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Abstract

Objective—To determine whether quiet standing measures at specific frequency levels
(representative of reactive control) differed between individuals with stroke based on their ability
to recover balance (failed or successful responses to external perturbations).

Methods—Individuals with stroke completed a clinical assessment, including 30 s of quiet
standing and lean-and-release postural perturbations, at admission to in-patient rehabilitation.
Quiet standing centre of pressure (COP) signals were calculated and discrete wavelet
decomposition was performed. Net COP amplitude, between-limb synchronization, and ratios of
individual-limb COP were determined for each frequency level of interest, and for the non-
decomposed signal (all frequency levels). Outcome measures were compared between individuals
who exhibited failed and successful responses during a) unconstrained and b) encouraged-use
lean-and-release trials.

Results—Individuals with failed responses during the unconstrained lean-and-release trials
displayed greater net COP amplitude than those with successful responses, specifically within a
frequency range of 0.40-3.20 Hz.

Conclusions—Reduced ability to recover balance among individuals with stroke may be
reflected in impaired reactive control of quiet standing.
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Significance—These results provide insight into the mechanism by which reactive control of
quiet standing is impaired in individuals with stroke, and may inform assessment and
rehabilitation strategies for post-stroke reactive balance control.
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1.0 Introduction

Falls risk is increased in individuals with stroke compared to age-matched healthy
individuals, and falls are one of the most frequent complications experienced during post-
stroke recovery (Batchelor et al., 2012). Up to 73% of individuals with stroke fall following
their return to community living after discharge from rehabilitation (Weerdesteyn et al.,
2008), and individuals with stroke are 2—4 times more likely to suffer a fall-related injury
compared to age-matched controls (O’Loughlin et al., 1993; Graafmans et al., 1996;
Jargensen et al., 2002). Falls occur when an individual fails to recover from a loss of balance
(Maki and Mcllroy, 1996), which could potentially result from either external or internal
postural perturbations.

A step is one of several possible responses to postural perturbations. Stepping allows the
individual to regain stability by re-capturing the moving centre of mass (COM) within the
base of support (Maki and Mcllroy, 1997; Maki et al., 2003; Maki and Mcllroy, 2005). The
ability to execute compensatory steps following a perturbation is critical in maintaining
balance and mobility (Maki and Mcllroy, 1997) and in preventing falls (Holliday et al.,
1990; Hyndman et al., 2002). Stepping reactions are often impaired in individuals with
stroke, such that steps in response to a perturbation tend to be characterized by an increased
need for external assistance, inability to step with either limb, and/or increased occurrence of
multiple-step responses (Lakhani et al., 2011; Inness et al., 2014). Furthermore, impaired
stepping in individuals with stroke has been related to the occurrence of falls during
(Mansfield et al., 2013) and following (Mansfield et al., 2015) discharge from in-patient
rehabilitation.

The control of quiet standing is also impaired post-stroke, in that individuals with stroke
exhibit greater net centre of pressure (COP) amplitude relative to healthy controls
(Mansfield et al., 2011). In addition, there is a trend towards reduced temporal
synchronization between the COP of the left and right limbs among individuals with stroke
compared to healthy controls (Mansfield et al., 2011). Increased COP amplitude in quiet
standing is associated with increased falls risk in older adults (Maki et al., 1994). Similarly,
reduced between-limb synchronization is related to increased falls risk during (Mansfield et
al., 2012) and following discharge from inpatient rehabilitation (Mansfield et al., 2015)
among individuals with stroke.

Previous studies have examined all frequencies present in the COP time series collectively
(Mansfield et al., 2011; Mansfield et al., 2012; Mansfield et al., 2015), providing a global
indication of quiet standing control (Singer and Mochizuki, 2015). However, previous
models have suggested two main frequency components within the COP signal, above and
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below approximately 0.4 Hz (Winter et al., 1998; Zatsiorsky and Duarte, 1999; Zatsiorsky
and Duarte, 2000). The lower frequency components may represent an anticipatory control
mechanism, indicative of COM dynamics, exploratory COP migrations, or errors in state
estimation (Winter et al., 1998; Latash et al., 2003; Kiemel et al., 2006; Carpenter et al.,
2010); while the higher frequency components may be representative of reactive control,
specifically balance corrections executed in response to transient instability (Paillex and So,
2003; Singer and Mochizuki, 2015). Frequency decomposition of the COP signal may
provide more detailed information regarding reactive versus anticipatory control of quiet
standing in individuals with stroke (Singer and Mochizuki, 2015), and insight into
mechanisms by which reactive control of quiet standing is impaired, and fall risk
subsequently increased, in this population.

