responses to stance per-
turbation than damage to the left cerebral hemisphere regardless of visual
information.
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Introduction

Damage to different cortical and subcortical areas pro-
voked by cerebral stroke leads to deficits in quiet and
dynamic upright postural control1. For reactive postural
responses to unanticipated perturbations, in particular,
cases of unilateral stroke have been shown to impair con-
trol of both legs2, but with more critical deficits in the
paretic limb. That asymmetric effect of unilateral stroke
has been evidenced through delayed2�5 and weaker4,6

muscular activation of the paretic leg to stance perturba-
tion in comparison with healthy controls. Particularly det-
rimental to stance control seems to be damage to the right
cerebral hemisphere. Of particular interest for the present
investigation, the preeminence of the right cerebral hemi-
sphere for stance control has been observed also in pos-
tural reactive responses. This effect has been observed in
reduced velocity of center of pressure displacement across
the feet soles and lower muscular activation of the paretic
rebrovascular Diseases, Vol. 28, No. 4 (April), 2019: pp 954�962
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1Joints’ kinematics and center of pressure data are reported else-
where (Fernandes et al., 2018, Experiment 2).
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leg in the recovery of body balance following a sudden
perturbation in individuals with right in comparison with
left hemisphere damage by stroke.7 Hence, previous
results in stroke patients have converged to show
increased importance of the right cerebral hemisphere for
generation of postural responses.
An explanation for the preeminence of right hemisphere

for stance control is associated with processing of proprio-
ceptive information from the lower limbs. Goble8 found that
neural activation resulting from stimulation of ankle muscle
spindles was predominantly localized to right-sided areas of
the brain. Given that the neural activation was correlated
with balance stability, increased deficits of stance regulation
in individuals with right hemisphere damage might be asso-
ciated with proprioception processing. In this case, one
could expect that impaired capacity to processes propriocep-
tion from the lower limbs might be compensated for by
increased reliance on another relevant sensory source for
stance regulation like vision. On this point, research has sug-
gested greater visual dependence for the control of balance
stability in poststroke than healthy controls9�11. In the com-
parison between hemispheres, Manor et al12 showed that
damage to the right in comparison to the left cerebral hemi-
sphere led to reduced balance stability particularly in the
condition of visual occlusion. From these findings on quiet
balance control, it could be thought that visual information
is critical for balance recovery following a sudden perturba-
tion in stroke lesions to the right cerebral hemisphere. From
an alternative perspective, it has been proposed that the
right cerebral hemisphere is specialized for regulating pos-
tural stability. That hemispheric specialization has been pro-
posed to take place through exploration of stiffness- and
viscous-like properties of muscular responses,13 in addition
to proprioceptive reflex gains and thresholds.14�16 Compari-
sons between individuals who suffered stroke to the right
versus left cerebral hemisphere in the performance of ipsilat-
eral target-oriented manual movements have lent support
for this theorization by showing that right but not left cere-
bral hemisphere damage induces deficits in the final hand
positioning over a spatial target.17�21 When initial direc-
tional errors were augmented by means of visuomotor rota-
tions, right hemisphere damage was found to impair
particularly online corrections to movements toward the tar-
get.20,22 Although the conceptualization of right hemisphere
specialization for postural stability has been formulated
based on research of manual movements, it has important
implications for stance control. For situations of perturbed
stance, in particular, generation of postural responses to
recover a stable upright posture following a perturbation
could be thought to be regulated through similar mecha-
nisms. From this rationale, one would expect that damage
to the right cerebral hemisphere leads to poorer muscular
responses to unanticipated perturbations in comparison
with damage to the left hemisphere.
In the present experiment, we aimed to compare mus-

cular responses to unanticipated perturbations between
individuals who suffered unilateral stroke either to the
right or to the left cerebral hemisphere.1 In preliminary
research on this topic,7 it was shown poorer balance
recovery following perturbation in individuals with right
as compared to left cerebral hemisphere damage. In the
present investigation, we performed a detailed analysis of
activation of upper and lower posterior leg muscles,
including activation onset latency, gain rate, and magni-
tude of activation in different phases of the response both
in the paretic and nonparetic legs in individuals with uni-
lateral damage either to the right or left cerebral hemi-
sphere. The proposition of right cerebral hemisphere
preeminence for the control of postural stabilization led
us to predict poorer muscular responses in individuals
who suffered right cerebral hemisphere damage in com-
parison with groups of left hemisphere damage and
healthy controls. To evaluate the extent to which sensory
processes affect the generation of reactive postural
responses, we conducted the evaluation with manipula-
tion of visual information based on the following ratio-
nale: if right hemisphere damage leads to a deficit of
visual processing in the generation of reactive postural
responses, we expected to find differences between
groups in the condition of full vision only, due to the sup-
posed intact processing of visual information in left hemi-
sphere damage and controls, while under visual occlusion
all individuals would be in equivalent conditions for gen-
eration of muscular responses. For the proposition that
the right hemisphere plays a prominent role for process-
ing of proprioceptive signals from the ankles,8 conversely,
only the condition of visual occlusion would be expected
to lead to poor performance of individuals with right
hemisphere damage due to inability to compensate for
the deficit in the processing of somesthetic information by
weighting up vision in sensorimotor integration.
Methods

