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General introduction

GENERAL INTRODUCTION

The capacity to maintain standing balance under various circumstances of daily life
involves a complex interplay between sensory, motor, and cognitive processes. These
processes are often impaired after a stroke, thereby contributing to an increased fall
risk in individuals after stroke (i.e., 0.88-6.5 falls per person-year vs. ~0.65 falls per
person-year in healthy elderly (1-4). A fall can have serious physical and psychological
consequences, including hip fractures, fear of falling, and reduced physical activity (1).
These consequences often induce a vicious circle with further decline of an individual’s
balance capacity.

Stroke
In the Netherlands, the total number of persons who have sustained a stroke is about
477,800 (5). A stroke is defined as a neurological deficit attributed to acute focal injury
to the central nervous system by a vascular cause (6). The majority of the strokes
(85%) is ischemic and result from temporary or permanent reduction of blood flow
to a brain area, typically caused by an embolic or thrombotic event. In the other 15%
of the strokes, the cause is hemorrhagic. In hemorrhagic stroke, blood spills into or
around the brain, thereby creating swelling and pressure and, consequently, damage
to brain tissue. As stroke lesions are very diverse in location and severity (7), the poststroke population is very equally heterogeneous with regard to sensory, motor, and
cognitive consequences (6, 7). In addition, the extent of spontaneous neurological
recovery as well as the capacity of the brain to anatomically and functionally reorganize
neural connectivity (i.e., neuroplasticity) differ between individuals and, therefore,
also contribute to the functional heterogeneity. The present thesis focuses on individuals
in the chronic phase (i.e., > 6 months) after hemiparetic stroke with a wide range of
motor impairments.

Standing balance in individuals after stroke
The capacity to maintain standing balance under different circumstances involves three
major domains: 1) quiet standing (without internally or externally induced perturbations);
2) recovery from internal perturbations (e.g., initiating walking); and 3) recovery from
external perturbations (e.g., tripping over an obstacle).

Quiet standing
In order to stand quietly without losing balance, one has to maintain the center of
(body) mass (COM) within the limits of the base of support (BOS). When standing on
two legs, the BOS constitutes the area of the feet touching the ground plus the area
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in between both feet. In the case of one-legged standing, the BOS is substantially
reduced to the area under the loaded foot. Quiet standing balance is usually assessed
with so-called ‘static posturography’ while standing on force plates. Force plates
measure the ground reaction forces (GRFs) exerted by the standing surface onto the
feet, from which the center of pressure (COP), i.e., point of application of the GRFs
can be calculated. The COP is determined by the vertical projection of the COM
position and by the torques generated around the ankles to stabilize the swaying body.
As a measure of quiet standing balance control, body sway control is often assessed
in terms of either COP velocity (frequency dependent) or COP amplitude (frequency
independent). In addition, weight-bearing (a)symmetry (in terms of the amount of
weight borne on each leg) and dynamic control (a)symmetry (in terms of the kinetic
contribution of each leg to the generation of COP movements or ankle torques) are
commonly used measures to reflect the quality of standing balance control.
Persons after stroke have impaired body sway control as exemplified by increased
COP movements in both the anteroposterior and mediolateral directions (8-10).
Furthermore, many persons after stroke show some degree of weight-bearing
asymmetry in favor of their non-paretic leg (on average about 10%) (11). Weight-bearing
asymmetry is regarded as a compensatory strategy for impaired standing balance
(12, 13), as a cause of poor standing balance control (14), or as a combination of
both. Even in the chronic phase after stroke, the non-paretic leg contributes, in kinetic
terms, much more to standing balance than the paretic leg (12, 13). Generally, the
larger the leg motor impairment after stroke, the larger the relative contribution of the
non-paretic leg to body sway control (i.e., more dynamic control asymmetry) (12, 15).
In this thesis, I investigate whether persisting dynamic control asymmetry is present
in well-recovered persons in the chronic phase after stroke and how the dynamic
control asymmetry relates to the degree of motor selectivity of the paretic leg.

Recovery from internal perturbations
Internal perturbations include self-induced movements, for instance while rising
from a chair or when initiating walking. Very often, the BOS is altered during these
movements and the COM needs to be repositioned within the altered BOS. The
consequences of voluntary, self-induced movements can be predicted based on
prior experience and, therefore, are largely based on anticipatory feedforward control
mechanisms. Clinical tests, such as the Berg Balance Scale (BBS) and the Timed Up
and Go test (TUG), are mostly based on an individual’s capacity to anticipate such
internal perturbations. Severely affected individuals with stroke perform worse on
these clinical tests than healthy persons (16-18), however, the BBS cannot detect
subtle balance deficits in relatively well-recovered individuals after stroke due to
ceiling effects (19). The ceiling effects can probably be overcome by including test
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items that score the capacity to successfully recover from (unexpected and therefore
unpredictable) external perturbations. In this thesis, I investigate whether a relatively
new clinical test (i.e., the mini-Balance Evaluation Systems Test (mini-BESTest)) that
includes external besides internal perturbations is able to detect subtle balance
problems in well-recovered individuals after stroke.

Recovery from external perturbations
External perturbations arise from forces outside the body and are usually unexpected.
Such perturbations may occur when displacing the BOS (e.g., when standing on a
moving platform), when manipulating the ground surface (e.g., when tripping over an
obstacle or slipping on ice), or by displacing body segments that move the COM
(e.g., during a push or pull). In this thesis, standing balance is perturbed by either
using a moving platform or by using a lean-and-release task (to mimic a push or pull).
One of the moving platforms I used was the Radboud Falls Simulator (Figure 1A) (20).
This unique device can deliver standardized unpredictable translational balance
perturbations in different directions (i.e., ‘dynamic posturography’). Subsequently,
the quality of the reactive balance recovery response can accurately be assessed
with an advanced motion capture system. This type of dynamic posturography
closely resembles real-life fall circumstances and is, therefore, an ecologically valid
method to assess standing balance recovery from external perturbations. During the
frequently used lean-and-release task (Figure 1B), participants lean into a tether or
into the hands of the examiner and, after a sudden release, they recover their balance
by stepping (21-23).

A

B

Figure 1 Methods for reactive balance assessment. A. The Radboud Falls Simulator. B. The leanand-release task.
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Two types of strategies can be used for balance recovery from external perturbations,
namely 1) a corrective or ‘feet-in-place strategy’ in which the BOS remains unaltered;
or 2) a protective or ‘stepping strategy’ in which the BOS is extended by stepping
(or sometimes grasping). Feet-in-place strategies are generally sufficient after small
perturbations, whereas protective strategies are needed to sustain larger perturbations.
Dynamic balance capacity can be viewed as the maximum ability to regain balance
after an external perturbation and is critical for preventing falls in daily life (24).
Individual balance capacity can be assessed in a movement laboratory by gradually
increasing the magnitude of external perturbations until a person fails to recover his/
her balance according the instruction to maintain standing without stepping (feetin-place balance capacity) or by using a single step (reactive stepping capacity).
Hence, the maximum feet-in-place balance capacity is defined by the ‘single stepping
threshold’ and the maximum reactive stepping capacity by the ‘multiple stepping
threshold’. Previous research has shown that recovering from an external balance
perturbation by making multiple steps is an unsafe strategy which is highly associated
with (near) falling (25). Assessments of single and multiple stepping thresholds
demonstrated high test-retest reliability (26), confirming that stepping thresholds are
appropriate balance measures for research and clinical purposes. Although both
single and multiple stepping thresholds decrease with age (27-29), it is unclear to
which extent a stroke affects feet-in-place as well as reactive stepping capacity.
In this thesis, I investigate whether either capacity to recover from external forward,
backward, and both sideward perturbations is impaired after stroke and how this is
associated with stroke-related deficits in muscle responses.
To achieve high single and multiple stepping thresholds, a coordinated and timely
muscle response is essential. In general, persons after stroke have delayed and smaller
amplitudes of the early components of the automated postural responses (i.e., highly
stereotyped and automated patterns of muscle activity in various muscles in response
to unexpected balance perturbations) (30, 31). Furthermore, the coordination of these
muscle responses is impaired after stroke (32). With regard to feet-in-place balance
capacity in hemiparetic stroke, the paretic leg is able to compensate for the nonparetic leg when standing on both feet (12). However, this is different for reactive
stepping capacity. Stroke-related impairments contribute to impaired reactive stepping,
particularly while stepping with the paretic leg (33), which has been shown by delayed
step onsets (34), reduced step lengths (34, 35), and reduced stability at stepping-foot
contact (34) compared to healthy individuals. Also stepping with the non-paretic leg
is impaired, as stability during the stepping movement must be provided by the paretic
leg without compensation from the non-paretic leg during single leg support (33).
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Although spatiotemporal step variables (such as step onset and step length) are
often used to quantify the quality of reactive stepping, these variables do not take into
account the position and/or velocity of the COM relative to the BOS at stepping-foot
contact. In contrast, body configuration variables (i.e., vertical leg and trunk angle;
Figure 2), capture the position of the COM relative to the BOS at stepping-foot
contact. In order to reliably assess the quality of reactive steps, it is crucial to identify
the step characteristics that best distinguish between successful (i.e., no fall) and
failed (i.e., fall) recovery attempts. In healthy young adults, the body configuration at
stepping-foot contact following backward perturbations could correctly classify
96% of the recovery attempts as a fall or no fall (36). Hence, in this population,
body configuration variables are more predictive for falling than spatiotemporal step
variables. It remains to be investigated whether this notion is also true for persons
after stroke and/or in other directions of perturbation. In this thesis, I investigate the
predictability of body configuration and spatiotemporal variables for successful
balance recovery after sideward perturbations in healthy young adults and after
backward perturbations in persons after stroke.
Trunk angle

Stance leg

Stepping leg
Leg angle

Figure 2 Vertical leg and trunk inclination angles for a backward step as measures of reactive
step quality.