To our knowledge, no study to date has examined the reactive control of quiet standing as a
function of ability to recover balance in individuals with stroke. This study aimed to
determine whether quiet standing measures at specific frequency levels within the COP
signal differed based on ability to recover balance in individuals with stroke. The same
measures, calculated for the non-decomposed COP signal (all frequency levels), were also
compared between groups. It was hypothesized that compared to those with successful
balance recovery reactions, individuals with failed reactions would exhibit greater COP
amplitude, reduced between-limb synchronization, and ratios between the individual-limb
COP amplitudes that were further from 0.50; these differences would be identified at
frequencies representative of reactive control (>0.4 Hz), but not those representative of
anticipatory control (<0.4 Hz).

2.0 Methods

2.1 Participants

This study consisted of a retrospective analysis of data from individuals with stroke who
were enrolled in an in-patient stroke rehabilitation program between October 2009 and
September 2012. For inclusion in the analysis, a clinical assessment must have been
conducted at admission by a physiotherapist (part of routine care), during which participants
must have completed a 30 s trial of eyes-open quiet standing, as well as five ‘unconstrained’
trials with a lean-and-release system to assess ability to recover balance (see Section 2.2).
These criteria were met by 84 of 512 individuals (16%). All procedures were approved by
the Toronto Rehabilitation Institute Research Ethics Board (approval number: TRI-REB
#10-046) with a waiver of patient consent approved for the purpose of the review.

2.2 Assessments

2.2.1 Demographic Information—Participants’ hospital charts were used to determine
sex, age, time post-stroke, affected side of the body, National Institutes of Health Stroke
Scale (NIHSS) score, and Chedoke-McMaster Stroke Assessment (CMSA) foot score for the
affected side of the body (Figure 1). These variables were assessed as potential covariates in
the analysis (see Section 2.4). Stroke type and presence/absence of peripheral neuropathy,
vestibular conditions, visual field deficit, and neglect were also collected from hospital
charts to characterize the study sample (Table 1).
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2.2.2 Quiet Standing—As part of the clinical assessment, each participant performed one
30 s quiet standing trial with the eyes open. Ground reaction forces were recorded from two
adjacent force plates (Advanced Mechanical Technology, Inc., Watertown, USA).
Participants stood with one foot positioned on each plate, with a template used to ensure
standardized foot position (Mcllroy and Maki, 1997). No further instructions regarding
weight bearing were provided. Force plate data were sampled at 256 Hz. COP signals for the
quiet standing trials were calculated offline. Metrics determined from these signals were
used as dependent variables in the analysis (see Sections 2.3 and 2.4).

2.2.3 Reactive Stepping—Participants also completed a lean-and-release test to assess
ability to recovery balance (Mansfield et al., 2013). Participants wore a safety harness
connected to an overhead frame to protect against a fall. A harness around the participant’s
trunk was attached by a cable to a support beam behind the participant. At the beginning of
each trial, the same template as described in Section 2.2.2 (Mcllroy and Maki, 1997) was
used to ensure that the feet were in a standardized position with one foot on each of two
force plates. The participant then leaned against the release cable such that it supported
approximately 10% of body weight. The cable was released at an unpredictable time,
requiring the participant to take at least one step to prevent a fall. A third force plate was
positioned in front of the other two force plates, such that participants generally stepped
forward onto the third force plate. Ground reaction force data were collected throughout the
lean-and-release trials as standard practice for the clinical balance assessment protocol.
However, these data were not used for the purpose of the current analysis.

Five trials were performed in which participants were not constrained with respect to their
stepping following the perturbation (‘unconstrained trials’). The limb used to initiate
stepping on the majority of the five trials was designated as the preferred limb. Five
additional trials were then performed in which the use of the non-preferred limb was
encouraged for step initiation (‘encouraged-use trials”), by the physiotherapist physically
blocking the preferred limb with their hand and/or foot, and by verbally encouraging the use
of the non-preferred limb. Unconstrained trials assessed participants’ ability to respond to a
postural perturbation when no restrictions were placed on responses (i.e. overall or general
ability to recover balance), whereas encouraged-use trials assessed participants’ ability to
step with either limb to regain stability (i.e. the stepping abilities of the individual limbs,
specifically to reveal impairments in stepping with the non-preferred limb). All trials were
videotaped and analyzed post-collection.

For participants to be included in the analysis based on the unconstrained trials, the amount
of weight on the release cable during all five trials must have been at least 5% of body
weight, to ensure a sufficient magnitude of perturbation. Based on the video data,
participants were divided into two groups: Failed Response (A=29), in which participants
required assistance during at least one of the five trials (where “assistance’ was defined as
the participant requiring external support from the safety harness or physiotherapist, as
determined by visual observation), and Successful Response (A=55), in which participants
did not require assistance during any of the five trials. These groups constituted the
independent variable in the analysis based on the unconstrained lean-and-release trials (see
Section 2.4).
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Of the 84 individuals who met the criteria for the unconstrained trials, those who also
completed five encouraged-use trials with at least 5% of body weight on the release cable
(NV=63) were included in further analysis based on these trials. From the video data,
participants were divided into two groups: Failed Response (A=43), in which the participant
required assistance, stepped with the blocked/non-encouraged limb, or exhibited a slide step
with the encouraged limb, as determined by visual observation; and Successful Response
(N=20), in which the participant did not require assistance and exhibited a successful full
step with the encouraged limb. These groups constituted the independent variable in the
analysis based on the encouraged-use lean-and-release trials (see Section 2.4). The
additional characteristics for a failed response were included for the encouraged-use trials as
the aim of this condition was to reveal difficulties in stepping with the non-preferred limb
specifically, as opposed to general ability to recover balance.

