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Objectives: To determine whether individual mea-
surements of the centre of pressure for the stance
and stepping legs can reveal new characteristics of
reduced anticipatory postural adjustments during
gait initiation in post-stroke hemiplegic patients.
Methods: Subjects included 30 stroke patients and
10 healthy age-matched controls. The acceleration
of the trunk, and the centre of pressure of each leg,
were measured during gait initiation, 3 times each
with the paretic and non-paretic legs leading. An-
ticipatory postural adjustments were characterized
using trunk acceleration and centre of pressure dis-
placement data.

Results: Latency of the posterior displacement peak
of the paretic leg centre of pressure with either the
paretic or non-paretic leg leading was significantly
longer in stroke patients compared with controls,
and was also longer than that of the non-paretic leg.
The magnitude of the posterior displacement peak
of the paretic leg centre of pressure was smaller
than that of the non-paretic leg. Peak latency of the
paretic stepping leg centre of pressure correlated
with the clinical measures of motor dysfunction,
postural balance, and gait ability.

Conclusion: Measurements of the latency and mag-
nitude of centre of pressure displacement peak in-
dividually for the paretic and non-paretic legs can
help elucidate the mechanism behind reduced anti-
cipatory postural adjustments. This information will
be useful in designing new treatment strategies for
stroke patients.
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Balance control during gait initiation is crucial for
starting stable gait, both in healthy individuals and
in people with neuromuscular limitations (1, 2). Mo-

(LAY ABSTRACT )
Measuring the centre of pressure individually for the
stance and stepping legs can reveal what happens
during initiation of gait in stroke patients. The latency
and magnitude of the centre of pressure displacement
peak showed characteristic differences between stroke
patients and control subjects, and between paretic and
non-paretic legs. The peak latency of the paretic step-
ping leg centre of pressure correlated significantly with
clinical measures of motor dysfunction, postural bal-
ance, and gait ability. These findings may contribute to
the development of effective rehabilitation exercises for

Qtroke patients. Y,

tion analyses of electromyograms, accelerations, and
ground reaction forces during gait initiation can provide
important clinical information for understanding the
balance control mechanism. In post-stroke hemiplegic
patients, sensory and motor impairments often make
good balance control challenging (3—6). In particular,
spasticity interferes not only with balance and gait, but
also leads to suppression of the soleus muscle, which is
required for gait initiation, and makes initiation of gait
more difficult (4, 7, 8). The basic problems include mo-
tion asymmetry and unstable weight shift to the stance
side during gait initiation. The unstable gait initiation is
thought to be due to hypometric anticipatory postural
adjustments (APAs) (8-10).

APAs are changes in posture prior to voluntary
movement, which contribute to postural adjustments
during gait initiation (11). Gait initiation APAs
include activation of the tibialis anterior and sup-
pression of the soleus prior to the start of movement
(12, 13), along with posterior shift of the centre of
pressure (COP) (14, 15). APAs might account for
the time required for the combined COP, i.e. the
mean COP of both legs, to shift from the centre of
both soles to the posterior part of the stepping leg
and then to the posterior part of the stance leg (16).
APA occurs in the postural phase, and some reports
have determined COP changes until heel-off of the
stepping leg (17), while other reports have used
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COP changes until foot-off as the end of the APA
period (16). Lateral and posterior shifts of the combin-
ed COP, which are typical measures of APAs during
gait initiation, are known to be smaller in stroke
patients (3, 10). Furthermore, in stroke patients,
inactivation of the tibialis anterior on the paretic
side, prolonged latent suppression of the soleus, and
smaller shifts of the combined COP indicate reduced
APA function (3, 8).

To the best of our knowledge, there are no detailed
reports of the relationship between reduced APA func-
tion and the COP of the stance and stepping legs or of
the paretic and non-paretic legs during gait initiation in
stroke patients. Assessing COP in each leg individually
might provide a better understanding of reduced APAs in
stroke patients, with a view to devising better treatments
while noting that asymmetry between the stance and
stepping legs during gait initiation, and non-uniformity
in the vertical component of the ground reaction force
have been reported in healthy adults and elderly people
(18, 19). Therefore, in post-stroke hemiplegic patients
also, it is necessary to look for the details of reduced
APA in individual COPs. The latency of muscle activity
is important in assessing APA, and has been reported in
many studies (17). On the other hand, when assessing
APA, changes on each side in individual COPs remain
unclear. Investigating factors in the reduced APAs with a
focus on individual COPs is thus important in obtaining
clinical treatment suggestions for post-stroke hemiplegic
patients. The stabilometers used to assess individual
COPs are compact and inexpensive, and are widely
used even in clinical practice to quantify posture and
balance. Electromyograms are often used to analyse
APAs (8, 20), but accelerometers and stabilometers
are also coming into widespread use because of the
low burden on the patient and the simplicity of clinical
measurements (10, 21).