Training reactive stepping capacity
Perturbation-based balance training is a task-specific intervention that aims to improve
reactive balance responses after external perturbations in a safe and controlled
environment. Unexpected balance perturbations are generally given during stance or
walking by moving motion platforms, by accelerating or decelerating treadmill belts,
by pulls or pushes from therapists, or with lean-and-release systems. These perturbations
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closely resemble the unexpectedness of falls in daily life. Previous studies have shown
that perturbation-based balance training is effective to reduce daily-life falls in older
adults and in persons with Parkinson’s disease (37, 38). However, it is not been proven
yet whether this type of training, or any other type, is also effective in reducing fall
rates after stroke (39). In the subacute phase of stroke (i.e., < 6 months), perturbationbased balance training improves reactive stepping (40, 41). Other studies found that
deficits in reactive stepping are related to increased fall rates during inpatient stroke
rehabilitation (42) as well as after discharge from stroke rehabilitation (43), while some
studies suggest that perturbation-based balance training may improve reactive
stepping even in the chronic phase after stroke (39, 44). In the study of Mansfield
et al. the experimental group received therapist-induced balance perturbations and
demonstrated improved reactive balance control when tested under the trained
circumstances. Yet, no significant reduction in fall rate was observed compared to
the control group (39). Further research is essential to investigate the generalizability
of perturbation-based balance training effects to non-trained circumstances.
Schinkel-Ivy et al. (44) provided some evidence for improved reactive stepping after
perturbation-based balance training under non-trained circumstances, but their
therapist-induced perturbation training was not delivered under standardized conditions.
The perturbation-based balance training could be further enhanced by increasing
the intensity and unpredictability of the perturbations, thereby providing a larger
challenge. In this thesis, I investigate whether a highly standardized and challenging
perturbation-based balance training on the Radboud Falls Simulator improves reactive
step quality as well as enhances side stepping in individuals in the chronic phase
after stroke.
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Aims and outline of the thesis
The overall aim of this thesis is to gain more insight into static and dynamic standing
balance capacity in individuals in the chronic phase (i.e., > 6 months) after hemiparetic
stroke by comparing them to healthy persons. I include a heterogeneous group of
individuals in the chronic phase after stroke varying from persons with substantial leg
motor impairments to those with no or only very limited clinical leg motor impairment
(i.e., a minor stroke). The following specific aims are addressed:
1. To assess the relationships between motor impairment of the paretic leg, postural
asymmetry, and impaired body sway control in people after stroke (Part 1: Quiet
standing balance).
2. To investigate the characteristics of backward, forward, and sideward reactive
steps after external balance perturbations in people after stroke compared to
healthy age-matched individuals and to determine whether the quality of these
reactive steps can be improved with perturbation-based balance training (Part 2:
Reactive stepping).
3. To determine whether people after minor stroke have persistent balance and gait
problems, an elevated fall risk, and lower physical activity levels compared to
healthy age-matched individuals (Part 3: Balance capacity after minor stroke).
Part 1 of this thesis contains Chapter 2, which focuses on the static aspects of
balance control in people in the chronic phase after a unilateral supratentorial stroke
with a wide range of motor impairments of the paretic leg. In this chapter, I assess the
relationship of motor impairment of the paretic leg and the reduced contribution of
this leg to body sway control (i.e., dynamic control asymmetry). Furthermore, I also
determine the relationships between impaired body sway control, dynamic control
asymmetry, and weight-bearing asymmetry.
As reactive stepping is an important protective mechanism to prevent falling, in Part 2,
I focus on these reactive stepping responses. In Chapter 3 I identify the critical determinants
of successful side stepping after large sideward perturbations in healthy individuals.
In Chapter 4 I determine the predictive value of body configuration at stepping-foot
contact for single-step balance recovery after backward perturbations in people after
stroke. Currently, these body configuration variables can only be determined with
advanced motion capture in expensive laboratories. To facilitate implementation of
reactive stepping assessments in clinical practice, I investigate in Chapter 5 the
validity of a 2D video camera to accurately capture the leg angle (i.e., most important
body configuration variable for reactive step quality) following backward perturbations
compared to 3D motion analysis as the gold standard. The aim of Chapter 6 is to
compare balance capacity measures (i.e., single stepping threshold and multiple
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stepping threshold) as well as leg muscle onset latencies and response amplitudes
between persons after stroke and healthy individuals. I also identify the effect of
reduced and delayed paretic leg postural responses on balance capacity. In Chapter 7
I investigate the effect of a 5-week perturbation-based balance training on the quality
of reactive stepping responses and the frequency of side steps in community-dwelling
individuals with chronic stroke.
Part 3 contains Chapter 8 in which I focus on the population with a ‘minor stroke’.
These individuals after minor stroke had sustained a stroke with no or only very limited
clinical leg motor impairment (Fugl-Meyer Assessment – lower extremity score ≥ 24).
I investigate whether persons in the chronic phase after minor stroke have persistent
balance and gait problems, an elevated fall risk, and decreased physical activity
levels compared to healthy persons.
In Chapter 9 the results of this thesis are summarized, discussed, and placed in a
broader perspective.
A Dutch summary is given in Chapter 10.

Box 1 Move On project
The work presented in this thesis is part of the Move On project. The overall aim of the Move
On project was to develop an affordable and easy-to-use balance testing and training device.
To develop an all-in-one balance testing and training device, several academic (Radboud
university medical center, Delft University of Technology), industrial (Motek Medical, 2M
Engineering), and clinical (Sint Maartenskliniek, Tolbrug Specialistische Revalidatie,
Pieter van Foreest, Amstelland Fysiotherapie) partners worked closely together. The Move
On project was supported by funding from The Netherlands Organisation for Health Research
and Development (grant number: 104003014).
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Part 1
Quiet standing balance

2
Relationships between affected-leg
motor impairment, postural asymmetry,
and impaired body sway control after
unilateral supratentorial stroke
Published as
Roelofs JMB, van Heugten K, de Kam D, Weerdesteyn V, Geurts ACH.
Relationships between affected-leg motor impairment, postural asymmetry,
and impaired body sway control after unilateral supratentorial stroke.
Neurorehabil Neural Repair. 2018;32(11):953-960.

CHAPTER 2

Abstract
Background. The relationships between motor impairment of the affected leg,
postural control asymmetry, and impaired body sway control after stroke are not well
understood.
Objective. To examine the relationship between motor impairment of the affected leg
and reduced contribution of this leg to body sway control (i.e., dynamic control
asymmetry [DCA]) and to determine the relationships between impaired body sway
control, DCA, and weight-bearing asymmetry (WBA).
Methods. We assessed quiet-standing balance with eyes open in 70 persons with a
unilateral supratentorial chronic stroke using 2 force plates. Center-of-pressure (COP)
velocity was calculated for both feet together in the anteroposterior (AP) and
mediolateral (ML) directions as a measure of body sway control. Bilateral AP COP
velocities were used to calculate an index for DCA and weight borne on each side to
calculate WBA. Fugl-Meyer assessment of the lower extremity (FMA-LE; range: 0-28)
served as a measure of affected-leg motor impairment.
Results. All participants with FMA-LE < 24 showed pronounced DCA, but this was
also true for 21% of those with FMA ≥ 24. Higher DCA values were related to more
WBA (rs=0.496; p<0.001), and less ML sway control (rs=0.268; p=0.025). AP sway
control was not significantly related to either DCA or WBA.
Conclusions. Even clinically well-recovered stroke survivors with (near) maximal
FMA-LE scores may show clear postural asymmetry in terms of the relative
contribution of the affected leg to body sway control. WBA seems to be an effective
compensatory mechanism to optimize the contribution of the less-affected leg to
balance, particularly in the AP direction.
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Introduction
It is well known that a unilateral supratentorial stroke may affect the control of standing
balance in several ways. Many posturographic studies have reported impaired body
sway control as exemplified by increased center-of-pressure (COP) movements in
the anteroposterior (AP) and mediolateral (ML) directions (1-3). In addition, some
degree of weight-bearing asymmetry (WBA) in favor of the less-affected leg is
observed in many patients with stroke (4-7). Although both abnormalities may
improve during the subacute phase after stroke, patients with a moderate to severe
paresis often show persistently impaired body sway control as well as persistent
WBA (on average about 10% more weight being borne on the less-affected leg) in the
chronic phase (i.e., > 6 months poststroke) (8). More recent studies in patients with
unilateral supratentorial stroke that used dual-plate posturography have further
revealed that, in kinetic terms, the less-affected leg contributes much more to
standing balance than the affected leg (9). In other words, after a unilateral
supratentorial stroke, both legs do not contribute equally to the generation of COP
movements or ankle torques. Remarkably, this so-called dynamic control asymmetry
(DCA) shows little tendency to diminish during rehabilitation (8-10). Together, these
results suggest that although postural sway control and affected-leg weight bearing
improve over the course of rehabilitation (8), the contribution of the affected leg to
standing balance control often remains poor in the chronic phase poststroke (9).
Asymmetry in the contribution of each leg to standing balance is also reflected in a
reduced between-limb temporal synchronization (i.e., cross-correlation) of COP
movements. Recently, Mansfield et al. investigated quiet standing balance in the
subacute phase of stroke and found that between-limb synchronization was indeed
reduced (11). This synchronization was moderately associated with motor scores
(Chedoke-McMaster Stroke Assessment) of the affected leg and foot (rs=0.4) (12),
but the relationship between leg motor impairment and DCA is still unknown. In
addition, whether persisting DCA may be present in the chronic phase after stroke
even in well-recovered individuals has yet to be established.
Persistent DCA after unilateral supratentorial stroke together with improvements in
postural sway control suggest that the less-affected leg compensates for the loss
of selective motor control on the affected side to maintain standing balance. This
compensation may be so effective that body sway control does not necessarily differ
between patients with mild paresis and those with relatively severe paresis. Typically,
patients with more severe paresis tend to show a greater degree of DCA and WBA
than those with limited motor impairments, without significant group differences in
overall COP movements (10). Yet patients who show a fairly symmetric weight
distribution may still exhibit DCA in favor of the less-affected leg (9).
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To gain better insight into the effects of unilateral supratentorial stroke on the various
characteristics of standing balance control, we conducted a cross-sectional study in
the chronic phase after unilateral supratentorial stroke and included communitydwelling independent walkers with a wide range of motor impairments of the affected
leg. Our first aim was to examine the relationship of motor impairment of the affected
leg, as assessed with the Fugl-Meyer Assessment (FMA), with DCA (Figure 1).
We hypothesized that the relationship between leg motor impairment and DCA would
be non-linear, that is, even patients with clinically no impairment or only very limited
leg motor impairment may show a substantial degree of DCA as a result of loss of
fine lower-leg motor control needed to execute ankle strategies. Our second aim was
to determine the mutual relationships between WBA, DCA, and body sway control
during quiet standing (Figure 1). We hypothesized that the relationship between DCA
and WBA would be positive and statistically significant, but that the relationship
between DCA and body sway control would be statistically nonsignificant because
of a modulating effect of WBA.

Stroke

Leg motor
impairment

Dynamic control
asymmetry

Impaired body
sway control

Weight-bearing
asymmetry

Figure 1 Conceptual framework of the presumed mutual relationships between unilateral
supratentorial stroke, motor impairment on the affected side, dynamic control asymmetry in
favor of the less-affected leg, weight-bearing asymmetry, and body sway control.