2.3 Data Processing

Force plate data from the quiet standing trials were low-pass filtered with a dual-pass, fourth
order Butterworth filter with a cutoff frequency of 10 Hz (Hendrickson et al., 2014). COP
signals were calculated for each limb separately and both limbs together (i.e. net COP), in
the antero-posterior (AP) and medio-lateral (ML) directions, although only the AP data were
analyzed as individual-limb AP COP is more important than individual-limb ML COP for
overall balance control (Winter et al., 1993). Discrete wavelet decomposition (Rioul and
Vetterli, 1991; Addison, 2005; Fryzlewicz, 2010) was conducted to examine the components
of the signal contained within various frequency ranges, using a custom program written in
Matlab v.8.4 (The MathWorks, Inc., Natick, USA). Wavelet decomposition was selected
instead of a short-time Fourier transform as the resolution of the latter is fixed, while the
former enables improved frequency resolution at lower frequencies and improved time
resolution at higher frequencies (Singer and Mochizuki, 2015). An eleven-level
decomposition (D1-D11, Aq1; Table 2) was performed on the left, right, and net COP signals
(Singer and Mochizuki, 2015). For the frequency ranges of interest (spanning a range from
0.050 Hz to 3.20 Hz), the root mean square (RMS) of the net COP signal was calculated at
each frequency range of interest, to represent COP amplitude. Between-limb
synchronization was quantified by cross-correlating the left and right limb COP signals, and
extracting the cross-correlation coefficient at zero time lag. The ratio of the RMS of the COP
under the individual limbs was calculated as [(RMS of preferred limb)/(RMS of left limb +
RMS of right limb)]. All measures were also calculated for the non-decomposed COP signal
(all frequency levels).

2.4 Data Analysis

All outcome measures (RMS of the net COP signal, between-limb synchronization, and ratio
of the individual-limb RMS, for both the non-decomposed signal and at each frequency
level) were tested for normality using the Shapiro-Wilk test. For outcome measures in which
the distribution was non-normal (all net COP amplitude and between-limb synchronization
measures), a rank transformation was applied prior to analysis. For each outcome measure
for both the non-decomposed signal and at each frequency level, demographic and stroke-
related measures were tested as potential covariates, including sex, age, NIHSS score,
CMSA foot score, time since stroke, and affected side of the body. For continuous measures,
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the criteria to be included as a covariate were: a moderate correlation to the outcome
measure (Pearson product moment correlation, |70.40), and a difference between the Failed
Response and Successful Response groups (independent 7-test, p<0.15). Nominal measures
were included as a covariate if there was a difference in the outcome measure between levels
of the covariate (independent 7-test, p<0.15), and if the potential covariate differed between
the Failed Response and Successful Response groups (Chi square, p<0.15). As participants
were tested as part of routine clinical care, and were not recruited according to specific
criteria, it was important to account for extraneous factors to the greatest possible extent.
Therefore, an alpha level of 0.15 was chosen as a liberal approach to covariate identification
and to increase the likelihood of identifying all relevant covariates.

Two sets of one-way analyses of (co-)variance comparing the outcome measures between
the Failed Response and Successful Response groups were conducted; in one set, the groups
were based on the responses from the unconstrained lean-and-release trials, and in the other
set, the encouraged-use trials. Analyses were based on both types of trials due to the
different information that each provided with respect to ability to recover balance. The
former provided an indication of differences in the quiet standing outcome measures based
on overall ability to recover balance; while the latter provided more specific information
about the stepping ability of the non-preferred limb, to determine whether the outcome
measures were being influenced by one of the limbs to a greater extent. Correspondingly, the
RMS of the net COP signal (global measure) was compared between the Failed Response
and Successful Response groups determined based on the unconstrained lean-and-release
trials, while the between-limb synchronization and individual-limb RMS ratios (limb-
specific measures) were compared between the Failed Response and Successful Response
groups determined based on the encouraged-use lean-and-release trials. Alpha was adjusted
for multiple comparisons from p<0.05 using the Holm-Bonferroni method (Holm, 1979).
Effect sizes for each outcome measure were reported as Hedges’ g (a measure of
standardized mean difference in which Cohen’s d'is corrected for bias due to sample
averages (Lakens, 2013)), and as partial eta squared (npz) for comparison to previous work
(Singer and Mochizuki, 2015). For outcome measures in which an analysis of co-variance
was conducted, violation of the assumption of homogeneity of regression slopes was
addressed by including the covariate as a factor in the model. This resulted in a 2-by-2
analysis of variance (Failed Response or Successful Response group; factor that was
originally a covariate).