Participants

Selection of poststroke participants with damage to the
right (RHD, n = 11, age range 55-83 years), or left (LHD,
n = 11, age range 54-83 years) cerebral hemisphere, and
healthy controls (CO, n = 24, age range 46-76 years) was
made from the same hospital database. Inclusion criteria
for poststroke participants were the following: single uni-
lateral stroke, time range following stroke of 6 months to
3 years, mild to moderate functional disability (Rankin
scale, Wilson23), behavioral manifestation of hemiparesis,
absence of neurologic or orthopedic diseases other than
those induced exclusively by the stroke, absence of dam-
age to the cerebellum or brain stem, and scores 1-2 in the
modified Ashworth's spasticity scale.24 Exclusions were
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due to incapacity to perform the experimental task under
visual occlusion (left hemisphere stroke, n = 1), and detec-
tion of stroke symptoms, based on the stroke symptoms
questionnaire25 (control group, n = 1). Data from 5 partici-
pants of each group were discarded because activation of
the muscle biceps femoris was too low for identification
of its activation onset in 1 or both of the legs. Low activa-
tion of that muscle in the paretic leg in participants of
both stroke groups was due to almost exclusive responses
of the nonparetic leg, while almost exclusive responses of
the lower legs led also to exclusions (all groups). Full anal-
ysis was performed on 6 participants of RHD (3 men,
mean age = 68.17 years, SD = 6.49), 6 participants of LHD
(3 men, mean age = 59.67 years, SD = 11.59), and 18 con-
trols (7 men, mean age = 74.11 years, SD = 11.73). The
lesioned cortical areas (as indicated by magnetic reso-
nance imaging), in addition to Fugl-Meyer scale scores for
sensitivity and mobility, of the poststroke participants are
presented in Table 1. The modified minimental state
examination26 was used to detect possible cognitive prob-
lems, with acceptable minimum scores varying as a func-
tion of level of education: 13 points for the uneducated, 18
for the low and middle school education, and 26 for high
school education. All participants achieved the respective
required score. Participants provided informed consent,
and the local university ethics committee approved the
study protocol according to the Declaration of Helsinki.
Tasks and Apparatus

The task consisted of recovering stable upright stance
following unanticipated perturbations keeping the feet in
place. Stance perturbation was induced by using a custom-
built load release system, as described in the following.
Table 1. Neural areas damaged and Fugl-Meyer scale score

Right Left

Stroke site (n)

Parietal 1 1

Parietal and temporal 1 1

Parietal and frontal 1

Parietal, temporal, frontal and Basal ganglia 1

Occipital 1

Occipital, temporal and thalamus 1

Basal ganglia 1

Frontal 1

Frontal and temporal 1

Frontal and Basal ganglia 1

Fugl-Meyer (score)