Methods
Participants
A total of 70 persons in the chronic phase (> 6 months) after a unilateral supratentorial
stroke were included. Potential participants were recruited from the outpatient departments
of Rehabilitation and Neurology at Radboud University Medical Center, from the outpatient
clinics of affiliated rehabilitation centers, and through advertisements in local newspapers.
The medical record of each individual was checked before participation in the case
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of any uncertainty about the stroke location. Participants had to be able to stand and
walk independently on regular surface without supervision (Functional Ambulation
Categories [FAC] score ≥ 4) (13). All participants had normal or corrected to normal
vision. We excluded potential participants if they suffered from neurological (except
stroke), musculoskeletal, or cognitive (Mini Mental State Examination [MMSE] < 24) (14)
impairments as well as individuals who used psychotropic medication. Table 1 shows
relevant participant characteristics, including the FMA lower-extremity score without
the coordination domain (FMA-LE; range: 0-28) as a measure of leg motor impairment
(15); the Motricity Index lower-extremity score (MI-LE; range: 0-100) as a measure of
leg strength (16); Quantitative Vibration Threshold (QVT) of the affected lateral
malleolus and hallux as a reliable and sensitive measure of deep sensibility (17, 18);
and the 10-m walking test at comfortable walking speed, the Timed Up and Go test
(19), and the Berg Balance Scale (20, 21) as functional measures. Written informed
consent was obtained from all participants. The protocol was approved by the

Table 1 Clinical characteristics of participants (n=70)
Mean (SD) or
percentage
Age (years)

63.6 (8.2)

Sex (male/female, percentage male)
Months since stroke
Stroke type (ischemic/hemorrhagic, percentage ischemic)
Affected hemisphere (left/right, percentage left)
MMSE

77.1%
56.2 (46.7)
85.3%
42.9%
28.5 (1.5)

FMA-LE

25.0 (4.2)

MI-LE

79.9 (15.1)

QVT-lateral malleolus

4.7 (2.1)

QVT-hallux

4.2 (2.4)

FAC (4/5, percentage FAC 5)

95.7%

Comfortable walking speed (m/s)

1.0 (0.3)

Timed Up and Go test (s)

12.2 (7.8)

Berg Balance

Scalea

51.8 (5.6)

FAC: Functional Ambulation Categories; FMA-LE: Fugl-Meyer Assessment – lower extremity, affected
side (range: 0-28); MI-LE: Motricity Index – lower extremity, affected side (range: 0-100); MMSE: Mini
Mental State Examination (range: 0-30); QVT-hallux: Quantitative Vibration Threshold – hallux, affected
side (range: 0-8); QVT-lateral malleolus: Quantitative Vibration Threshold – lateral malleolus, affected
side (range: 0-8). aBerg Balance Scale, range: 0-56.
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Medical Ethical Board of the region Arnhem-Nijmegen (NL33977.091.10), and all
procedures were conducted in accordance with the Declaration of Helsinki.

Experimental setup and assessment protocol
During the balance assessment, participants stood barefoot on 2 force plates (AMTI,
Watertown, NY) with their arms alongside their trunk. Each foot was positioned on
one force plate against a fixed foot frame, so that the medial sides of the heels were
8.4 cm apart and the toes were oriented outward at a 9° angle from the sagittal
midline (22). Participants were instructed to stand as still as possible on a firm surface
with their eyes open for 30 seconds. Participants were instructed to look straight
ahead at a fixation cross mounted on the opposite wall at a distance of 8.1 m. Two trials
were recorded for each participant.

Data collection and analysis
Force-plate data were recorded at 1000 Hz and were low-pass filtered with a
dual-pass, second-order Butterworth filter with a cutoff frequency of 6 Hz. For each
trial, the first 5 seconds were removed to prevent the influence of starting effects. In
addition, the last 5 seconds were discarded to reduce any influence of loss of focus
on the task (standing still) at the end of each trial. This resulted in 20 seconds of data
available for analysis. Previous research has shown that 20 to 30 seconds quiet
standing registrations yield optimal test-retest reliability (23). As a measure of body
sway control in the AP and ML directions, we calculated the root mean square (RMS)
of the overall COP velocity (i.e., taking 2 feet together without correction for toeing-out
angle). To assess the symmetry in the use of ankle strategies, COP movements in the
AP direction were also calculated for each leg separately, corrected for toeing-out
angle because of the different orientation of each foot in the coordinate system (left
foot 9° rotated to the left; right foot 9° rotated to the right with respect to the sagittal
midline). To express the degree of DCA in the AP direction, we calculated a symmetry
index (SI) according to the following formula (24):

.

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

Statistical analysis
To determine whether the FMA-LE score was predictive for DCA, we calculated the
positive and negative predictive values (PPVs and NPVs) and their corresponding
95% CIs for several cutoff points of the FMA-LE score (i.e., 22 to 27). The PPV was
defined as the percentage of participants with a FMA-LE score below or equal to the
cutoff point who had significant DCA (i.e., an abnormally high SI > 66%). The NPV
was defined as the percentage of participants with a FMA-LE score above the cutoff
point who had no DCA (i.e., a normal SI between -66% and 66%). To also examine
other contributors to DCA, we conducted a forward stepwise logistic regression
analysis with DCA (normal vs. abnormal) as the dependent variable and FMA-LE
score, MI-LE score, QVT of the affected lateral malleolus, QVT of the affected hallux,
affected body side, and age as independent variables. To examine the relationship
between DCA, WBA, and body sway control, we performed linear regression analyses
and calculated Spearman correlation coefficients between each pair of postural
characteristics. All statistical analyses were performed in SPSS (version 22.0). P values
<0.05 were considered statistically significant.

Results
Participants showed, on average, a relatively high level of balance and gait capacities
based on FAC, gait speed, Timed Up and Go test, and Berg Balance Scale (Table 1).
The DCA in favor of the less-affected leg fell outside the normal range in favor of the
less-affected leg (SI > 66%) in 28 participants (40%). There was on average 4.4%
WBA in favor of the less-affected leg, but a large between-subjects variance existed
(Table 2).
To provide insight into the relationship between motor impairment of the affected leg
and DCA, Table 3 shows the PPVs and NPVs for several FMA-LE values with regard
to DCA. The sum of the PPV and NPV was highest for FMA-LE score 23. All participants
who scored < 24 points on the FMA-LE had abnormally high SI values (PPV value
100%; Figure 2, Q1). Of the 53 participants who scored ≥ 24 points on the FMA-LE,
42 had normal SI values (NPV value 79%; Figure 2, Q4). However, 11 participants
(21%) with such a high FMA-LE score still showed abnormally high SI values,
indicating DCA (Figure 2, Q2).
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Table 2 Posturographic characteristics of participants (n=70)
Mean (SD; range)
Body sway control
(AP; RMS AP COP velocity; mm/s)

13.7 (5.4; 5.6 – 28.2)

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

7.3 (3.7; 2.4 – 22.3)

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

48.9 (52.9; -56.4 – 159.7)

Weight-bearing asymmetry
(50% – percentage of body weight on affected leg)

4.4 (7.8; -9.9 – 28.7)

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

Table 3 PPV and NPV of the FMA-LE with respect to dynamic control asymmetry
FMA-LE
22

PPV (%) [95% CI]

NPV (%) [95% CI]

100

76; [66 – 86]

23

100

79; [69 – 89]

24

86; [78 – 94]

81; [72 – 90]

25

80; [71 – 89]

82; [73 – 91]

26

71; [60 – 82]

89; [82 – 96]

27

67; [56 – 78]

94; [88 – 100]

FMA-LE: Fugl-Meyer Assessment – lower extremity; NPV: negative predictive value; PPV: positive
predictive value.

Furthermore, the results of the forward stepwise logistic regression analysis showed
that besides the FMA-LE score (Nagelkerke R2=62.6%; p<0.001), only QVT of the
affected hallux significantly contributed to the overall explained DCA variance
(Nagelkerke R2=69.0%; FMA-LE p<0.001; QVT-hallux p=0.024).
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Figure 2 Dynamic control asymmetry (expressed as a symmetry index) plotted against leg
motor impairment (expressed as Fugl-Meyer Assessment – lower extremity [FMA-LE] score).
The grey area represents the normal range of symmetry indices obtained from healthy
individuals (22, 25). Q1 and Q2 represent participants with SI values > 66% (i.e., in favor of the
less-affected leg) and FMA-LE scores < 24 points (Q1) or ≥ 24 points (Q2). None of our
participants with a FMA-LE score < 24 points had a SI value within the normal range for healthy
individuals (gray area; Q3). Participants in Q4 had a SI value within the normal range and a
FMA-LE score ≥ 24 points. The vertical line represents the distinction between a FMA-LE score
< 24 (i.e., moderate to severe leg motor impairment) and a FMA-LE score < 24 points (i.e., mild
leg motor impairment). AP: anteroposterior direction.

Figure 3 provides insight into the mutual relationships between DCA, WBA, and body
sway control. A significant and moderately strong correlation between DCA and WBA
was found (rs=0.496, p<0.001); however, body sway control in the AP direction did
not show a significant correlation with either DCA (rs=0.133, p=0.273) or WBA
(rs=-0.013, p=0.917). Body sway control in the ML direction, on the other hand,
showed a significant yet rather weak correlation with DCA (rs=0.268, p=0.025), but
not with WBA (rs=0.052, p=0.670).
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Figure 3 Upper panel: dynamic control asymmetry in the AP direction (expressed as a
symmetry index) in relation to weight-bearing asymmetry (expressed as 50% - percentage of
body weight borne on the affected leg). Asterisks represent individuals with FMA-LE score ≥ 27,
and circles represent individuals with FMA-LE score < 27 (A). Mid panel: body sway control in
AP (B) and ML (C) directions in relation to weight-bearing asymmetry. Lower panel: body sway
control in AP (D) and ML (E) directions in relation to dynamic control asymmetry in the AP
direction. AP: anteroposterior; COP: center of pressure; FMA-LE: Fugl-Meyer Assessment –
lower extremity; ML: mediolateral.
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Discussion
In this study, we evaluated the effects of a unilateral supratentorial stroke on various
characteristics of standing balance control. Confirming our first hypothesis, the
results demonstrated that even individuals in the chronic phase after stroke with
clinically no impairment or only very limited leg motor impairment can show substantial
asymmetry in the relative contribution of each leg to body sway control (DCA). This
finding suggests that the relationship between leg motor impairment and this dynamic
aspect of postural asymmetry may indeed be nonlinear. Furthermore, as hypothesized,
we found a significant relationship between DCA and static control asymmetry in
terms of weight bearing (WBA), indicating that persons with DCA bear more weight
on their less-affected leg. Coherent with previous findings of others (10, 12), we found
that DCA was weakly associated with body sway control in the ML direction, but not
with body sway control in the AP direction.
Previous studies have shown that people with stroke recover 33% to 88% of their
initial leg motor impairments within 3 to 4 months after stroke (26, 27). Despite these
relatively large improvements, a substantial degree of impairment in the motor control
of the affected leg may persist in the chronic phase after stroke. In line with this
notion, 17 of our participants (24%) who showed a substantial degree of affected-leg
motor impairment (i.e., FMA-LE < 24) all showed significant DCA. This finding is in
accordance with previous studies reporting that greater leg motor impairment results
in a lower relative contribution of the affected leg to body sway control compared to
the less-affected leg (10, 28). Based on logistic regression analysis, it can be
concluded that this relationship is independent of affected body side or age, but to
some degree (6.4% additionally explained variance) influenced by loss of deep
sensibility (i.e., vibration sense). Whereas substantial motor impairment always
resulted in poorer DCA, the opposite was not necessarily true. In all, 21% of
participants with good leg motor recovery (i.e., FMA-LE ≥ 24) demonstrated significant
DCA. These results imply that the functional impact of a relatively mild paresis, based
on clinical examination, on the control of standing balance may be underestimated,
even though DCA was not significantly associated with impaired body sway control.
This lack of association is most likely caused by the efficacy of compensatory control
by the less-affected leg.
Indeed, the absence of a correlation between DCA and AP body sway control and the
presence of an association between DCA and WBA corroborate the notion that the
ankle strategies executed by the less-affected leg compensate for the loss of ankle
control by the affected leg, which compensation may be facilitated by a certain
degree of WBA in favor of the less-affected leg. Notably, a strategy of more than 10%
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WBA was observed only in favor of the less-affected leg and nearly always in
participants (except 1 individual) with a FMA-LE score < 27. As a result, DCA and
WBA are to some extent associated, whereas their respective associations with AP
body sway control are lost because of the efficacy of these compensatory
mechanisms. This notion is in accordance with previous studies in subacute stroke
patients (10-12). It is also coherent with results obtained in healthy individuals who
showed increased contribution of the more loaded leg when being forced toward an
asymmetric weight distribution (22). The underlying mechanism is probably that
increasing the Ioad on one leg also increases the efficacy of the corrective COP
movements on this body side because it enhances the corresponding ankle torques.
This compensatory mechanism is most likely less effective in the ML sway direction.
In contrast with the AP direction, we did find a weak association (24% covariance)
between DCA and ML body sway control, which is in agreement with previous work
by Mansfield et al (11, 12). They reported that reduced between-limb temporal
synchronization in COP movements in subacute stroke patients was related to
impaired ML body sway control (rs=0.3), WBA (rs=0.2), and clinical balance scores
(Berg Balance Scale; rs=0.3), whereas no associations could be demonstrated with
AP sway control (12). This pattern of results supports the idea that DCA may be less
effective for compensating impaired ML body sway control compared to AP body
sway control. In fact, there are several explanations for this notion. Firstly, ML body
sway control during quiet standing is mostly controlled by a so-called weight-shifting
strategy that does not require the generation of corrective ankle torques, but merely
the generation of hip torques (abduction/adduction) in the frontal plane. Secondly,
ML body sway control after stroke is relatively severely affected compared to AP body
sway control (8), which besides sensorimotor impairments may be a result of
disturbances in the perception of the postural and visual vertical (29). Hence, DCA
and ML body sway control probably both reflect the severity of stroke and more so
than AP sway control.