The aim of the current study was therefore to investi-
gate whether individual COPs show new characteristics
of reduced APAs in post-stroke hemiplegic patients.
The initial hypothesis was that the peak latency and the
peak magnitude of displacement in individual COPs,
as characteristics of the reduced APAs in post-stroke
hemiplegic patients, are asymmetrically prolonged and
decreased, respectively. The second hypothesis was
that the characteristic changes in individual COPs are
associated with motor impairments, balance indices,
and gait ability in post-stroke hemiplegic patients.

METHODS

Subjects

The study and control groups comprised 30 chronic post-stroke
hemiplegic patients (17 right-sided, 13 left-sided) and 10 healthy
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aged-matched participants, respectively, with the characteristics
shown in Table 1. All of the subjects were capable of walking
unassisted, with a score of at least 23 points on the Mini-Mental
State Examination (MMSE) (22, 23), and were free of marked
limitation in the range of motion of the leg joints. People
excluded from the study were those with motor dysfunction
not induced by stroke, severe higher-brain dysfunction that
prevented comprehension of the study task, or visual disorders
that could affect the study (13, 24). Participants were excluded if
they presented with bilaterally affected legs, previous lower leg
surgery or injuries, or any other neurological, musculoskeletal,
or psychiatric conditions that could affect balance control (10).
Specifically, individuals who had difficulty touching the sole
of the foot to the ground from the beginning due to contracture
of the ankle joint, or who had unilateral spatial neglect, were
excluded.

The Research Ethics Committee of Tokyo Medical and
Dental University Graduate School approved the study protocol
(M2018-081). Written consent was obtained from all of the
subjects after fully informing them in writing and orally about
the study.

Procedures

The equipment used included accelerometers (myoMOTION,
Noraxon USA Inc., Scottsdale, IL, USA) with a sampling
frequency of 1,500 Hz placed on the neck (C7), lower back
(L3), and pelvis (S1), a stabilometer (UJK-200C, Unimec Co.,
Ltd, Tokyo, Japan) consisting of 2 measurement plates with a
sampling frequency of 100 Hz for recording COP displacement
and a simple light-emitting signalling device (Direction Indica-
tor, Irisco Co., Ltd, Saitama, Japan) placed 5 m in front of the
stabilometer, which displayed left and right arrows randomly
(25, 26). Acceleration was processed with a 3-Hz cut-off, zero
phase shift, fourth-order low-pass Butterworth filter (20), and
COP signal was processed with a 10-Hz cut-off, zero phase shift,
fourth-order low-pass Butterworth filter (10, 21). Before starting
the measurements, the equipment was first set so that either the
left or right arrow would light up with a manual switch on the
cue signal controller. Measurements were then started with the
accelerometer and stabilometer. When the experimenter pressed
a button on the cue signal controller to start measurements, a
synchronization signal was sent to the light-emitting signalling

Table I. Basic participant information (n=40)

Controls
n=10

Stroke patients

Variable n=30

Age, years, mean (SD) 70.7 (3.1) 69.6 (10.2)
Sex, M/F 5/5 18/12
Height, cm, mean (SD) 158.2 (7.9) 160.3 (7.6)
Weight, kg, mean (SD) 56.1 (9.6) 56.1(7.9)

Time post-stroke, years 4.9 (3.2)
Affected side, n Right/17
Left/13

Stroke type, n Ischaemic/11
Haemorrhagic/19

MAS ankle of hemiplegic side, n 1/12, 1+/10, 2/8

FMA Lower Extremity motor score, mean (SD) 20.5 (3.9)
FMA Lower Extremity sensory score, mean (SD) 16.3 (4.0)
10MW, s, mean (SD) 17.0 (5.7)
BBS score, mean (SD) 39.9 (5.5)

The 10MW and BBS of controls were not measured in this study, since the
participants were healthy elderly individuals who met the inclusion criteria
for having no cognitive decline or limited range of motion in the leg joints.
MAS: Modified Ashworth Scale. FMA: Fugl-Meyer Assessment of Sensorimotor
Recovery After Stroke Scale; 10MW: Timed 10-m Walk, BBS: Berg Balance
Scale; SD: standard deviation; M: male; F: female.
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device, accelerometer, and stabilometer. The light-emitting
signal device received the synchronization signal and the lamp in
the specified direction lit up. The accelerometer and stabilometer
received the synchronization signal, and the recorded data were
sent to the computer.

All participants were asked to stand upright with their heels
at pelvis width on the stabilometer, facing the light-emitting
signalling device (8). Participants started gait barefoot without
any technical assistance, such as orthoses or assistive devices.
The participants were instructed to begin walking at a normal
comfortable pace when a signalling arrow came on, and,
starting with the leg on the side indicated by the arrow, take
at least 3 steps. Each participant started with the left and right
legs randomly at least 3 times each, i.e. a total of 6 times (8,
10). The experimental environment and experimental circuit
are shown in Fig. 1.