Sensitivity 10 10

Mobility 22.5 25.5

Stroke sites. Cortical areas: frontal, temporal, parietal, and

occipital cortices, temporo-parietal junction. Subcortical: thala-

mus, basal ganglia, and insula. Maximum score for the Fugl-Meyer

scale (Fugl-Meyer, J€a€ask€o, Leyman, Olsson, & Steglind, 1975) is

12 for sensitivity and 34 for mobility.
Participants stood barefoot upright on a rigid surface, feet
oriented approximately in parallel hip-width apart, resist-
ing against a load pulling backward the participant's trunk.
To maintain stance while being pulled by the load, partici-
pants leant the body slightly forward to assume a stable
equilibrium position, keeping legs and trunk aligned, with
the feet in full contact with the support base. The arms
were maintained relaxed beside the body in parallel with
the trunk. They wore a 20-cm wide harness positioned at
the lumbar-sacral region with an electromagnetic system
fixed on its backside. A steel cable tied to a magnet was
linked to the harness by means of an electromagnet. The
cable crossed a pulley attached to a height-adjustable sup-
port, with a load hung at the end of the cable (Fig. 1, A). A
remote switch was used to release the load at a time unbe-
knownst to the participant. Load release induced a fast for-
ward participant's body sway, requiring fast postural
responses mainly through activation of the posterior
muscles of the legs (see Martinelli,27 for a detailed descrip-
tion). Activation of the muscles gastrocnemius medialis
(GM) and biceps femoris (BF) of both legs was measured
by means of wireless surface electrodes (Delsys Trigno
Wireless System, Boston, MA). It should be observed
regarding muscles selection that body balance recovery in
our task required a shift in activation between anterior
(preperturbation) and posterior (postperturbation) leg
muscles to prevent forward body displacement leading to
balance loss. Then, our task imposed a particular reactive
response based on activation of the posterior muscles of
the legs rather than coactivating anterior and posterior
muscles following load release.
Experimental Design and Procedures

Participants were tested under full vision and visual
occlusion, with sequence of visual conditions alternated
across participants within group. For the condition of full
vision, participants gazed at a 1-cm diameter black spot at
the top of a vertical shaft, positioned in front of them at
the eyes height 1.5 m away. For the condition of visual
occlusion, participants were blindfolded and oriented
their head as if gazing at the visual target. For familiariza-
tion, the perturbation task was performed preliminarily
with progressive loads. The first trial was performed with
the load of 1 kg, the second with 2 kg, and the third with
5% of the personal body mass (3�4.5 kg across partici-
pants). Following those familiarization trials (discarded
from analysis), they were evaluated by using the 5% load,
performing 3 trials in block under each visual condition.
Electrodes were attached to the GM and BF muscles of

both legs, following the SENIAM recommendations for
electromyography (EMG) measurements (http://www.
seniam.org/). In cases that the participant moved their feet
in response to stance perturbation that trial was discarded
and immediately repeated. Feet positions were outlined
with adhesive tapes on the ground to ensure correct

http://www.seniam.org/
http://www.seniam.org/
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repositioning in those cases. Intertrial intervals within
visual conditions were 30-s long, time during which partic-
ipants rested in unloaded upright stance. Between visual
conditions, participants rested sitting during an interval of
2 minutes. EMG data acquisition was sampled at the fre-
quency of 2000 Hz.
Analysis

EMG signals were band-pass filtered online between
20 and 400 Hz. They were rectified and Butterworth
low-pass filtered offline at 30 Hz. Analysis of muscular
activation was conducted in the period immediately fol-
lowing load release. We evaluated the following varia-
bles: (1) latency of muscular activation onset, having as
criterion the value of 2 standard deviations above the
values in the period of 200 milliseconds preceding per-
turbation; (2) gain rate of muscular activation, given by
the slope of the line connecting the values at muscular
activation onset and at the ensuing 100 milliseconds in
the integrated EMG signal; and magnitude of muscular
activation in the (3) primary 0�150 milliseconds and (4)
secondary 150�300 milliseconds epochs following mus-
cular activation onset, given by the normalized inte-
grated EMG signal. A representative signal from the
GM muscle showing the 2 epochs analyzed is presented
in Figure 1, B. Normalization was made by the individ-
ual maximum muscular activation across experimental
conditions
Half the participants of the CO group had their right leg

labeled as paretic and the left leg as nonparetic, while for
the other half of the participants in this group we used the
opposite labeling. Legs labeling across CO participants
was randomized. Statistical analysis was made by means
Figure 1. (A) Representation of the perturbed balance task, with the load pulling th
resentative signal of the activation of the gastrocnemius medialis muscle, with indi
milliseconds) epochs employed in the analysis.
of 3-way 3 (group: RHD, LHD, and CO) £ 2 (vision: full,
occlusion) £ 2 (leg: paretic £ nonparetic) ANOVAs with
repeated measures on the last 2 factors. Post hoc compari-
sons were performed through Newman-Keuls proce-
dures. We report significant differences (P < .05)
accompanied by the respective effect sizes given by the
partial eta squared (hp

2). We employed the classification
of hp

2 values as small (<.06), moderate (�.06-.14) and
large (>.14) (based on Cohen28).
Results

A few trials were repeated due to a compensatory step-
ping in response to the perturbation: RHD= 2, LHD = 3,
and CO = 2. Representative EMG signals from individual
trials are presented in Figure 2. In that figure, we show
the profile of activation of the GM muscle, for the nonpa-
retic (left panels) and paretic (right panels) legs, of partici-
pants who suffered right cerebral damage in comparison
with left hemisphere damage and controls. Analysis of
activation onset latency for the GM muscle indicated a
significant group £ leg interaction, F(2, 27) = 6.96, P less
than .01, hp