Strengths and limitations
In our study, we determined DCA based on COP movements solely in the AP direction
for 2 reasons. First, motor impairment of the affected leg (FMA–LE) was based on
testing the selective use of affected ankle plantarflexors and dorsiflexors that are
working in the sagittal plane. Second, as mentioned above, ankle mechanisms in the
ML direction hardly contribute to body sway control during quiet 2-legged standing.
A slightly different approach for estimating the kinetic contribution of the affected leg
to body sway control is the calculation of ankle torques (instead of COP movements)
that integrate the amount of weight bearing (9). By focusing on COP movements,
however, we were able to study the modulating effect of WBA on the relation between
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DCA and body sway control, which cannot be identified from an integrated ankle
torque measure.
As in most posturographic studies, participants stood at a standardized stance
width, which could have influenced the results. However, stance width predominantly
influences ML sway control, whereas it has only limited influence on COP movements
in the AP direction (30) and, thus, on our main outcome measures (i.e., DCA and AP
sway control). Moreover, we focused on the relationships between several
posturographic characteristics rather than on their absolute values. Therefore, we
believe that a possible influence of the selected standardized stance width on our
results remains very limited.
Although we included participants with a wide range of leg motor impairments after
stroke, a fairly skewed distribution toward well-recovered individuals was present
(76% had a FMA-LE score ≥ 24). Because all severely affected participants (FMA-LE
score < 24) showed DCA, more participants with severe stroke would probably not
have changed our results.
In this study, we compared the DCA values of our participants with those of healthy
individuals obtained from a previous study of our group (22). Preferably, we had
included an age-matched healthy control group in the current study, but the similar
experimental conditions did not justify the extra effort and burden on participants.
Ideally, we had attempted a longitudinal study starting in the subacute phase after
stroke to be better able to study causal relationships based on time-dependent
analysis. However, many subacute patients with a hemiparesis are not able to stand
safely and independently without aids or support until several weeks after stroke, as
we observed in a previous study (8). Nevertheless, such a study would be warranted
based on the results of the current study to further substantiate the presumed
causalities.
In conclusion, even clinically well-recovered stroke survivors with (near) maximal
FMA-LE scores may still show subtle impairments in distal leg motor control leading
to DCA (in terms of an asymmetric kinetic contribution of each leg to standing
balance). This dynamic postural control asymmetry does not seem to hamper AP
body sway control during quiet 2-legged standing, presumably because of
compensation by the less-affected ankle that may be further facilitated by
concomitantly adopting some degree of static postural control asymmetry (in terms
of WBA). The clinical implication of this knowledge is that one may easily overestimate
“well-recovered” stroke survivors with regard to their capacity to perform complex
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balance skills that require single-leg balance control – for example, during regular
walking, stair climbing, hopping, jumping, getting on and off a bike, and so on.
Clinicians could assess whether a lower kinetic contribution of the affected leg to
standing balance is present by using dual-plate posturography. Another, yet
speculative, clinical implication may be that AP body sway control will be much more
seriously affected once a patient suffers a second contralateral (or bilateral) stroke,
even if the severity of the paraparesis would appear to be mild. In such cases, use of
ankle strategies for controlling AP body sway may be seriously affected, forcing
patients to rely on alternative, but less efficient, hip strategies. This notion needs to be
corroborated by future research.
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Abstract
Background. Compensatory stepping is an important protective mechanism to
prevent falling. To recover from sideways perturbations side steps are generally more
advantageous than cross-over steps. However, there is lack of understanding of the
characteristics of compensatory side steps following sideways perturbations that
separate successful recoveries (i.e., no falls) from falls, the most clinically relevant
outcome following a balance perturbation.
Objective. We aimed to identify the critical determinants for successful side stepping
after large sideways balance perturbations.
Methods. Twelve healthy young adults were subjected to large leftward perturbations
at varying intensities on a translating sheet. For recovery attempts started with a side
step, we determined body configuration variables (frontal-plane leg and trunk angle)
at first step contact, as well as spatiotemporal step variables (onset, length, duration,
velocity). A logistic regression analysis was conducted to determine the predictive
ability of body configuration and spatiotemporal variables on the probability of
success (no fall vs. fall); perturbation intensity (peak jerk of translating sheet) and a
random effect for individual were also included in the model.
Results. In the final model, leg angle and peak jerk were retained as predictors of
successful balance recovery and these variables correctly classified the recovery
outcome in 86% of the trials. This final ‘body configuration’ model yielded a -2 log
likelihood of -36.3, whereas the best fitting model with only spatiotemporal variables
yielded a -2 log likelihood of -45.8 (indicating a poorer fit).
Conclusions. The leg angle at a given perturbation intensity appears to be a valid
measure of reactive side step quality. The relative ease of measuring this leg angle at
step contact makes it a candidate outcome for reactive stepping assessments in
clinical practice.
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Introduction
Falls and their physical and psychosocial consequences are a major health problem
in the aging population. Compensatory stepping is an important protective mechanism
to prevent falling in daily life. More insight into the critical determinants for successful
stepping responses may help identify people at risk of falling and develop targeted
interventions to prevent falls.
Stepping responses following sideways perturbations are of particular interest,
because sideways falls increase the odds of hip fractures by at least threefold
compared to forward or backward falls (1, 2). To recover from sideways perturbations,
individuals generally choose between side stepping or cross-over stepping (3).
During a cross-over step, the limb unloaded by the perturbation passes the other foot
on either the anterior or posterior side. This strategy, however, allows for a rather
limited extension of the base of support into the direction of the perturbation, thus
also limiting its effectiveness for arresting the impending fall. Indeed, in a group of
people with Parkinson’s Disease, cross-over steps resulted in a fall more frequently
than did side steps (4). Furthermore, a cross-over step also carries the risk of limb
collisions, which is particularly evident in the elderly (5, 6). Side stepping is therefore
regarded a more advantageous strategy for recovering from large sideways
perturbations, but its execution is complicated by the fact that the limb that is initially
loaded by the perturbation needs to be quickly and actively unloaded to allow taking
a step. Indeed, it appears that people have difficulties employing this strategy at
perturbation intensities large enough to induce real falls, despite its greater
effectiveness in arresting the impending fall (7).
For expressing the quality of stepping responses following sideways perturbations,
previous studies have mainly used spatiotemporal variables (4, 8). Step length
appears to be an important determinant of successful balance recovery, as older
fallers took a shorter step than non-fallers to recover from sideways perturbations (8).
Such variables, however, do not take into account the position and/or velocity of the
center of mass (COM) relative to the base of support at the time of step contact.
Various methods have been developed that include approximations of COM position/
velocity for assessing the quality of balance correcting steps in the anteroposterior
direction (9-12). These methods have been successful in distinguishing between
single and multiple stepping responses (13, 14) and in identifying individuals with a
higher risk of falling (15). In addition, in our study in healthy young participants, we
found that a simple biomechanical model describing body configuration at step
contact (16) accurately discriminated between successful balance recovery and true
falls following backward perturbations (17). The angle of the stepping leg (relative to
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the vertical) together with the trunk inclination angle at step contact (both including
an approximation of the COM position) had significantly greater discriminative ability
than any combination of spatiotemporal step variables (17). However, similar studies
have not yet been conducted for step recoveries from sideways perturbations.
In this study, we conducted a secondary analysis on a data set that was originally
collected for investigating the effects of compensatory stepping strategies on hip
impact velocity and orientation during falls following sideways balance perturbations.
The key strength of this study was that it involved healthy young adults responding to
highly destabilizing lateral support-surface translations that required at least two
steps for successful balance recovery. The participants failed to recover from these
perturbations in more than 50% of the trials, thus allowing us to determine characteristics of compensatory steps that separated successful recoveries (i.e., no falls) from
actual falls. As side stepping is generally accepted to be the most effective strategy
(cf. cross stepping), we aimed to identify the determinants of successful side steps
for balance recovery. Our hypothesis was that the quality of the first corrective side
step would be a strong predictor of recovery success, similar to our previous
observations for backward perturbations (16, 17). In particular, we expected that a
model with body configuration variables would better fit the observed recovery
outcomes compared to a model with traditional spatiotemporal step variables.

Methods
Participants
Twelve healthy young adults (28.6±9.3 years; 10 males) participated in this study.
Written informed consent was obtained from all participants. The protocol was
approved by the Research Ethics Board of Simon Fraser University.

Experimental setup and protocol
Participants stood barefoot in semi tandem stance with the left foot in front and with
the left arm lifted forward (average anteroposterior and mediolateral distances
between left and right mid-foot positions were 426 and 147 mm, respectively).
They stood on top of a rubber sheet (LxW = 990 x 890 mm) overlying a firm gymnasium
mattress. The rubber sheet could be translated horizontally by means of a linear motor
(T4D, Trilogy System Corporation, Webster, TX, USA). The sheet always translated to
the participant’s right, inducing a leftward loss of balance (Figure 1).
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Figure 1 Schematic (top view) of experimental setup.