3.0 Results

3.1 Non-decomposed signal measures

Affected-side CMSA foot score was a covariate for between-limb synchronization for the
non-decomposed signal when the groups were determined based on performance during the
encouraged-use lean-and-release trials (Table 1). The assumption of homogeneity of
regression slopes was violated for the analysis of this outcome measure. Therefore,
participants were grouped according to their affected-side CMSA foot score (4 or less,
requiring physical contact from the assessing physiotherapist; 5 or greater, requiring no
physical contact), and this factor was included in the analysis of variance model, resulting in
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a 2-by-2 ANOVA for this outcome measure. There were no differences in any of the non-
decomposed signal measures between the Failed Response and Successful Response groups
based on either the unconstrained or encouraged-use trials (Table 3).

3.2 Decomposed signal measures - unconstrained lean-and-release trials

Sex was a covariate for RMS of the net COP at the Dg level. Following Holm-Bonferroni
adjustment, the RMS of the net COP at the Dg, D7, and Dg levels (0.40-3.20 Hz) was
significantly higher in the Failed Response group compared to the Successful Response
group (p<0.002) (Figure 2). Effect sizes for these measures ranged from 0.78-0.88 (Hedges’
) and from 0.11-0.14 (n?).

3.3 Decomposed signal measures - encouraged-use lean-and-release trials

Affected-side CMSA foot score was a covariate for between-limb synchronization at the Dy,
D5, and Dg levels. The assumption of homogeneity of regression slopes was violated for
each of these analyses, and therefore affected-side CMSA score was included as a factor in
the analysis of variance model as described in Section 3.1. For all outcome measures
compared on the basis of the encouraged-use lean-and-release trials, the only measure for
which a significant difference was identified between groups was between-limb
synchronization at the D1 level (Hedges’ ¢g=0.46; np2:0.16), such that between-limb
synchronization was lower in the Failed Response group than in the Successful Response
group (Figures 3 and 4). For the remaining comparisons between outcome measures, the
mean effect sizes were Hedges’ g=0.31 (range: 0.06-0.54) and np2:0.029 (range: 0.004-
0.066). However, the direction of the differences was generally in the hypothesized direction
(reduced between-limb synchronization, ratios between the individual-limb COP amplitudes
that were further from 0.50 for the Failed Response group).

4.0 Discussion

In support of our hypothesis, compared to those who exhibited successful responses,
increased net COP amplitude at frequencies >0.4 Hz were identified in individuals who
exhibited failed responses following a large-magnitude postural perturbation in which
responses were unconstrained (i.e. preferred stepping limb). These findings may be
indicative of impaired reactive balance control of quiet standing in individuals with reduced
ability to recover balance. Although it was hypothesized that no differences would be
identified in frequency levels representative of anticipatory control, between-limb
synchronization at the D1 level differed between groups when determined based on the
encouraged-use trials (i.e. non-preferred stepping limb). No significant differences were
observed in the remaining between-limb synchronization or ratio measures.

In the study of quiet standing and postural control, wavelet decomposition has been applied
to COP signals to compare clinical groups and healthy controls (Morales and Kolaczyk,
2002; Chagdes et al., 2009; Suarez et al., 2013; Clark et al., 2014). Furthermore, wavelet
decomposition has been used to investigate differences between individuals post-stroke with
and without spasticity (Singer and Mochizuki, 2015). As wavelet decomposition appears to
distinguish between clinical populations and healthy controls (Morales and Kolaczyk, 2002;
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Chagdes et al., 2009; Prosser et al., 2010; Suarez et al., 2013; Clark et al., 2014), as well as
between sub-groups within a clinical population (Singer and Mochizuki, 2015), this
technique may be a promising tool for clinical analysis. Metrics of the non-decomposed
COP signal have previously been analyzed to identify differences post-stroke (Mansfield et
al., 2011) and associations with falling (Mansfield et al., 2012; Mansfield et al., 2015).
However, the use of a wavelet approach to investigate relationships between ability to
recover balance and reactive control of quiet standing is limited. The need to decompose the
COP signal is supported by the lack of significant differences in the non-decomposed signal
(all frequency levels) between groups in the present study, as well as previous work that
found no relationship between quiet standing control and ability to recover balance in
response to perturbations (Maki et al., 1990; Owings et al., 2000; Mackey and Robinovitch,
2005). The lack of significant relationships between quiet standing control and ability to
recover balance following an external postural perturbation in past work may, in part, be
attributable to a focus on the non-decomposed COP signal (as opposed to decomposing the
signal into constituent frequency levels).