The primary endpoints were acceleration signals and COP
data during gait initiation. The secondary endpoints were clinical
measures of motor dysfunction evaluated by the Fugl-Meyer
Assessment of Sensorimotor Recovery After Stroke Scale
(FMA) Lower Extremity motor score (24), postural balance
evaluated by the Berg Balance Scale (BBS) (27-29), and gait
ability evaluated by the Timed 10-m Walk (10MW). These
evaluations have been widely used in previous studies to clini-
cally understand motor function in stroke patients (3, 8). Second-
ary endpoints were measured by a physical therapist at a later
date, so that gait initiation measurements would be unaffected.

Antero-posterior and medio-lateral acceleration signals of the
neck (C7), lower back (L3), and pelvis (S1) were collected for
2 s, after the signalling arrow was displayed. The accelerations
were assigned a positive value when the trunk moved anteriorly
or towards the stance leg side. For trunk acceleration, peak
values in the antero-posterior and medio-lateral directions were
measured at C7, L3, and S1 (21). The start of acceleration was
defined as the point at which acceleration exceeded +standard

deviation (SD) from the mean acceleration data at rest for 1 s
before the light signal, and each acceleration was analysed (20).

COP data were collected for 3 s, starting 1 s before the signal-
ling arrow was displayed. The COP was deemed stationary if it
did not move for at least 3 s, as seen on the stabilometer monitor.
Movement was deemed to have started when variation in the
magnitude of the combined COP after the signalling arrow was
displayed exceeded +£3 SD of the variations during the stationary
state (8). Antero-posterior and medio-lateral displacements of
the combined COP from the stationary position to the displace-
ment peak were calculated by combining left- and right-side
ground reaction forces (21). In addition to the combined COP,
the latency of the posterior displacement peak (peak latency)
and the magnitude at the displacement peak (peak magnitude)
of'the stance and stepping leg COPs were analysed individually.

Statistical analyses

For each participant, the accelerations at the 3 points of the body,
the combined COPs of both legs and the individual COPs, i.e.
the COP of each leg, were analysed. Of the total of 6 trials, 3
measurements were made with the paretic leg leading and 3
measurements were made with the non-paretic leg leading. The
mean value for each was statistically compared. Unpaired ¢-tests
were used to analyse the difference between the control and the
stroke patient groups. Paired #-tests were used to analyse the
difference within the subjects. Only in the stroke patient group,
correlations between the COP data and the clinical measures of
FMA, BBS, and 10MW were calculated, using Pearson’s test to
validate the clinical significance of the COPs. In trials leading
with the paretic leg, 6 of the stroke patients did not show any
posterior displacement of the individual COP, and hence were
excluded from the analyses. A software package (SPSS Statistics
ver. 19, IBM, Chicago, IL, USA) was used for the statistical
analyses. The level of significance was set at 5%.

=

Light-emitting
signaling device

& Synchronize (MyoSync)
@ !
Cue signal Accelerometer
controller (MyoMOTION)
!
Computer software (MR3)
Computer
Stabilometer N Soﬂware
(UJK-2000) (UJK-200C)

Fig. 1. Experimental set-up. A cue signal controller (Irisco Co., Ltd, Saitama, Japan) generated synchronization signals for all equipment. A signal
in the left or right direction was input to the light stimulator positioned 5 m away, indicating which leg should be leading.
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RESULTS

When the paretic leg was leading, the peak trunk ac-
celeration at S1 towards the stance side was signifi-
cantly smaller in the stroke patient group than in the
control group (»<0.01). When the non-paretic leg was
leading, the peak trunk acceleration at C7, instead of
S1, towards the stance side was significantly smaller
in the stroke patient group than in the control group
(»<0.01). Regardless of whether the paretic or non-
paretic leg was leading, there was no significant dif-
ference in antero-posterior trunk acceleration at C7,
L3, or S1 when the stroke and control groups were
compared.

Fig. 2 shows examples of antero-posterior displace-
ments of the combined and individual COPs in each

A Control

40 - Anterior

20

Antero-posterior COP displacement (mm)

Time (sec)

subject group. As shown in this example, the subjects
in the control group generally demonstrated an earlier
displacement peak of the stepping leg COP than that
of the stance leg COP. On the other hand, in stroke
patients, at least when the paretic leg was leading, the
peak of the stance leg occurred earlier than that of the
stepping leg. That is, the peak latency of the paretic
stepping leg COP was longer than that of the non-
paretic stance leg COP. Statistical analysis results of
this tendency are shown in Fig. 3.