2 = .34. Post hoc comparisons revealed that the
interaction was due to longer activation delays of the
RHD's paretic leg in comparison with their nonparetic
leg, and with the corresponding legs of the LHD and CO
(Fig 3, A). Analysis of activation onset latency of the BF
muscle indicated a significant group £ leg interaction, F
(2, 27) = 3.39, P = .05, hp

2 = .20. Post hoc comparisons
revealed significantly longer activation delays for RHD's
paretic leg in comparison with CO, and for LHD's paretic
leg in comparison with their nonparetic leg and the
respective leg of CO (Fig 3, B).
e participants’ trunk backward in the period preceding load release. (B) Rep-
cation of the primary (PE: 0-150 milliseconds) and secondary (SE: 150-300



Figure 2. Representative single-trial electromyography signals in response to perturbation (time indicated by vertical dashed lines), showing the main characteris-
tics of muscular activation of the (A) nonparetic and (B) paretic legs of each group. RHD, right hemisphere damage; LHD, left hemisphere damage; CO, controls.
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Analysis of rate of muscular activation (slope) for the
GM muscle indicated a significant group £ leg interac-
tion, F(2, 27) = 3.48, P = .05, hp

2 = .20. Post hoc compari-
sons revealed lower values for RHD's paretic leg in
comparison with their nonparetic leg and with the corre-
sponding leg of CO (Fig 3, C). Analysis of rate of muscular
activation for the BF muscle (Fig 3, D) indicated a signifi-
cant main effect of leg, F(1, 27) = 4.65, P = .04, hp

2 = .15.
That effect was due to significant lower values for the
paretic (M = .44, SE = .06) than for the nonparetic leg
(M = .58, SE = .08).
Analysis of magnitude of activation in the primary

epoch of the GMmuscle activation indicated a significant
group £ leg interaction, F(2, 27) = 3.69, P = .04, hp

2 = .21.
Post hoc comparisons revealed weaker muscular activa-
tion of the RHD's paretic leg in comparison with their
nonparetic leg and with the corresponding leg of CO
(Fig 4, A). Analysis of that epoch for the BF muscle acti-
vation indicated a significant group £ leg interaction, F
(2, 27) = 3.29, P = .05, hp

2 = .20. Post hoc comparisons
revealed a similar effect for both poststroke groups, with
lower activation of the paretic in comparison with the
nonparetic leg (Fig 4, B).
For the secondary epoch of muscular activation, analy-

sis of the GM muscle indicated a significant group £ leg
interaction, F(2, 27) = 11.17, P less than .01, hp

2 = .45. Post
hoc comparisons revealed significantly stronger activation
of the RHD's nonparetic leg in comparison with their
paretic leg, and with the corresponding leg in LHD and
CO. Figure 4, C suggests weaker activation of the RHD's
paretic leg in the comparison with controls, but the differ-
ence fell short of significance (P = .07). Analysis of the
secondary epoch of the BF muscle activation failed to
show any significant effects (Fig 4, D).
Manipulation of visual information led to no significant

main effects or associated interactions on muscular responses,
with analysis indicating F values less than 2.60, P values
greater than .10, and hp

2 values less than .09, across variables.
Discussion

Results from previous research showing that right
as compared to left cerebral hemisphere damage by
stroke leads to impoverished control in quiet12,29�32 and
dynamic33�35 body balance might be interpreted as being
due to deficits in visual or proprioceptive processing.
Lack of effect of vision manipulation is contradictory to
those assumptions. The finding that visual occlusion did
not impair muscular responses, however, suggests that
vision plays a minor role in the evaluated task in compari-
son with quiet stance control cf.36 Sensory information
from somatosensory receptors located at the feet sol-
es,37�40 and at muscles spindles in the ankles40 and in the
upper legs or trunk41,42 could be thought to be the main
sensory sources used for triggering and scaling reactive
postural responses. Further on this point, it has been
shown that weighting of proprioceptive information can
be set independently for each leg based on lateralized reli-
ability of sensory information for stance control.43 From
these observations, it is possible that proprioceptive infor-
mation from the RHD's paretic leg is downregulated,
leading to generation of delayed and weaker muscular
responses of that leg in comparison with controls. This
line of reasoning, then, contributes to a putative