Existing models suggest that the control of quiet standing may be exerted through two
different mechanisms. The lower-frequency COP levels may relate to an anticipatory control
mechanism. Within the context of the present study, however, the primary focus was the
higher-frequency COP levels, which are thought to represent balance corrections in response
to transient instability (Paillex and So, 2003; Singer and Mochizuki, 2015). Similarly, the
lean-and-release tasks evaluated individuals’ ability to respond to more extreme instability in
which necessary support was suddenly removed, requiring that they must quickly take at
least one step to prevent a fall to the floor (although the safety harness or a physiotherapist
ultimately prevented a fall). Therefore, the balance recovery abilities of the two groups of
participants may also be reflected in the reactive control of quiet standing. This finding is
supported by studies that aimed to identify the structures in the central nervous system that
are involved in balance. Although the spinal cord and brain stem are likely involved in
reactive balance (Jacobs and Horak, 2007), emerging evidence has shown that the cerebral
cortex may also be involved in quiet standing (Parokaran Varghese et al., 2015) and recovery
from external perturbations (Jacobs and Horak, 2007; Mochizuki et al., 2008; Mochizuki et
al., 2010; Fujimoto et al., 2014). It is thought that the fronto-central region, specifically the
supplementary motor area, may play a role in reactive balance (Jacobs and Horak, 2007).
The basal ganglia and cerebellum may also be involved in the modulation of responses
through the use of contextual information and past experience (Jacobs and Horak, 2007).
Taken together with these past works, the present findings suggest the existence of a
common pathway or control centre for reactive balance control, regardless of the magnitude
of perturbation (i.e. small-magnitude internal perturbations such as those experienced during
quiet standing, represented by the higher-frequency components of the COP signal, or large-
magnitude external perturbations).

Significant differences, with effect sizes ranging from 0.78-0.88 (Hedges’ g) and from 0.11-
0.14 (npz), were found within net COP amplitude measures when the Failed and Successful
Response groups were determined based on performance in the unconstrained lean-and-
release task. That factors such as stroke severity and motor impairment were tested and
found to be unnecessary as covariates provides support that the findings were not simply the
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result of a common physical factor underlying performance on both assessments. The COP
signal encompasses COM displacements in addition to the stabilizing moments produced
around the ankle joints by the lower leg muscles (Winter et al., 1996; Geurts et al., 2005).
The increased amplitude of the non-decomposed COP signal that is often observed post-
stroke may result from increases in both COM displacement and stabilizing moments
(Paillex and So, 2003; Geurts et al., 2005). Between the two groups of individuals with
stroke in the present study, there were no differences in the COM dynamics (lower
frequencies) when determined based on general stepping ability, and therefore no differences
in postural stability. However, the greater COP amplitude at higher frequencies in the Failed
Response group implies that these individuals were exerting more stabilizing moments (i.e.
reactive correction) in order to constrain the COM dynamics. The greater degree of active
correction required by the individuals in the Failed Response group to perform the simplest
of the tasks in the present study (quiet standing) may suggest that a larger potential for
instability exists when these individuals are perturbed, thereby contributing to the increased
need for assistance required by these individuals.

The encouraged-use trials quantified the ability to recover balance with the non-preferred
limb; and the limb-specific quiet standing measures (between-limb synchronization, ratio of
individual-limb RMS) quantified the individual limbs’ function in relation to each other. Of
the limb-specific measures, a difference between the Failed Response and Successful
Response groups when based on the encouraged-use lean-and-release trials was only
observed for between-limb synchronization at the D1 level (0.10-0.20 Hz; representative of
anticipatory control). This may result from a deficit in one of the limbs, or in the ability to
synchronize the COP movements under the individual limbs. Specifically, this finding may
indicate that individuals in whom ability to recover balance is impaired when attempting to
step with the non-preferred limb also experienced challenges in the temporal co-modulation
of the lower-frequency COP movements. While significant differences in between-limb
synchronization were not identified in the higher-frequency components, the non-significant
trends aligned with those previously identified between individuals with stroke, with and
without unilateral spasticity (Singer and Mochizuki, 2015). Furthermore, partial eta squared
values for between-limb synchronization were within the range of those previously reported
(Singer and Mochizuki, 2015). Potentially, between-limb synchronization at frequencies
representative of reactive control may be more sensitive to detecting differences in
individuals with spasticity, in which discrepancies in motor control between the limbs may
be more profound. Alternatively, the lack of differences between groups in the frequency
levels representative of reactive control, when comparisons were made based on the
encouraged-use trials, may suggest that membership in either group may be related to
factors other than differences in the control of quiet standing. For example, cognitive or
emotional factors such as anxiety or confidence related to stepping with the non-preferred
limb (Lakhani et al., 2011) may have been unrelated to quiet standing ability, but influential
in determining which group an individual was placed in.