After familiarization with the experimental setup, participants were subjected to 33
balance perturbations at varying intensities (with peak horizontal velocities of the
rubber sheet of 1.6-3.4 m/s, peak accelerations of 12.7-28.9 m/s2, and peak jerks of
200-473 m/s3), in random order. The total displacement of the sheet was 1.20 m for
all perturbation intensities. The instant of perturbation onset was unknown to the
participants. Participants were instructed to do their very best to prevent themselves
from falling. A fall was defined as the pelvis coming to rest on the gymnasium
mattress. For each trial, the outcome of the recovery attempt was classified as
successful (no fall) or fall.
Full-body kinematics (Helen Hayes marker set (18)) were recorded at 200 Hz with an
8-camera 3D motion analysis system (Motion Analysis Inc., Santa Rosa, CA). Four
additional markers were placed on the translating rubber sheet.

Data analysis
Marker position data were filtered with a second order, low-pass (6 Hz), zero-lag
Butterworth filter. Stepping strategy (i.e., side step or no side step) was visually
determined for each trial. The start of the perturbation was determined from the
velocity profiles of the markers on the rubber sheet. The body configuration (i.e., trunk
inclination angle and leg angle) was determined at first step contact (mediolateral
velocity of 2nd metatarsal or calcaneus marker < 0.4 m/s). The trunk inclination angle
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was calculated as the angle in the frontal plane between the vertical and the line
connecting mid-shoulder to mid-pelvis. The leg angle was defined as the angle
between the vertical and the line connecting mid-pelvis to the 2nd metatarsal of the
(first) stepping foot. A leftward tilted trunk and a foot position leftward to mid-pelvis
were represented by positive angles (Figure 2).
positive
trunk angle

stance leg

stepping leg

positive
leg angle

direction of
perturbation

Figure 2 Definitions of positive leg and trunk inclination angles.

As spatiotemporal variables, we determined step onset (mediolateral velocity of the
2nd metatarsal or calcaneus marker > 0.4 m/s), step length (mediolateral displacement
between step onset and step contact of the 2nd metatarsal marker of the stepping
foot relative to the rubber sheet), step duration, and step velocity (length/duration).
In addition, peak velocity, peak acceleration, and peak jerk of the sheet were calculated
from marker data as measures of perturbation intensity.
All outcome measures were calculated with a custom-written Matlab Program (Matlab
R2011a).

50

EFFECT OF BODY CONFIGURATION ON SIDEWARD BALANCE RECOVERY

Statistical analysis
Our analyses were focused on the side steps. We compared body configuration and
spatiotemporal variables between successful recoveries, failed recoveries with more
than one step, and failed recoveries with one step, using a one-way analysis of variance
(ANOVA). Post-hoc tests were performed using Bonferroni corrections. To determine
the predictive ability of all side step variables (leg angle, trunk angle, step onset, step
length, step duration, step velocity) for recovery outcome (no fall vs. fall), a backward
logistic regression analysis was conducted. Peak jerk was also included as an
independent variable for perturbation intensity and was selected over peak velocity
and peak acceleration because it yielded a greater Nagelkerke R2 for recovery
outcome. Model selection was based on p<0.05 for entry and p>0.10 for removal.
Because individuals contributed repeated measures (i.e., trials) to the model,
a random effect for individual was added. We also determined the best model fit
(in terms of -2 log likelihood) when only body configuration variables (i.e., leg angle
and trunk angle) and when only spatiotemporal step variables (i.e., onset, length,
duration, and velocity) were included. Furthermore, Pearson correlation coefficients
were calculated between body configuration and spatiotemporal variables. Statistical
analyses were performed in SPSS (version 20.0) and RStudio (version 1.0.136).
P<0.05 was considered statistically significant.

Results
Thirteen of the 396 trials were omitted from the analyses due to problems with data
recording (9 trials) or an inability to determine stepping strategy (2 trials) or recovery
outcome (2 trials) from the 3D motion data. Of the remaining 383 trials, participants
used a side-stepping strategy in 205 trials. Seventy-six of the 205 side-step trials
were excluded from further analysis, because the participant stepped outside of the
translating sheet on the stationary mat (which, thus, helped them recover balance;
47 trials); the pelvis rotation at the moment of perturbation onset was larger than
45 degrees (i.e., perturbation direction is more forward or backward instead of
sideward; 16 trials); essential marker data were missing at first step contact (12 trials)
or at perturbation onset (1 trial). Participants successfully recovered balance in 42 of
the 129 included trials (on average 33%, varying from 0 to 67% between individuals).
To successfully recover balance, participants always needed at least two steps.
Table 1 shows the average values for the body configuration and spatiotemporal step
variables in successful trials, failed trials with more than one step, and failed trials with
one step. In general, we observed larger leg angles, smaller trunk angles, larger step
lengths and higher step velocities in successful compared to failed trials.
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Table 1 Mean and standard deviations for each of the predictors sorted by
outcome of the recovery attempt
Outcome of recovery attempt
Successful
recovery
(n=42)

Failed recovery
with more than
one step (n=52)

Failed recovery
with one step
(n=34)

Peak jerk (m/s3)

294 (72) a, b

385 (62) a

362 (66) b

Leg angle (degrees)

3.0 (8.3) a, b

-7.9 (7.1) a, c

-24.0 (12.2) b, c

a

23.8 (8.0)

a

21.4 (11.5)

Trunk angle (degrees)

17.5 (6.9)

Step onset (s)

0.16 (0.04) a

0.14 (0.03) a, c

0.16 (0.05) c

Step length (cm)

65 (14) b

58 (15) c

46 (14) b, c

Step duration (s)

0.27 (0.03)

0.26 (0.03)

0.26 (0.04)

Step velocity (cm/s)

235 (35) b

218 (38) c

174 (37) b, c

a Significant

difference between ‘successful recovery’ and ‘failed recovery with more than one step’
(p<0.01)
b Significant difference between ‘successful recovery’ and ‘failed recovery with one step’ (p<0.01)
c Significant difference between ‘failed recovery with more than one step’ and ‘failed recovery with
one step’ (p<0.01)

When all variables were entered into the logistic regression model to predict recovery
outcome, leg angle (p<0.001) and peak jerk (p=0.001) were retained in the final
model. For 111 of the 129 trials (86%) the outcome of the recovery attempt was
correctly classified based on leg angle and peak jerk (Figure 3), according to the
equation:

.
An increase in leg angle of 1.0 degrees increased the odds of successful balance
recovery by 1.368 (Table 2). To maintain the same probability of success, larger leg
angles (i.e., more positive) were required when peak jerk increased.
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Figure 3 Leg angles and peak jerks for successful (asterisks) and failed (diamonds) balance
recovery attempts initiated with a side-stepping strategy. The line represents the combination
of angle and jerk with 50% probability to recover balance successfully.

A -2 log likelihood value of -36.3 reflects the goodness-of-fit of this model based on
leg angle and peak jerk. The best fitting model using only spatiotemporal variables
yielded a -2 log likelihood of -45.8 (i.e., poorer fit) and included step length (p<0.001)
and peak jerk (p<0.001) as significant predictors of success (Table 2). For 106 of the
129 trials (82%) the successfulness of the recovery attempt could be correctly
classified based on step length and peak jerk.
Significant correlations were observed between leg angle and spatiotemporal
variables (r=0.31-0.66), except for leg angle and step onset (Table 3). The trunk angle
was significantly correlated with step onset (r=-0.30) and step duration (r=0.23). The
strongest correlation between body configuration and spatiotemporal variables was
found between leg angle and step velocity (r=0.66), with larger step velocities yielding
more positive leg angles.
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Table 2 Results of the backward logistic regression analysis for the
side-stepping strategy
Mean
(SD)

Odds ratio
(95% CI)*

p value

-8.5 (13.7)

1.368 (1.154-1.621)

<0.001

350 (77)

0.977 (0.962-0.991)

0.001

Body configuration variables (-2 log likelihood = -36.3)
Leg angle (degrees)
Peak jerk

(m/s3)

Spatiotemporal variables (-2 log likelihood = -45.8)
Step length (cm)

57 (16)

1.114 (1.052-1.178)

<0.001

Peak jerk (m/s3)

350 (77)

0.967 (0.953-0.981)

<0.001

*The odds ratio is calculated for an increase in the independent variable of one unit. In case of the leg
angle as independent variable, it means that with an increase in leg angle of 1.0 degrees, the odds of
successful balance recovery will increase by 1.368.

Table 3 Pearson correlations between body configuration variables and
spatiotemporal variables for the side-stepping strategy
Trunk angle