When the paretic side was leading, the peak latency
of'the combined COP was longer in the stroke patients
compared with the controls (»<0.05) (Fig. 3A). The
peak latency of the stepping leg COP was longer in
the stroke patients than the controls (a: p<0.05) (Fig.
3B). In addition, in a comparison of peak latency
in individual COPs, no significant dif-
ference was seen in peak latency of
individual COPs between controls and
the non-paretic stance leg in post-stroke
hemiplegic patients. The comparison
within the stroke patient group shows
that the peak latency of the paretic step-
ping leg COP was longer than that of the
non-paretic stance leg COP (b: p<0.05)
(Fig. 3B). As mentioned previously, 6
of the stroke patients did not show any
posterior displacement of the paretic leg
COP, and hence were excluded from the
comparison.

When the non-paretic side was
leading, the peak latency of the com-
bined COP was longer in the stroke
patients compared with the control
group (p<0.05) (Fig. 3A). The peak
latency of the paretic stance leg COP
in the stroke patients was longer than

; that of the stance leg COP of the control

’ subjects (c: p<0.01) (Fig. 3B). In addi-
,' tion, in a comparison of peak latency
]

for individual COPs, peak latency of
, individual COPs on the non-paretic

Antero-posterior COP displacement (mm)

80 L

Fig. 2. Examples of antero-posterior displacements of the centre of pressure (COP) of
each leg during gait initiation. (A) Control. (B) Stroke patient with the paretic leg leading.
Solid line: COP trajectory of the stepping leg. Dashed line: COP trajectory of the stance

leg. Arrows show the peak latency of the COP posterior displacement.
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2 stepping leg in post-stroke hemiple-

20 \ Time (sec) gic patients were longer than those in
o ‘\;I control subjects (d: p<0.05) (Fig. 3B).
0. Posterior Stepping posterior peak The comparison within the stroke patient
w0 | == = Stance group shows that the peak latency of the

Stance posterior peak Stepping paretic stance leg COP was longer than

that of the non-paretic stepping leg COP
(e: p<0.01) (Fig. 3B).

In a comparison between paretic and
non-paretic sides in the stance leg, peak
latency was longer on the paretic side
than on the non-paretic side (f: p<0.001)
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Fig. 3. Comparison of the peak latency of the combined and individual centre of pressures (COPs) in each subject group. (A) Peak latency of the
combined COP. (B) Peak latency of the stance and stepping leg COPs. *p <0.05, **p <0.01. Error bars represent standard deviation. The letters

a-fin (B) are related to comparisons described in the text.

(Fig. 3B). No significant difference was seen in a
comparison of peak latency between paretic and non-
paretic sides in the stepping leg.

Examples of COP displacement trajectories in each
subject group are shown in Fig. 4. In general, in the
control group, the peak magnitude of the individual
COP was equally large for both the stance and step-
ping legs, while in the stroke patient group the peak
magnitude was smaller for the paretic leg than for the
non-paretic leg when the paretic leg was leading. Sta-

tistical analysis results of these tendencies are shown
in Fig. 5.

When the paretic side was leading, the peak magni-
tude of the combined COP was reduced in the stroke
patients compared with the control group (p<0.001)
(Fig. 5A). The peak magnitudes of both the paretic
and non-paretic leg COPs of the stroke patients were
also smaller than those of the control group (a, b:
p<0.001) (Fig. 5B). Within the stroke patients, the
peak magnitude of the paretic stance leg COP was

J Rehabil Med 53, 2021
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that of the non-paretic stepping leg COP

= (V) Control (f: p<0.01) (Fig. 5B).

E) Anteriolroo T —e—Combined COP In a cqmpgrisop between paretic and
F- 80 & Stance COP non-paretic sides in the stance legf pe?ak
fi —+— Stepping COP magnitude was smaller on the paretic side
'st 60 - than on the non-paretic side (g: p<0.05)
2 20 4+ (Fig. 5B). In a comparison between paretic
2 and non-paretic sides in the stepping leg,

Stance Side 20 + Stepping side peak magnitude was also smaller on the

Py I S paretic side than on the non-paretic side
-160-140-190-100 -80 -60 -40 -20 20 40 60 80 100 1 160 (h: p<0.01) (Fig. 5B).

N 20§+ COP dis (mm) In terms of parameters that might cor-

"\. relate with APAs and to characterize them

‘ in stroke patients during gait initiation, the

peak magnitude of the combined COP with

the paretic leg leading was found to correlate

JRM

80 —~

Posteri;:r COP displacement (mm)

®) Stroke patient
100 + —#— Combined COP
Anterior Stance COP
80 + —+— Stepping COP
[ 60 4
A w01
Stanqt side

ping side

with BBS score (»=0.5, p<0.05) (Fig. 6A),
but not with the FMA or 10MW results. The
peak latency of the combined COP with the
paretic leg leading did not significantly cor-
relate with the FMA, BBS, or I0MW results.