The relevance of these findings for clinical practice lies in the previously established link
between impaired ability to recover balance and fall risk, as an increased need for external
assistance during compensatory stepping tasks has been shown to relate to fall risk during
inpatient rehabilitation (Mansfield et al., 2013). As the present findings have suggested that a
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relationship may exist between the reactive control of quiet standing and ability to recover
from an external postural perturbation, this study has provided the first step to linking the
former to fall risk. The reactive control of quiet standing may also provide a potential
surrogate measure for the assessment of ability to recover balance in a clinical setting. In the
present dataset, although 240 participants completed the quiet standing assessment, 156 and
176 were not able to complete five unconstrained and encouraged-use lean-and-release
trials, respectively, and therefore were discounted from the analysis. Similarly, a previous
study found that lean-and-release assessments were generally not administered to patients
with lower levels of function (Inness et al., 2015). Therefore, the use of a quiet standing
assessment as a surrogate measure to evaluate ability to recover balance in a clinical setting
could be beneficial in that it may be more tolerable for individuals with low levels of
function, and can therefore be administered to a greater proportion of in-patients. Further
research is required to confirm these findings, as well as to identify strategies to aid in
improving reactive control of quiet standing and subsequently to determine whether these
strategies also improve balance recovery.

The present study was limited by several methodological considerations. As the study design
was cross-sectional, it was not possible from the present analysis to determine if the ability
to recover balance assessed by the quiet standing and lean-and-release tests are measuring
similar components of balance control, or if it is simply the case that individuals who show
impairment on one measure are also more likely to show impairment on the other.
Furthermore, as data were collected during clinical assessments conducted as a part of
routine care, full datasets were not available for all participants. As such, it is possible that
the present results do not represent patients at a lower level of function. However, this effect
may have been somewhat tempered by the nature of the present analysis, as it was a
retrospective review of data obtained as part of routine care. This may have enabled the
inclusion of data from individuals who would otherwise not have participated in a research
study.

With respect to the frequencies analyzed in the present study, a threshold value of 0.40 Hz
was selected to delineate between low- and high-frequency components of the COP signal
(Singer and Mochizuki, 2015), based on previous work (Winter et al., 1998; Zatsiorsky and
Duarte, 1999; Zatsiorsky and Duarte, 2000) that described two control mechanisms within
models of postural control. The present results provide some support for the validity of these
models, as the majority of significant differences between the Failed Response and
Successful Response groups were identified at frequencies above 0.40 Hz. Future work
should seek to confirm this value as the most appropriate for a cut-off level. In addition, it
has been suggested that the majority of the power in the COP spectrum lies within a range of
DC to between 1.00-1.40 Hz, depending on the measurement methodology (Vieira et al.,
2009). Therefore, the highest frequency range analyzed (1.60-3.20 Hz), although
statistically different between groups, may have limited practical significance. The two
remaining frequency ranges showing significant differences between groups (0.40-0.80 Hz,
0.80-1.60 Hz) were completely or mostly within the COP power spectrum, and therefore are
likely representative of the true COP signal.
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4.1 Conclusions

In conclusion, this study identified differences in the reactive control of quiet standing in
individuals with stroke based on ability to recover balance. The findings partially supported
the hypothesis, in that the individuals with failed responses on the unconstrained lean-and-
release trials demonstrated greater RMS of COP in higher frequency levels of the COP
signal, specifically in the 0.40-3.20 Hz range. Therefore, individuals with decreased ability
to recover balance may also demonstrate reduced postural stability and impaired reactive
control of quiet standing. These results provide insight into the mechanism by which the
reactive control of quiet standing is impaired in individuals with stroke, and may inform
strategies to more effectively assess and rehabilitate reactive balance control during stroke
recovery.
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Highlights

. Standing centre of pressure signals from individuals with stroke were
decomposed.

. Decomposed measures were compared based on balance recovery ability.

. Individuals with failed balance recovery responses had impaired standing
control.

. Results provide insight into mechanisms of balance impairment post-stroke.

. This technique may be an alternative method to assess balance recovery post-
stroke.
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Clinical assessment (sex, age, time post-stroke,
affected side of body, NIH score, affected-side
CMSA foot score)

Tested as potential covariates

U

Quiet standing with one foot on each of two
adjacent force plates (1 trial, 30 s)

Individual-limb and net COP calculated
COP signals decomposed into frequency components

Dependent variables calculated:
* RMS of net COP

* Between-limb synchronization

* Ratio of individual-limb COP

0

Lean-and-release trials on three force plates
(start with one foot on each of two adjacent force
plates; step forward onto a third force plate):

* Unconstrained response (5 trials)

* Encouraged use (5 trials)

L

Responses classified as ‘failed’ or ‘successful’ for each
condition to determine the level of the independent
variable:

* Failed Response group: at least 1 failed response
* Successful Response group: no failed responses

Figure 1.

Data collection procedures and information gained from each component of the assessment.
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Figure 2.

Mean (95% confidence interval) RMS of net COP values for each level and for the non-
decomposed signal, compared between the Failed Response and Successful Response
groups (determined based on the unconstrained lean-and-release trials). *Significant
following Holm-Bonferroni adjustment (a=0.007).
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Figure 3.