Step onset

-0.09

-0.04

Trunk angle

-

-0.30**

0.05

0.23**

-0.04

Step onset

-

-

-0.36**

-0.50**

-0.22*

Step length

-

-

-

0.74**

0.92**

Step duration

-

-

-

-

0.44**

Leg angle

* p<0.05; ** p<0.01
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Discussion
The aim of this study was to identify determinants of the first side step that could
predict whether or not the participant would ultimately fall following a large sideways
balance perturbation. In line with our hypothesis, we found that the quality of the first
side step was a predictor for the outcome of the recovery attempt, with a greater
angle of the leg at step contact and perturbation intensity being the strongest
predictors of successful recovery.
We found that the angle of the stepping leg at first step contact was associated with
recovery outcome following large sideways perturbations, and more so than any of
the spatiotemporal variables. This result is in line with our previous work on backward
stepping (17). Although the leg angle moderately correlated with step length and
velocity, it apparently provided more salient information on the quality of the recovery
step. This can be explained by the leg angle better reflecting the position of the foot
relative to the COM, and the stabilizing moment provided by the foot contact force.
Several other approaches have been published to model the relationship between
COM position/velocity and the base of support for quantifying dynamic stability (9,
11, 19), yet the present method is much easier – as the leg angle at a given perturbation
intensity can be determined from a single frontal ‘screenshot’ – while still being very
accurate in predicting recovery outcome. We, therefore, feel that this method may be
particularly useful in assessments of reactive step quality in a clinical environment.
Yet, it cannot be excluded that information on the velocity of the COM at foot landing
(which is not taken into account in either the body configuration or the spatiotemporal
step variables) may further improve the prediction of recovery outcome. In addition,
the leg angle only takes into account the leg movements that occurred in the frontal
plane (i.e., direction of perturbation), whereas out-of-plane stepping movements or
axial rotations in the trunk may also influence the likelihood of successful balance
recovery.
In addition to the leg angles, average trunk inclination angles also differed between
successful and failed trials with more than one step (see Table 1). Previous work on
forward perturbations has emphasized the importance of controlling the trunk angle
for maintaining stability during balance recovery (20-23). Similarly, in our previous
work on backward stepping, the trunk angle was a significant predictor of recovery
outcome, albeit much weaker than the leg angle (17). In the present study, however,
the trunk angle did not come out as a significant predictor of sideward balance
recovery.
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Although the leg angle in combination with perturbation intensity accurately predicted
the outcome of the recovery attempt for sideways perturbations, the classification
accuracy of the model (86% of trials correctly classified) was substantially lower than
for backward perturbations (96% correct) (17). In addition, in our previous study the
body configurations in incorrectly classified trials (i.e., discrepancy between model
prediction and actual outcome of recovery attempt) closely approached the 50%
probability values, whereas in the present study some of these trials were relatively
distant from the equiprobability line (as indicated by the line in Figure 3). Such deviant
trials may be due to a faulty second step rendering the recovery attempt unsuccessful,
despite a “good” first side step; for instance when a limb collision occurred during the
second cross-over step (3). It must be mentioned, though, that there was only one
failed recovery trial where the first step was well above the 50% probability line (the
uppermost diamond in Figure 3), so it appears that successful recovery is highly
likely following a good first side step (i.e., large leg angle). In contrast, a poorer leg
angle did not necessarily preclude successful recovery, as there were several trials in
which our participants managed to avoid falling despite leg angles being lower than
-10 degrees (and at considerable distance from the 50% probability line). This reflects
that a good second step may effectively compensate for a relatively poor first step.
Yet, the leg angle of the first side step needs to be sufficiently large to allow taking
additional steps, as evidenced by the poorer average leg angles in unsuccessful
trials with only one step compared to those with more than one step (Table 1).
The lower percentage correctly classified recovery outcomes for side stepping
compared to backward stepping may also be due to differences in the ability of the
stepping leg to generate force (or absorb energy) after foot landing. When stepping
backwards, the leg usually lands with the joints in relatively extended configurations
that, combined with their anatomy and end range of motion, cause the stepping leg
to act like a relatively stiff strut (17). In contrast, when stepping sideways, the leg
usually lands with the joints (and particularly the knee) in a more flexed position. This
leg configuration allows the quadriceps muscles to absorb energy by contracting
eccentrically, similar to their role in arresting a forward fall (24-27). Thus, inter-trial and
inter-individual differences in joint torques (with only a limited role for torques around
the ankle joint) produced after foot landing may explain the residual variance in
recovery outcomes. Unfortunately – and inherent in the use of thick mattresses to
ensure falling safely – our experimental setup did not permit recording ground
reaction forces to quantify these joint torques.
Another limitation is related to the present study concerning a secondary analysis of
a data set that was originally collected for addressing another research question. The
semi-tandem starting position that was used (i.e., standing with the left leg in front of
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the right leg) with the left arm lifted forward does not reflect a ‘natural’ stance. In
addition, the rather small translating rubber sheet that we used may also be mentioned
as a limitation, as the foot landing outside the sheet resulted in the exclusion of a
relatively large number of trials (47 of the 205 side steps).
The key strength of our study was that we applied perturbations that were strong
enough to induce true falls in healthy young adults, which allowed us to identify the
characteristics of compensatory side steps following sideways perturbations that
separate successful recoveries (i.e., no falls) from falls, as the most clinically relevant
outcome following a balance perturbation. The angle of the stepping leg with the
vertical at first step contact was identified as a strong determinant of success, more
so than any of the spatiotemporal step variables. At a given perturbation intensity, we
expect the leg angle to be a valid measure for the quality of a reactive side step
regardless of age and disease, but further research should focus on the generalizability of our results to other populations. In future studies, it would also be of interest
to identify how people achieve favorable leg angles at foot contact, as this could
provide targets for interventions aimed at improving side step quality. Importantly, the
simplicity of assessing the leg angle at a given perturbation intensity may allow its
application in novel balance tests for clinical use.
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CHAPTER 4

Abstract
Objective. To determine the predictive value of leg and trunk inclination angles at
stepping-foot contact for the capacity to recover from a backward balance
perturbation with a single step in people after stroke.
Methods. Twenty-four chronic stroke survivors and 21 healthy controls were included
in a cross-sectional study. We studied reactive stepping responses by subjecting
participants to multidirectional stance perturbations at different intensities on a
translating platform. In this paper we focus on backward perturbations. Participants
were instructed to recover from the perturbations with maximally one step. A trial was
classified as ‘success’ if balance was restored according to this instruction. We
recorded full-body kinematics and computed: 1) body configuration parameters at
first stepping-foot contact (leg and trunk inclination angles) and 2) spatiotemporal
step parameters (step onset, step length, step duration, and step velocity). We
identified predictors of balance recovery capacity using a stepwise logistic regression.
Perturbation intensity was also included as a predictor.
Results. The model with spatiotemporal parameters (perturbation intensity, step
length, and step duration) could correctly classify 85% of the trials as success or fail
(Nagelkerke R2=0.61). In the body configuration model (Nagelkerke R2=0.71),
perturbation intensity and leg and trunk angles correctly classified the outcome of
86% of the recovery attempts. The goodness of fit was significantly higher for the
body configuration model compared to the model with spatiotemporal variables
(p<0.01). Participant group and stepping leg (paretic or non-paretic) did not
significantly improve the explained variance of the final body configuration model.
Conclusions. Body configuration at stepping-foot contact is a valid and clinically
feasible indicator of backward fall risk in stroke survivors, given its potential to be
derived from a single sagittal screenshot.
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Introduction
Falls are a considerable health problem after stroke because of their major physical
and psychological consequences. Even in chronic stroke survivors, the risk of falls is
substantially higher than in the general older population (1.4-5 vs. 0.65 falls per year)
(1). Balance problems are among the most important risk factors for falls. Training
programs aimed at improving balance effectively reduce the risk of falling in older
individuals (2). In people with stroke, however, similar types of exercise programs
have failed to reduce fall risk (3). To develop effective fall preventive strategies in
people after stroke, better insight in critical determinants of falling is needed.
In daily life situations, reactive stepping after a loss of balance is an important saving
strategy to prevent an actual fall. Such stepping responses are substantially impaired
in people after stroke compared to healthy individuals (4-9). When exposed to
balance perturbations in a laboratory situation, people after stroke demonstrated
later and smaller steps and their center of mass (COM) was closer to the boundaries
of their base of support (BOS) at the moment of first foot contact (5, 8). Deficits in step
kinematics (i.e., excessive trunk flexion and impaired step length) were associated
with a greater likelihood of perturbation-induced falls in the forward direction (10). Yet,
it remains to be investigated, which step characteristics are most critical for backward
balance recovery in stroke survivors.
Studies in healthy individuals have already provided important insight into critical
determinants of balance recovery capacity following backward perturbations. It was
found that body configuration at the instant of first stepping-foot contact could
discriminate between single step and multiple step balance recovery attempts in
healthy older individuals (11). In another study, healthy young individuals were
exposed to large magnitude backward perturbations that resulted in actual falls in
42% of the trials (12). Following these perturbations, vertical leg and trunk inclination
angles at first stepping-foot contact could correctly classify 96% of the trials as a
successful or a failed recovery attempt. Traditional spatiotemporal step parameters
(step onset, step length, and step duration) could only classify 84% of the attempts
correctly, indicating that simple body configuration parameters at first stepping-foot
contact are sufficient to quantify the quality of backward reactive steps in healthy
individuals. Such parameters could be highly valuable to identify people that are
prone to falling in high-risk populations, such as stroke. However, it needs to be
investigated whether such a simple model also applies to a much more heterogeneous
group of people with stroke, in whom neuromuscular functions like muscle strength
and coordination can vary greatly between subjects and also between the paretic
and non-paretic leg within subjects.
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In the present study, we aimed to validate body configuration parameters as outcome
measures for step quality in chronic stroke survivors. We first compared backward
reactive stepping performance (i.e., ability to recover balance with a single step)
between stroke survivors and healthy controls to ensure that the selected group of
stroke survivors was impaired in their step quality. We then determined the strength
of the associations between body configuration outcomes and spatiotemporal step
parameters. Finally, we compared the predictive value of body configuration vs.
spatiotemporal parameters for the capacity to recover with a single step from a
backward perturbation in the total group of stroke survivors and controls. We further
evaluated whether the step variables identified as the strongest determinants, could
predict backward stepping performance independent of disease (i.e., stroke or
control) and stepping leg (i.e., paretic or non-paretic). We hypothesized that both
body configuration and spatiotemporal parameters would be predictive of balance
recovery capacity (i.e., single or multiple step). Based on previous findings in healthy
individuals (12), we expect body configuration parameters to have a greater predictive
value than spatiotemporal parameters.

Methods
Participants
Twenty-four ambulatory people in the chronic phase (> 6 months) after a unilateral
supratentorial stroke as well as 21 healthy older adults (aged > 55 years) participated
in this study (Table 1). Participants had to be able to stand and walk independently
or under supervision (Functional Ambulation Categories (FAC) ≥ 3). Individuals who
suffered from neurological (except stroke), cognitive (Mini Mental State Examination
(MMSE) < 24) or musculoskeletal impairments as well as people who used medication
that affects reaction time (e.g., neuroleptics and benzodiazepines) were excluded.
Written informed consent was obtained from all participants. The protocol was
approved by the Medical Ethical Board of the region Arnhem-Nijmegen and all
procedures were conducted in accordance with the Declaration of Helsinki.

Experimental setup
Participants stood barefoot with their feet 4.5 centimeters apart on a moveable
platform (length x width: 240 cm x 174 cm (13)). The platform could unexpectedly
translate in either of four directions (forward, backward, leftward, and rightward).
The perturbation waveform involved a 300 ms acceleration phase followed by a
500 ms constant velocity period and a 300 ms deceleration phase (see Figure 1
for perturbation profiles). Participants wore a safety harness that was attached to a
sliding rail in the ceiling and which moved synchronically with the anteroposterior
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Table 1 Participant’s characteristics
People with stroke (n=24)
Mean (SD) or number

Healthy controls (n=21)
Mean (SD) or number

19/5

6/15

61.1 (9.1)

64.3 (5.2)

Gender (male/female)
Age (years)
Body weight (kg)
Height (m)
Time since stroke (months)

82 (14)

71 (15)

1.73 (0.10)

1.69 (0.09)

60 (48)

NA

Paretic side (left/right)

13/11

NA

Type of stroke (ischemic/
hemorrhagic)

19/5

NA

Fugl-Meyer Assessment –
leg score

28.4 (4.1)

NA

Motricity Index – leg score

75.0 (10.1)

NA

Berg Balance Score

52.0 (4.9)

55.9 (0.4)

4

NA = not applicable. Possible score ranges for the clinical tests are: Fugl-Meyer Assessment – leg
score, 0-34; Motricity Index – leg score, 0-100; Berg Balance Score, 0-56.

movements of the platform. People with stroke wore an ASO ankle brace (Medical
Specialities, Wadesboro, North Carolina, USA) on the paretic side to prevent ankle
injury.

Experimental protocol
Participants were instructed to recover from the perturbations with a maximum of one
step and not to grab the rail. A trial was classified as ‘success’ if there was no further
backward extension of the base of support after the first step. After eight practice
trials, the perturbation intensity was gradually increased until participants were unable
to respond with a single step or until the maximum perturbation intensity was reached.
Four trials were collected at each of four fixed intensities (1.5, 2.5, 3.5, 4.5 m/s2) as far
as feasible for the participant. In order to minimize anticipation to the perturbations,
backward perturbations were alternated with forward and sideways perturbations.