When the non-paretic leg was leading,
neither the peak latency nor the peak mag-
nitude of the combined COP correlated
with the FMA, BBS, or 10MW results.
The peak latency and the peak magnitude
of the individual COPs of the paretic and
non-paretic legs also did not correlate with
the FMA, BBS, or I0OMW results.

In contrast, when the paretic leg was

ei'
»j—'a,‘\— 3
16 ig?ﬁ?:floo 80 -60 -40 -20
\ 220

A0 +

-60 +

,80 £
Posterior COP displacement (mm)

Fig. 4. Examples of displacement trajectories of the combined and individual centre of
pressures (COPs) in each subject group during gait initiation. (A) Control. (B) Stroke
patients with the paretic leg leading. Stars indicate COP when the signalling arrow was

displayed for gait initiation.

smaller than that of the non-paretic stepping leg COP
(c: p<0.05) (Fig. 5B).

When the non-paretic leg was leading, the peak mag-
nitude of the combined COP of the stroke patients was
reduced compared with the control group (»<0.001)
(Fig. 5A). The peak magnitudes of both the paretic and
non-paretic leg COP of the stroke patients were also
smaller than those of the control group (d, e: p<0.001)
(Fig. 5B). Within the stroke patients, the peak magni-
tude of the paretic stance leg COP was smaller than

www.medicaljournals.se/jrm

40 60 80 100 120 140 160
T COP displacement (mm)

leading, the peak latency of the paretic
leg COP correlated with the FMA score
(r=-0.57, p<0.01) (Fig. 6B), with the
BBS score (r=—0.41, p<0.01) (Fig. 6C),
and with the 10MW results (r=0.48,
»<0.01) (Fig. 6D). The peak magnitude
of the paretic leg COP with the paretic
leg leading did not correlate significantly
with the FMA, BBS, or 10MW results.
Furthermore, no correlation was found
between the FMA, BBS, or I0MW results
and either the peak latency or the peak
magnitude of the non-paretic leg COP.

DISCUSSION

The aim of this study was to investigate whether indi-
vidual COPs show new characteristics of the reduced
APAs during gait initiation in post-stroke hemiplegic
patients. A detailed examination was conducted of
the changes in individual COPs on each side as an
assessment index for APA. The study revealed that
individual COPs show 2 main results. The first is that
a prolongation of peak latency in individual COPs
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Fig. 5. Comparison of the peak displacement magnitude of the combined and individual centre of pressures (COPs) in each subject group. (A) Peak
magnitude of the combined COP displacement. (B) Peak magnitude of the stance and stepping leg COPs. *p<0.05, **p<0.01, ***p<0.001. Error
bars represent standard deviation. The letters a—h in (B) are related to comparisons described in the text.

and a decline in peak magnitude in individual COPs
are asymmetrically produced as characteristics of the
reduced APAs in post-stroke hemiplegic patients. The
second result was that individual COPs of post-stroke
hemiplegic patients were associated with motor impair-
ment, balance indices, and gait ability. These results
can explain the problem of left-right asymmetry and
the difficulty in weight transfer to the stance leg expe-
rienced by post-stroke hemiplegic patients.
Acceleration of the pelvis (S1) toward the stance
side during gait initiation was decreased in post-stroke

hemiplegic patients when leading with the paretic leg
compared with age-matched control subjects. This
finding might be related to inactivity of the gluteus
medius or ankle extensor muscles of the paretic leg, as
suggested in previous studies that reported a difficulty
in adjusting the centre of gravity towards the stance
direction during gait initiation in post-stroke hemi-
plegic patients (4, 30). It might also be related to a
decrease in the amount of medio-lateral displacement
of the combined COP (31, 32). Moreover, the current
study found that, in stroke patients, acceleration of

J Rehabil Med 53, 2021
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Fig. 6. Correlations of the centre of pressure (COP) displacement in stroke patients against clinical measures of motor dysfunction, postural balance,
and gait ability. (A) Relationship between peak magnitude of the combined COP and the Berg Balance Scale (BBS) score. (B) Relationship between
peak latency of the paretic stepping leg COP and the Fugl-Meyer Assessment of Sensorimotor Recovery After Stroke Scale (FMA) Lower Extremity
motor score. (C) Relationship between peak latency of the paretic stepping leg COP and the BBS score. (D) Relationship between peak latency of
the paretic stepping leg COP and the Timed 10-m Walk (10MW) results. r: Pearson’s correlation.

the neck (C7) was smaller when leading with the non-
paretic leg. This is thought to be due to asymmetry in
the movements as a result of postural adjustment strate-
gies to compensate for the difference in the leading leg.