Mean (95% confidence interval) between-limb synchronization for each level and for the
non-decomposed signal, compared between the Failed Response and Successful Response
groups (determined based on the encouraged-use lean-and-release trials). *Significant
following Holm-Bonferroni adjustment (a=0.004).
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Figure 4.

Mean (95% confidence interval) individual-limb RMS ratios for each level and for the non-
decomposed signal, compared between the Failed Response and Successful Response
groups (determined based on the encouraged-use lean-and-release trials). The Holm-
Bonferroni corrected alpha was 0.004.
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Demographic and stroke-related characteristics of the Failed Response and Successful Response groups, based

on a) unconstrained and b) encouraged-use lean-and-release trials. *Characteristics tested as covariates.

Characteristic Failed Response group ~ Successful Response group  p-value
Groups based on unconstrained lean- N=29 N=55
and-release trials
Sex (number (%))* Men 19 (65.5%) 46 (83.6%) 0.059
Women 10 (34.5%) 9 (16.4%)
Age (years)* 66.8 (14.7) 64.3 (12.9) 0.43
NIHSS scored 3.8(2.6) 2.8(2.7) 0.17
CMSA foot score (more-affected 42(1.2) 4.7 (1.1) 0.073
side) 0
Time since stroke (days)* 23.1(16.2) 21.1(11.0) 0.50
More-affected side of the body (number  Right 9 (31.0%) 36 (65.5%) 0.75
o) Left 20 (69.0%) 19 (34.5%)
Stroke type (number (%)) Ischemic 23 (79.3%) 46 (83.6%) N/A
Haemorrhagic 6 (20.7%) 6 (10.9%)
Transforming to haemorrhagic 0 (0.0%) 2 (3.6%)
N/A 0 (0.0%) 1 (1.8%)
History of or current peripheral Present 1(3.4%) 3 (5.5%) N/A
neuropathy (number (36)) Absent 28 (96.6%) 52 (94.5%)
History of or current vestibular Present 1(3.4%) 3 (5.5%) N/A
condition (number (%)) Absent 28 (96.6%) 52 (94.5%)
History of or current visual field deficit ~ Present 3 (10.3%) 6 (10.9%) N/A
(number (%)) Absent 26 (89.7%) 49 (89.1%)
History of or current neglect (number Present 6 (20.7%) 7 (12.7%) N/A
() Absent 23 (79.3%) 48 (87.3%)
Groups based on encouraged-use lean- N=43 N=20
and-release trials
Sex (number (%))* Men 34 (79.1%) 16 (80.0%) 0.93
Women 9 (20.9%) 4(20.0%)
Age (years)* 66.4 (13.1) 59.5 (13.5) 0.057
NIHSS scoreC 3.6 (2.6) 26(28) 0.21
CMSA foot score (more-affected side)* 4.2(1.0) 53(11) <0.001
Time since stroke (days)* 22.3(14.1) 21.6 (13.5) 0.86
More-affected side of the body (number  Right 28 (65.1%) 16 (80.0%) 0.23
o) Left 15 (34.9%) 4 (20.0%)
Stroke type (number (%)) Ischemic 33 (76.7%) 19 (95.0%) N/A
Haemorrhagic 8 (18.6%) 1(5.0%)
Transforming to haemorrhagic 1(2.3%) 0 (0.0%)
N/A 1 (2.3%) 0 (0.0%)
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Characteristic Failed Response group  Successful Response group  p-value
History of or current peripheral Present 2 (4.7%) 1 (5.0%) N/A
neuropathy (number (%))

Absent 41 (95.3%) 19 (95.0%)
History of or current vestibular Present 2 (4.7%) 2 (10.0%) N/A
condition (number (%))

Absent 41 (95.3%) 18 (90.0%)
History of or current visual field deficit ~ Present 2 (4.7%) 4 (20.0%) N/A
(number (%))

Absent 41 (95.3%) 16 (80.0%)
History of or current neglect (number Present 10 (23.3%) 1 (5.0%) N/A
%
(%) Absent 33 (76.7%) 19 (95.0%)

aData available for 68 participants (Failed Response group: A=22; Successful Response group: A=46);
bData available for 82 participants (Failed Response group: AV=28; Successful Response group: A=54);

CData available for 52 participants (Failed Response group: A=36; Successful Response group: A=16).
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Table 2
Decomposition levels and corresponding frequency ranges. Shaded cells indicate frequency ranges of interest
(frequencies >3.20Hz are assumed to represent noise). The frequency ranges for levels Dg—Dg (higher

frequencies; bolded) are thought to be representative of reactive control, while the frequency ranges for levels
Dg-Dq; (lower frequencies; italicized) are thought to be representative of anticipatory control.