Data collection and analysis
Full body kinematics (Vicon Plug-in-Gait) were recorded at 100 Hz using an 8-camera
3D motion capture system (Vicon Motion Systems, Oxford, UK). An additional
reflective marker was placed on the translating platform to correct marker positions
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for platform movement. Marker trajectory data was filtered with a second order, 5 Hz
low-pass, zero-lag Butterworth filter. The start of the perturbation was determined
from a digital platform position signal and the instants of step onset and foot contact
were determined from the foot marker recordings. Vertical leg and trunk inclination
angles at foot contact were calculated in the sagittal plane. The trunk segment was
defined by the line connecting the mid- shoulder to the mid-pelvis and the leg
segment was defined by the line connecting the mid-pelvis to the 2nd metatarsal of
the stepping-foot. A forward tilted trunk and a foot position posterior to mid-pelvis
were defined as a positive trunk and leg angle, respectively. All outcome measures
were calculated with a custom written Matlab Program.

Perturbation profiles

Position (m)

0.75
0.5
0.25
0
1.5 m/s2

Velocity (m/s)

1

2.5 m/s2
3.5 m/s2
4.5 m/s2

0.5

Acceleration (m/s2)

0

5
2.5
0
-2.5
-5
0

0.4

0.8

Time (s)

Figure 1 Perturbation profiles for the different intensities of perturbation.
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Statistical analysis
To evaluate whether stroke survivors and controls differed in their capacity to sustain
the increasing perturbation intensities, we conducted a survival analysis on the number
of individuals that were still in the experiment at the different perturbation intensities.
To determine which step parameters were different between successful and failed
recovery attempts, we used separate independent samples t-tests for each perturbation
intensity. The strength of the relations between spatiotemporal step and body
configuration parameters were quantified by Pearson correlations. To compare the
predictive value of both body configuration and spatiotemporal step parameters for
balance recovery capacity, we used a stepwise logistic regression analysis for
each group of parameters separately. Perturbation intensity was also included as a
possible predictor in each of the models. We used a forward stepwise logistic model
with a likelihood ratio criterion. Variables were entered in the model if their p-value
upon entry in the model was smaller than 0.05. Variables that were entered into the
model were removed if their p-value changed to >0.10 upon entry of subsequent
predictors. Subsequently, we determined which of the two models (i.e., body configuration
or spatiotemporal variables) better predicted the probability of successful balance
recovery. This was done by comparing the models’ differences in the sum of the
squared residuals (i.e., goodness of fit) to the differences in residuals that could be
expected by chance under the null hypothesis of equal goodness of fit. To determine
the distribution of the latter, we randomly flipped each individuals’ residual between
the two models and again computed the difference of the sums of squares for the
two models. We repeated this procedure 1 million times to generate a null distribution
and determined the p-value based on this distribution. This analysis was performed
in R studio.

Results
Successfulness of backward balance recovery attempts
A total of 522 trials with a backward perturbation were available for analysis, 235 of
which were obtained from the people with stroke. Five participants in the stroke group
failed in all backward trials. One participant with stroke (4%) succeeded in all trials,
whereas this was true for two of the control subjects (10%). The remaining participants
had both successful and failed recovery attempts.
Participants remained in the experiment until they consistently failed to recover from
the perturbations with a single backward step. As a consequence, 66% of the controls
and 83% of the people with stroke had missing data at one or more of the fixed
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perturbation intensities. The survival curve in Figure 2 (top panel) shows that the
experiment was terminated at lower perturbation intensities in the people with stroke
compared to the control subjects (chi2=4.6, p=0.032), indicating that their balance
recovery capacity was poorer.

Proportion of participants in the experiment
50
0
1.5

2.5

3.5

400

200

Step duration
300

100

1.5

2.5

3.5

4.5

Leg angle
Leg angle (deg)

Step length (cm)

Step length

Step velocity (m/s)

Step onset (ms)

4.5

Perturbation intensity (m/s2)
Step onset

Step duration (ms)

Stroke
Control

100

100
50
0

20
0
-20

Trunk angle

Step velocity
3
2
1
0

1.5

2.5

3.5

4.5

Trunk angle (deg)

% of individuals

Descriptive data for both spatiotemporal and body configuration parameters are
presented in Figure 2 (lower panels). As only individuals with better recovery capacity
were tested at the higher perturbation intensities, step parameters were increasingly
determined by those individuals. Comparison of step parameters between people
with stroke and controls would thus suffer from selection bias. Therefore, we did not
perform between-group statistics on the step parameters.

20
0
-20

1.5

2.5

3.5

4.5

Perturbation intensity (m/s2)

Figure 2 Descriptive information on stepping performance. Top panel: Proportion of participants
that were still in the experiment at increasing perturbation intensities. The survival curve shows
that the experiment was terminated at lower perturbation intensities in the people with stroke
compared to the control subjects (chi2=4.6, p=0.032), indicating that their balance recovery
capacity was poorer. Lower panels: Descriptive data of spatiotemporal and body configuration
parameters for each participant group at the four different perturbation intensities.
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Predictive value of body configuration and spatiotemporal step
parameters
Table 2 presents body configuration and spatiotemporal step parameters for successful
(single step) and failed recovery attempts. For all perturbation intensities, successful
recovery attempts were characterized by more positive leg inclination angles, greater
step length, higher step velocity, and longer step duration (p<0.01). We observed
significant Pearson correlations between leg and trunk angles and most of the
spatiotemporal step parameters (Table 3). Strong positive associations were found
between leg angles and step length, duration, and velocity (r>0.77, p<0.01). The
same spatiotemporal parameters were weakly and negatively associated with trunk
inclination angles (r<-0.23, p<0.01).
Table 4 shows the results of the stepwise logistic regression analyses. For the body
configuration model, perturbation intensity, leg angle, and trunk angle were retained
in the final model. Together, those parameters explained 71% of the variance in
recovery outcome and a total of 448 of the 522 trials (86%) were correctly classified
as success or fail. For the model with spatiotemporal step parameters, 61% of the
variance in balance recovery capacity could be explained by perturbation intensity,
step length, and step duration. With these predictors, a total of 445 of the 522 trials
(85%) was correctly classified as success or fail. The sum of squared residuals was
lower for the body configuration model compared to the model with spatiotemporal
variables. The permutation test revealed that this difference was larger than expected
by chance (p<0.01 for comparison with the null-distribution computed as described
before), indicating that the body configuration model was superior in predicting the
probability. With this model, the probability of successful single stepping balance
recovery could be quantified with the following equation:

.
Figure 3 demonstrates that there was very little overlap in particularly the leg inclination
angles between failed and successful balance recovery attempts, indicating that leg
inclination angle is a stronger predictor of backward balance recovery capacity than
the trunk angle. Indeed, a 1° increase in leg angle increased the odds of successful
balance recovery by almost twofold (OR=1.9), which was equivalent to a 10.7° change
in trunk angle. The regression lines further demonstrated that the leg angles
corresponding to a 50% probability of success increased with perturbation intensity,
which indicates that larger (i.e., better) leg inclination angles are required to
successfully recover balance at greater perturbation intensities.
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F

S
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S

69

F
1.7 (4.6)

(3.4)#

2.7 (4.5)

2.8 (5.7)

-0.6 (4.3)*

(3.6)#

9.0

1.2 (7.5)

0.9 (4.0)

7.9

4.8 (5.2)

-3.4 (5.1)

2.5

(5.3)#

6.5

4.7 (5.5)

(4.2)#

3.1 (5.0)

3.5 (4.5)#
-6.2 (3.6)

Trunk angle
(degrees)

Leg angle
(degrees)

0.25 (0.03)

0.25 (0.01)

0.27 (0.07)

0.26 (0.02)

0.29 (0.03)

0.29 (0.03)

0.31 (0.03)

0.33 (0.05)#

Step onset
(s)

*p<0.05, #p<0.01 for difference between successful and failed attempts. S=success, F=fail.

4.5

3.5

94

S

55

F

2.5

135

S

1.5

Number
of trials

Outcome

Perturbation
intensity
(m/s2)

Table 2 Descriptive statistics for failed and successful attempts

0.50 (0.08)

0.62

(0.09)#

0.44 (0.08)

0.56

(0.08)#

0.30 (0.10)

0.48

(0.09)#

0.16 (0.08)

0.35 (0.09)#

Step length
(m)

0.27 (0.02)

0.30

(0.02)#

0.27 (0.03)
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(0.02)#
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(0.03)#

0.21 (0.05)
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Step duration
(s)

1.84 (0.18)

2.08 (0.20)#

1.60 (0.19)

1.92 (0.18)#

1.20 (0.31)

1.66 (0.17)#

0.74 (0.27)

1.23 (0.19)#

Step velocity
(m/s)
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Table 3 Correlation between body configuration and spatiotemporal parameters
Step onset

Step length

Step duration

Step velocity

-0.18#

0.88#

0.78#

0.81#

0.08

-0.27#

-0.24#

-0.26#

Leg angle
Trunk angle

#p<0.01 for Pearson correlation

Table 4 Results of the stepwise regression analyses
Mean (SD)

Odds ratio (95% CI)

4

p value

Body configuration parameters (Nagelkerke R2 =0.71, 85.8% of trials correctly classified)
Perturbation intensity (m/s2)

2.6 (1.0)

0.16 (0.10-0.24)

<0.001

Leg angle (degrees)

2.6 (6.3)

1.90 (1.69-2.12)

<0.001

Trunk angle (degrees)

2.7 (5.6)

1.06 (1.00-1.12)

0.037

Spatiotemporal parameters (Nagelkerke
Perturbation intensity

(m/s2)

R2

=0.61, 85.2% of trials correctly classified)

2.6 (1.0)

0.04 (0.02-0.08)

<0.001

Step length (cm)

40 (15)

1.36 (1.27-1.46)

<0.001

Step duration (ms)

270 (44)

0.98 (0.96-0.99)

0.002

Overall, people in the control group were more likely to successfully recover balance
with a single step than were people with stroke (67% vs. 54%, OR=1.9, p<0.01). Yet,
when we entered participant group as a predictor to the body configuration model it
was not retained during the stepwise procedure, which implies that the model’s
predictive ability was independent of the presence of stroke. Similarly, given the
differences in gender distribution between people with stroke and controls, we also
checked if this may have biased the regression analysis. This was not the case as
gender was not retained in the final model when added to the stepwise regression
analysis.
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Figure 3 Leg and trunk inclination angles for failed and successful recovery attempts at the different perturbation intensities. Solid lines represent
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In our group of stroke survivors, the non-paretic leg was used for the first reactive
step in 71% of the trials. Non-paretic stepping was associated with a greater likelihood
of single step balance recovery compared to paretic stepping (60% vs. 38%, OR=2.5,
p<0.01). We therefore also determined whether body configuration could predict
balance recovery capacity, regardless of stepping leg (paretic/non-paretic). In an
additional logistic regression analysis within the stroke group, stepping leg also failed
to survive the stepwise procedure.