In this study, the peak latency of the paretic stepping
leg COP in the stroke patients was longer than that in the
controls. A previous study that found longer peak latency
of combined COP in stroke patients did not analyse
the paretic and non-paretic legs separately (8, 10, 33).
However, the current study compared the peak latency
of the individual COP in the paretic and non-paretic legs
of the stroke patients, and found a significant increase
in the latency of the paretic leg. This appears to indicate
a gap in the timing of body weight movement between
the paretic and non-paretic legs when the paretic leg is
swung forward. Increase in the peak latency of the pare-
tic stepping leg COP might be a new explanation for the
asymmetry and difficulty that stroke patients have when
shifting their centre of gravity to the stance side (3). In
the APAs of the stroke patients, the peak latency of the

www.medicaljournals.se/jrm

paretic leg COP was longer than that of the non-paretic
leg due to prolonged muscle latency and spasticity of the
leg on the paretic side (8). In addition, in a comparison
between paretic and non-paretic sides in the stance leg,
peak latency was longer on the paretic side than on the
non-paretic side. This shows that peak latency of indi-
vidual COPs on the paretic side when the non-paretic
side is leading is the most delayed. In the stepping leg,
peak latency in the individual COP was longer even
on the non-paretic side compared with the control, so
a delay effect is inferred on movement of the paretic
side when the non-paretic side is leading. Chang et al.
(17) reported that post-stroke patients showed delayed
activity in the tibialis anterior, increased reaction time
and impaired APA, all of which were also apparent on
the non-paretic side. These changes may be involved in
the delay in peak latency of the non-paretic leg when
the non-paretic leg is the leading side.

No posterior displacements of the paretic leg COP
were observed in 6 of the stroke patients in this study.
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These patients manifested with a prolonged time to
heel lifting and decreased pelvic (S1) acceleration.
Previous studies have reported that 35% of stroke
patients lack COP displacement during the APA phase
and perform slow weight transfer at low gait speeds
(10). The current study suggests that, in stroke patients,
the peak latencies of the paretic and non-paretic leg
COPs differ, and that individual COP measurements
for the stepping and stance legs are more informative
than the combined COP measurements. Extension of
the peak latency of the paretic leg COP shows tem-
poral characteristics that are useful for understanding
the asymmetry of movement between the paretic and
non-paretic legs during gait initiation in stroke patients.

The stroke patients in the current study showed
smaller magnitudes of COP displacements than did the
control group, similar to previous studies (8). However,
unlike previous research, the present study compared
the peak magnitude of the paretic and non-paretic leg
COPs separately. Our analyses showed that the stroke
patients had a smaller peak magnitude of COPs in both
the paretic and non-paretic legs than the controls, and
that the peak magnitude of the paretic leg was smaller
than that of the non-paretic leg.

The decreased peak magnitude of the paretic leg COP
seems to be an unreported factor behind the decreased
medio-lateral COP displacements identified in previous
research (32, 33). This decreased peak magnitude may
be explained by inactivity of the gluteus medius at the
onset of movement, as demonstrated electromyographi-
cally by Kirker et al. (30) in post-stroke hemiplegic
patients. In APAs of the stroke patients, the increased
peak latency and the reduced peak magnitude of the
paretic leg COP occurred with either the paretic or non-
paretic leg leading, although there was a difference in
the magnitude between the stance and stepping legs.
Previous studies have reported inactivity of bilateral foot
muscles and decreased combined COP displacements
due to impaired APA, but the present results show that
peak magnitude of individual COP in the non-paretic
leg is also affected (8). The reduced peak magnitude
of the paretic leg COP might be related to difficulty in
moving the centre of gravity to the stance side during
gait initiation in stroke patients (34).

In this study, investigation of the relationship bet-
ween the COP displacement peaks and clinical measu-
res showed that the peak magnitude of the combined
COP with the paretic leg leading correlated signifi-
cantly with BBS score. The peak latency of the paretic
stepping leg COP also correlated significantly with the
FMA, BBS, and 10MW results. Although previous
studies reported that the combined COP displacement
in stroke patients was associated with decreased gait
speed and stride length (6, 13, 35), the current study
showed that the peak latency of the individual COPs

correlated with clinical severity in stroke patients and
could be a new measure of their reduced APAs.

A limitation of this study was that detailed analysis
was not possible for patients without posterior COP
displacements in the paretic leg (10). In this study,
details of the gait initiation mechanism were obtained by
analysing left and right COPs, and foot strike patterns
were not analysed (36). The relationship between foot
strike pattern and kinematic parameters at gait initia-
tion could be elucidated in greater detail by analysing
foot strike patterns. Although the ratios of stroke types
were not equal, participants in the current study were
chronic stroke hemiplegic patients, and the inclusion
and exclusion criteria were mainly set regarding motor
function, thus the results would not have been markedly
affected by this difference. The results of this study,
unlike the asymmetry due to differences between the
dominant and non-dominant lower leg reported in
healthy individuals, represent the characteristics of
movement disorders in post-stroke hemiplegic patients,
as shown in previous studies (8, 10, 16). Further studies
are needed to examine the relationship between motor
dysfunction, postural balance, and gait ability in stroke
patients in greater detail. Our primary interest, however,
was in showing whether individual COPs could reveal
new characteristics of reduced APAs in stroke patients.
The findings show asymmetry in individual COPs to be
a new characteristic of reduced APAs.