Decomposition level Frequency range
Dy 51.25-102.50Hz
D, 25.63-51.25Hz
Dj 12.81-25.63Hz
D, 6.41-12.81Hz
Dsg 3.20-6.41Hz
D 1.60-3.20Hz
Dy 0.80-1.60Hz
Dg 0.40-0.80Hz
Dy 0.20-0.40Hz
Dy 0.10-0.20Hz
Dy 0.050-0.10Hz
An DC-0.050Hz

Total Non-decomposed signal
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Test statistics and effect size for each outcome measure.
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Outcome Measure One-way analysis of Two-way analysis of variance
(co-)variance

Effect size (Hedges’ g
[95% confidence
interval]; partial eta

squared (m?))

Amplitude of net centre of pressure (root mean square; cm)O

De (1.60-3.20Hz) F1,,=10.37, p=0.002"
D7 (0.80-1.60Hz) Frg2=13.71, p<0.002*
Dg (0.40-0.80Hz) F1.8,=9.88, p=0.002 *
Dy (0.20-0.40Hz) F1.80=0.58, p=0.45
Group—covariate interaction (sex) Fr80=2.28, p=0.11
Dy (0.10-0.20Hz) F18,=1.74, p=0.19
Dy, (0.050-0.10Hz) F182=1.79, p=0.19
Non-decomposed signal F1,82=5,68, p=0.019

0.88[0.17, 1.59]; 0.11
0.88 [0.17, 1.60]; 0.14
0.78 [0.083, 1.47]; 0.11

0.72[0.028, 1.41]; 0.007

0.16 [-0.39, 0.71];
0.021

0.15 [-0.39, 0.70];
0.021

0.45 [-0.18, 1.07];
0.065

Between-limb synchronization (cross-correlation coefficient at zero time Iag)'

Dg (1.60-3.20Hz) Fi59=2.17, p=0.15 Group: F50=3.31, p=0.074
Group—covariate interaction (CMSA foot Fr50=7.23 p=0.002A CMSA: £ 56=7.30, p=0.009
score) ' '
Interaction: F; 59=0.63, p=0.43
D5 (0.80-1.60Hz) F159=1.63, p=0.21 Group: £ 59=1.64, p=0.21
Group-covariate interaction (CMSA foot F359=5.90, p=0.0054 CMSA: £ 54=4.96, p=0.030
score) ' '
Interaction: £ 56=0.001, p=0.97
Dg (0.40-0.80Hz) F159=0.14, p=0.71 Group: F;,50=0.30, p=0.58
Group-covariate interaction (CMSA foot Fr50=7.22, p=0.002A CMSA: £ 5=7.63, p=0.008
score) '

Interaction: F; 59=0.10, p=0.75

Dy (0.20-0.40Hz) F16:=0.76, p=0.39
D1 (0.10-0.20Hz) F6:=11.45, p=0.001"

Dy; (0.050-0.10Hz) F16:=0.23, p=0.63

Non-decomposed signal F1.56=5.00, p=0.029 Group: F; 59=4.16, p=0.046
ScoC?g)up—covariate interaction (CMSA foot Fi56=6.52, p:0_003A CMSA: £ 5=0.82, p=0.37

Interaction: F; 59=4.63, p=0.036

0.50 [-0.14, 1.15];
0.053

0.54 [-0.13, 1.20];
0.027

0.060 [-0.46, 0.58];
0.005

0.24 [-0.33, 0.71];
0.012

0.46 [-0.16, 1.08]; 0.16

0.089 [-0.43, 0.61];
0.004

0.11 [-0.42, 0.64];
0.066

Ratio of individual-limb root mean square®
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Outcome Measure

One-way analysis of
(co-)variance

Two-way analysis of variance

Effect size (Hedges’ g
[95% confidence
interval]; partial eta

squared (n,?))

Dg (1.60-3.20Hz)

D; (0.80-1.60Hz)

Dg (0.40-0.80Hz)

Dy (0.20-0.40Hz)

Dsp (0.10-0.20Hz)

D14 (0.050-0.10Hz)

Non-decomposed signal

FL61=1.80, p=0.18
Fie1=1.23, p=0.27
Fi61=2.05, p=0.16
Fi61=2.75, p=0.10
F161=3.18, p=0.08
Fi61=0.51, p=0.48

Fe1=1.73, p=0.19

0.36 [-0.25, 0.96];
0.029

0.30 [-0.29, 0.88];
0.020

0.38 [-0.23, 0.99];
0.032

0.44 [-0.19, 1.07];
0.043

0.48 [-0.16, 1.12];
0.050

0.19 [-0.36, 0.75];
0.008

0.35 [-0.25, 0.96];
0.028

o, . . .
Groups determined based on unconstrained lean-and-release trials;

' . -
Groups determined based on encouraged-use lean-and-release trials;

*
Significant effect of the factor of Group (Holm-Bonferroni adjusted alpha for groups based on unconstrained lean-and-release trials, a=0.007; for
groups based on encouraged-use lean-and-release trials, a=0.004);

A.. .. . . .
Significant interaction between the factor of Group and the covariate.
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