Figure 3. Average values (standard errors in vertical bars) for (A) latency of activation onset of the muscles gastrocnemius medialis (GM) and (B) biceps femoris
(BF), and slope (gain rate) of muscular activation for (C) GM and (D) BF. Comparisons are organized as a function of leg (nonparetic £ paretic) and vision
(vision £ occlusion). Significant interactions are marked as different from CO (*), different from CO and LHD (**), and different from the opposite leg (o).
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lateralized sensorimotor integration deficit rather than to
a disruption of processing of proprioceptive information
in both legs as one might predict from the proposition of
preeminence of the right cerebral hemisphere for the proc-
essing of ankles’ proprioception.8

Previous studies have reported that brain damage by
stroke leads to asymmetric impairment of muscular
responses to unanticipated stance perturbations, with
delayed3�5,44 and weaker4 muscular activation of the paretic
leg. Our results qualify that conclusion by showing that def-
icits of muscular activation of the paretic leg were more
extensive in RHD than LHD. In particular, activation of the
paretic leg's GM muscle was significantly affected in RHD
only, with delayed, slower increment and lower magnitude
of activation in comparison with controls. On the other
hand, LHD showed a pattern of the GM muscle activation
in the paretic leg more similar to controls, and absence of
significant between-leg asymmetries. Interestingly, deficits
in the activation of the proximal BF muscle were equivalent
between the RHD and LHD groups. We suggest that these
results may reflect crossed innervation for the distal lower
leg muscles, while the proximal upper leg muscles could be
thought to receive part of the descending efferent signals
from the ipsilateral cerebral hemisphere.45 From this per-
spective, our results lead to the interpretation that the right
cerebral hemisphere plays a prominent role in the genera-
tion of reactive muscular responses of the lower legs in the
contralesional side, and possibly affecting muscular
responses of the upper leg in both body sides. Based on our
findings of reduced gain rate and lower magnitude of mus-
cular activation in the affected leg muscles, it is apparent
that the observed deficits result from reduced motor unit fir-
ing rates46 or insufficient motor unit recruitment47 to gener-
ate reactive responses to stance perturbation.
As a further point of interest, our results revealed that defi-

cits of the RHD's paretic leg were compensated for by stron-
ger activation of the nonparetic leg, an effect reaching
statistical significance in the secondary epoch of activation of
the GM muscle (but see similar trends in slope and magni-
tude of activation in the primary epoch). That increased mus-
cular response of the nonparetic leg seems to be
compensatory to delayed, slower and weaker activation of
the paretic leg in the RHD group. Analogous compensatory
behavior between legs has been reported previously in self-



Figure 4. Average values (standard errors in vertical bars) for magnitude of muscular activation in the (A, B) primary and (C, D) secondary epochs for the
muscles gastrocnemius medialis (GM, left) and biceps femoris (BF, right). Comparisons are organized as a function of leg (nonparetic £ paretic) and vision
(vision£ occlusion). Significant interactions are marked as different from CO (*), different from CO and LHD (**), and different from the opposite leg (o).
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induced postural perturbations by means of fast arm rais-
ing.48 We interpret these results as suggesting that the pos-
tural control system scales up muscular activation of the
nonparetic leg to compensate for the impaired responses of
the paretic leg. As this compensatory muscular activation
was observed only in the secondary epoch of the GMmuscle
activation, it is plausible that feedforward and feedback pro-
cesses took place to induce increased activation of the nonpa-
retic leg. That adaptive behavior of muscular activation
between the legs indicates the relevance of higher order neu-
ral structures for the generation of automatic postural
responses. The fact that the lesioned sites of the right cerebral
hemisphere leading to poormuscular responses were distinct
across participants within group suggests that corrective
responses are organized in a highly distributed neural net-
work, with damage to part of it impairing the generation of
appropriate reactive muscular responses of the paretic leg.
Conclusions

Our results indicate that damage to the right in compari-
son to the left cerebral hemisphere led to more dramatic def-
icits in the activation of the paretic leg muscles relevant to
reactive responses to unanticipated stance perturbations
regardless of visual information. Those deficits were fea-
tured by longer muscular activation onset delays, decreased
gain rate and reduced magnitude of activation of posterior
muscles of the lower and upper legs of the paretic hemi-
body. Our results suggest that increased attention should be
given to rehabilitation of upright balance control in individ-
uals suffering from right hemisphere damage due to stroke,
with special emphasis to reactive responses. As a major limi-
tation of our investigation, the cerebral damage groups were
reduced in size. This may have prevented observation of sig-
nificant effects associated with visual manipulation. Addi-
tionally, we measured bilaterally activation of 2 posterior
leg muscles only. From these observations, we recommend
that our conclusions be considered preliminary until further
investigations can be undertaken with larger numbers of
participants and additional postural muscles examined.
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