In summary, the present investigation of individual
COPs has shown new characteristics of reduced APAs
during gait initiation in stroke patients, including de-
creased acceleration of the trunk towards the stance leg,
as well as increased peak latency and decreased peak
magnitude of the paretic leg COP. In addition, the peak
latency of the paretic leg COP was also related to clinical
measures of motor dysfunction, postural balance, and
gait ability. A newly revealed feature of the decline in
APA function in stroke patients is that displacement
of the paretic leg COP has increased peak latency and
decreased peak magnitude, and there is delayed and
insufficiently propelled initiation of movement of the
paretic leg. Stroke patients might thus find it difficult
to adjust their centre of gravity towards the stance side
during gait initiation, which can hinder gait and balance.
Therefore, it may be advisable to use exercises to help
such patients move their centre of gravity towards the
stance side and improve the paretic leg function. The
point is that the delayed peak latency on the paretic side
at the start of gait in post-stroke hemiplegic patients is
associated with motor dysfunction and decreased gait
balance ability. The theoretical framework of treatment
is thus to promote functional improvement of the paretic
leg so as to approach the timing of movement of the non-
paretic leg, and to reduce temporal asymmetry. Treat-
ments developed based on this theoretical framework
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may be clinically applicable to the analysis of postural
control and the improvement in paretic leg function.
Functional improvement in APAs can thus contribute
to improvements in motor function, postural balance,
and gait ability.

ACKNOWLEDGEMENTS

The authors would like to thank all the participants for their
contributions to this study. The authors would also like to thank
Ms Sachiko Nelson and Mr Kazuho Hosoda for assisting with
the measurements at the study site. Thanks to Forte Science
Communications, Inc., for editing the manuscript.

The authors have no conflicts of interest to declare.

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

. Delafontaine A, Gagey O, Colnaghi S, Do MC, Honeine JL.

Rigid ankle foot orthosis deteriorates mediolateral balance
control and vertical braking during gait initiation. Front
Hum Neurosci 2017; 11: 214.

. Yiou E, Caderby T, Delafontaine A, Fourcade P, Honeine JL.

Balance control during gait initiation: state-of-the-art and
research perspectives. World J Orthop 2017; 8: 815-828.

. Delafontaine A, Vialleron T, Hussein T, Yiou E, Honeine JL,

Colnaghi S. Anticipatory postural adjustments during gait
initiation in stroke patients. Front Neurol 2019; 10: 352.

. Brunt D, Vander Linden DW, Behrman AL. The relation

between leg loading and control parameters of gait initia-
tion in persons with stroke. Arch Phys Med Rehabil 1995;
76: 627-634.

. Bensoussan L, Mesure S, Viton JM, Curvale G, Delarque A.

Asymeétries chronométriques, cinétiques et cinématiques
de l'initiation de la marche chez un sujet hémiplégique.
Ann Readapt Med Phys 2004; 47: 611-620.

. Bensoussan L, Mesure S, Viton JM, Delarque A. Kinematic

and kinetic asymmetries in hemiplegic patients’ gait initia-
tion patterns. J Rehabil Med 2006; 38: 287-294.

.Lin S, Sun Q, Wang H, Xie G. Influence of transcutaneous

electrical nerve stimulation on spasticity, balance, and
walking speed in stroke patients: a systematic review and
meta-analysis. J Rehabil Med 2018; 50: 3-7.

. Sousa AS, Silva A, Santos R. Ankle anticipatory postural

adjustments during gait initiation in healthy and post-
stroke subjects. Clin Biomech 2015; 30: 960-965.

. Hess S, Reiter F, Jahnke M, Dawson M, Sarkodie Gyan T,

Mauritz KH. Asymmetry of gait initiation in hemiparetic
stroke subjects. Arch Phys Med Rehabil 1997; 78: 719-724.
Rajachandrakumar R, Fraser JE, Schinkel-Ivy A, Inness EL,
Biasin L, Brunton K, et al. Atypical anticipatory postural
adjustments during gait initiation among individuals with
sub-acute stroke. Gait Posture 2017; 52: 325-331.
Belenkii VE, Gurfinkel VS, Paltsev EI. Control elements
of voluntary movements. Biofizika 1967; 12: 135-141.
Elble RJ, Moody C, Leffler K, Sinha R. The initiation of
normal walking. Mov Disord 1994; 9: 139-146.

Breniere Y, Cuong DM, Bouisset S. Are dynamic pheno-
mena prior to stepping essential to walking? J Mot Behav
1987; 19: 62-76.

Crenna P, Frigo C. A motor programme for the initiation of
forward-oriented movements in humans. J Physiol 1991;
437: 635-653.

Winter DA. Human balance and posture control during
standing and walking. Gait Posture 1995; 3: 193-214.
Sun R, Guerra R, Shea JB. The posterior shift anticipatory
postural adjustment in choice reaction step initiation. Gait
Posture 2015; 41: 894-898.

Chang WH, Tang PF, Wang YH, Lin KH, Chiu MJ, Hsing S.

www.medicaljournals.se/jrm

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Role of the premotor cortex in leg selection and anticipatory
postural adjustments associated with a rapid stepping task
in patients with stroke. Gait Posture 2010; 32: 487-493.
Dessery Y, Barbier F, Gillet C, Corbeil P. Does lower leg
preference influence gait initiation? Gait Posture 2011;
33: 550-555.

Chang H, Krebs DE. Dynamic balance control in elders:
gait initiation assessment as a screening tool. Arch Phys
Med Rehabil 1999; 80: 490-494.

Schlenstedt C, Mancini M, Nutt J, Hiller AP, Maetzler W,
Deuschl G, et al. Are hypometric anticipatory postural
adjustments contributing to freezing of gait in Parkinson’s
disease? Front Aging Neurosci 2018; 10: 36.

Mancini M, Zampieri C, Carlson-Kuhta P, Chiari L, Horak FB.
Anticipatory postural adjustments prior to step initiation are
hypometric in untreated Parkinson’s disease: an accelero-
meter-based approach. Eur J Neurol 2009; 16: 1028-1034.
Agrell B, Dehlin O. Mini mental state examination in
geriatric stroke patients. Validity, differences between
subgroups of patients, and relationships to somatic and
mental variables. Aging 2000; 12: 439-444.

Tombaugh TN, McIntyre NJ. The mini-mental state exami-
nation: a comprehensive review. J Am Geriatr Soc 1992;
40: 922-935.

Brunt D, Liu SM, Trimble M, Bauer J, Short M. Principles
underlying the organization of movement initiation from
quiet stance. Gait Posture 1999; 10: 121-128.
Kasukawa Y, Miyakoshi N, Hongo M, Ishikawa Y, Noguchi
H, Kamo K, et al. Relationships between falls, spinal curva-
ture, spinal mobility and back extensor strength in elderly
people. J Bone Miner Metab 2010; 28: 82-87.

Ishikawa Y, Miyakoshi N, Kasukawa Y, Hongo M, Shimada
Y. Spinal curvature and postural balance in patients with
osteoporosis. Osteoporos Int 2009; 20: 2049-2053.
Wade DT, Wood VA, Heller A, Maggs J, Langton HR. Walking
after stroke. Measurement and recovery over the first 3
months. Scand J Rehabil Med 1987; 19: 25-30.
Winairuk T, Pang MYC, Saengsirisuwan V, Horak FB,
Boonsinsukh R. Comparison of measurement properties of
three shortened versions of the balance evaluation system
test (BESTest) in people with subacute stroke. J Rehabil
Med 2019; 51: 683-691.

Dennis RL, Janice JE. Berg Balance Scale score at admis-
sion can predict walking suitable for community ambulation
at discharge from inpatient stroke rehabilitation. J Rehabil
Med 2018; 50: 37-44.

Kirker SGB, Simpson DS, Jenner JR, Miles Wing A. Step-
ping before standing: hip muscle function in stepping
and standing balance after stroke. J Neurol Neurosurg
Psychiatry 2000; 68: 458-464.

Yiou E, Artico R, Teyssedre CA, Labaune O, Fourcade P.
Anticipatory postural control of stability during gait initia-
tion over obstacles of different height and distance made
under reaction-time and self-initiated instructions. Front
Hum Neurosci 2016; 10: 449.

Honeine JL, Schieppati M, Crisafulli O, Do MC. The neuro-
mechanical processes that underlie goal-directed medio-
lateral APA during gait initiation. Front Hum Neurosci
2016; 10: 445.

Gama GL, Celestino ML, Barela JA, Barela AMF. Gait ini-
tiation and partial body weight unloading for functional
improvement in post-stroke individuals. Gait Posture
2019; 68: 305-310.

Tokuno CD, Eng J]J. Gait initiation is dependent on the fun-
ction of the paretic trailing leg in individuals with stroke.
Gait Posture 2006; 24: 424-428.

Cook T, Cozzens B. Human solutions for locomotion: the
initiation of gait. Neural control of locomotion. New York:
Plenum Press; 1976, 65-76.

Artico R, Fourcade P, Teyssédre C, Caderby T, Delafontaine
A, Yiou E. Influence of swing-foot strike pattern on balance
control mechanisms during gait initiation over an obstacle
to be cleared. Appl Sci 2020; 10: 244.