Discussion
We aimed to determine whether body configuration at first stepping-foot contact
could predict balance recovery capacity following backward perturbations in chronic
stroke survivors. As hypothesized, leg and trunk inclination angles at stepping-foot
contact were stronger determinants of single-step balance recovery than
spatiotemporal step parameters. A foot position more posterior to the pelvis and a
more forward tilted trunk were associated with a greater likelihood of successful
single step balance recovery, together explaining as much as 71% of balance
recovery capacity at a given perturbation intensity.
People in the stroke group were less likely than controls to successfully recover from
backward perturbations with a single step. Yet, participant group did not significantly
add to the explained variance in recovery capacity when entered in the body
configuration model. Similarly, in our group of stroke survivors, stepping leg did not
add explained variance either, despite significantly poorer success rates for paretic
vs. non-paretic steps. Hence, the poorer success rates in people after stroke,
particularly when stepping with the paretic leg, can be accounted for by a less
favorable body configuration at stepping-foot contact.
The findings of this study raise the question as to why people after stroke achieve less
favorable body configurations at stepping-foot contact. The ability to make a
sufficiently long backward step seems important, since leg angles were most strongly
associated with step length (r=0.88). Yet, our as well as previous findings consistently
demonstrate that the leg angle at first stepping-foot contact is a stronger predictor of
backward balance recovery capacity (12). We suggest that the leg angle outperforms
step length for quantifying reactive step quality, because it does not only provide
information about foot displacement, but also captures the (horizontal) distance
between the COM relative to the posterior edge of the BOS (14, 15). Impaired
backward balance recovery in people after stroke can thus be explained by a poorer
ability to place the stepping leg far enough behind the COM (5).
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In agreement with Weerdesteyn et al. (12) we found that the leg inclination angle at
first stepping-foot contact was a much stronger predictor of backward balance
recovery than the trunk angle (OR 1.9 vs. 1.06). In addition, it must be pointed out that
trunk angle has hardly any predictive value with regard to balance recovery capacity
when leg angle is not taken into account (Table 2). The observation that the trunk
angle plays at most a minor role in the ability to recover from backward perturbations
contrasts with previous studies demonstrating a more crucial role of trunk kinematics
to restore balance after forward perturbations (10, 16, 17). More specifically, the ability
to resist forward trunk flexion appeared to be critical to prevent falling following
forward perturbations in both healthy individuals (17) and stroke survivors (10). We
suggest that, for backward perturbations, a similar mechanism (i.e., resisting
backward tilting of the trunk) plays a less important role, because the anatomical
range of motion of the trunk is much smaller for extension compared to flexion
movements.
Another factor that has shown to play an important role in overcoming forward
perturbations is the use of eccentric knee extensor torques to resist further COM
displacement after stepping-foot contact (18). Yet, for backward balance recovery,
the previous observation that body configuration at first stepping-foot contact almost
perfectly predicted whether healthy individuals would eventually fall following very large
balance perturbations argues against a major role of post-landing joint torques (12).
Our finding that body configuration predicts balance recovery capacity regardless of
stepping leg (paretic / non-paretic / control) further supports the idea of a minor
influence of post-landing joint torques. If such torques would be critical for successful
balance recovery, differences in muscle strength between stroke survivors and controls
would probably have resulted in group being an independent predictor of success in
addition to body configuration.
While the vast majority of the recovery attempts could be correctly classified as
success or failed, about 14% of the trials was misclassified. Importantly, in most of the
misclassified trials the leg and trunk angles were very close to the critical values
determined by the regression model (Figure 3). In some other trials, participants took
more than one step, despite good leg and trunk angles. Such false positive
observations may be explained by participants’ fear of falling backward, which made
them take an extra backward step out of cautiousness. Lastly, it is worth pointing out
that very poor leg and trunk angles never resulted in successful balance recovery,
which observation further supports the notion that a good-quality first step is critical
for successful balance recovery.
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Clinical implications
Insight in key determinants of successful balance recovery is crucial for identifying
stroke survivors at risk of falling. Previous studies have identified stroke-related
deficits in reactive step kinematics as well as determinants of successfulness of
balance recovery in people after stroke (4-6, 8, 10, 19). Our findings add to these
previous observations by identifying a set of key parameters that are most critical for
successful balance recovery following backward balance perturbations. These body
configuration parameters (i.e., leg and trunk angle) capture the COM-BOS relationship
at first stepping-foot contact and are much easier to implement in a clinical testing
paradigm than COM based measures, as they can potentially be derived from a
‘sagittal screenshot’ at first foot contact. It is important for these testing paradigms to
standardize the intensity of the perturbations, given our observation that the required
leg and trunk angles to recover balance depend on perturbation intensity. We suggest
that relatively low perturbation intensities will most likely be sufficient to identify
people at risk of falls, since stroke survivors who fall at higher perturbation intensities
already demonstrate poorer steps at lower intensities (10). This allows for the
development of testing protocols that are safe and feasible for a broad population of
stroke survivors.

Study limitations
A limitation of this study was that, for safety reasons, we did not expose our participants
with stroke to perturbation intensities at which they would actually fall. We therefore
defined the use of single vs. multiple steps as an alternative criterion for balance
recovery capacity. Although we instructed participants to try their hardest to recover
balance with a single step, some individuals may have taken more steps, even if not
strictly necessary for balance recovery. This may explain why the association between
body configuration parameters and balance recovery capacity was not as strong as
in a previous study that exposed young individuals to highly destabilizing perturbations
(12). Yet, this previous study also demonstrated that, after large perturbations, the
quality of the first step is most critical for balance recovery, which justifies the use of
single vs. multiple stepping as a proxy indicator of balance capacity. In addition,
individuals who fall at high perturbation intensities also demonstrate poor step quality
at small perturbation intensities (10). Hence, measuring leg and trunk angles at foot
contact of the first balance correcting step appears to be a feasible and valid method
for assessing backward reactive step quality in people with chronic stroke.
A second limitation is that there may have been a learning or habituation effect
throughout the experiment. Indeed, in the paper of Weerdesteyn and coworkers it
was found that in healthy young adults, the probability of successful recovery
increased with repeated perturbations (12). Yet, these improvements were found
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along with gains in leg angles, such that the association between body configuration
and balance recovery outcome remained unchanged. Hence, the greater probability
of success through learning or habituation appears to be mediated by a better
execution of the first recovery step.
The final limitation of our study was that our sample was restricted to community
dwelling chronic stroke survivors. It remains to be investigated whether body
configuration is a good measure of step quality for people in the subacute phase
after stroke and in people with more limited gait capacity. Our prediction is that leg
angle remains an important determinant in these more affected populations, given
our observation that our final model could predict balance recovery capacity
regardless of group (stroke / control) and regardless of which leg was used for
stepping. It is possible, however, that post-landing joint torques play a more important
role as well, particularly in individuals who have difficulties bearing their full weight on
the paretic leg.

Conclusion
We demonstrated that body configuration at first stepping-foot contact can predict
the capacity to recover from a backward balance perturbation with a single step in
individuals with stroke. Leg and trunk angles at the instant of foot contact hold
promise as clinically feasible parameters to identify individuals with stroke at risk of
backward falls, given their potential to be derived from a single sagittal screenshot.
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from a 2D video frame
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Backward leg angles at stepping-foot contact can accurately be determined
from a 2D video frame.

CHAPTER 5

Abstract
Background. To identify individuals at risk of falling, assessment of reactive steps for
recovering balance may be useful. The quality of reactive backward steps after
unexpected perturbations can be quantified by the angle of the stepping leg with the
vertical (i.e., leg angle) at the instant of stepping-foot contact. So far, the leg angle
has only been determined with advanced 3D motion capture techniques, which
restrict its use outside the laboratory. To allow assessment of the leg angle in clinical
settings, a more practical and user-friendly measurement technique is needed.
Research question. Is it possible to obtain valid leg angles following backward
balance perturbations from a 2D video frame?
Methods. Twenty-two participants were subjected to translational perturbations
during stance (ranging from 11 to 29 perturbations per participant) from which they
had to recover with maximally one backward step. Reflective markers on the body
were simultaneously recorded with a 3D motion capture system and a 2D video
camera (sagittal plane). The leg angle was defined as the angle between the vertical
and the line connecting the spina iliaca posterior superior (SIPS) to the 2nd metatarsal
of the stepping foot (same markers condition) at foot contact. In addition, the motion
capture-based leg angle was also calculated with respect to the mid-pelvis position
(instead of the SIPS position; different markers condition), as this is the currently
applied method for calculating leg angles. Note that the mid-pelvis position cannot
directly be derived from a 2D video frame. To assess validity between systems,
Pearson’s correlation (rp) and Bland Altman plots were used.
Results. A high correlation was found between leg angles obtained from 3D motion
capture and 2D video (same and different markers condition: rp≥0.982; p<0.001,
n=332). Compared to 3D motion capture, the 2D video-based leg angle was
underestimated by 0.4 degrees with a random error of 0.8 degrees (same markers
condition) and by 7.2 degrees with a random error of 1.9 degrees (different markers
condition). When accounting for individual differences in anthropometry (i.e., anteroposterior distance between spina iliaca anterior superior and SIPS) in the different
markers condition, the random error could be reduced to 1.1 degrees.
Significance. The leg angle of backward steps can accurately be derived from a 2D
video frame at stepping-foot contact. Therefore, 2D video-based leg angles seem to
be a valid alternative for reactive stepping assessments in clinical practice.
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Introduction
Reactive stepping is an important protective strategy to prevent falling after sudden
external balance perturbations (1). These stepping reactions are often impaired –
particularly in the backward direction – in individuals with stroke (2, 3) and Parkinson’s
disease (4). For identifying individuals at risk of falling, reliable assessment of the
quality of reactive backward steps would be helpful.
In healthy young adults, the body configuration (i.e., vertical leg and trunk inclination
angles) at first stepping-foot contact following backward perturbations correctly
classified 96% of the recovery attempts as an actual fall or successful recovery (5).
In addition, the body configuration at foot contact accurately distinguished between
backward single-step and multiple-step recovery in healthy older adults and persons
after stroke (6, 7). Larger leg and trunk inclination angles with respect to the vertical
are associated with a higher chance of successful balance recovery. An increase in
leg angle of 1 degree increases the odds of successful balance recovery by threefold
(5), whereas the trunk angle has little additional predictive value (5, 7). Therefore, the leg
angle at a given perturbation intensity may be considered as a valid measure for the
quality of reactive backward steps regardless of age and disease (7).
So far, the leg angle after backward stepping has only been determined with advanced
3D motion capture techniques, thereby restricting its use to laboratory settings.
As determining the leg angle requires information on the body configuration at a
single time point (i.e., the instant of foot contact), we developed a method to determine
the leg angle following backward perturbations from a 2D video frame and compared
this measure to leg angles obtained from 3D motion capture as the gold standard.

Methods
Participants
In this study, we used an existing data set that was collected for the ‘Move On’ project,
which included data on reactive stepping from 64 individuals in the chronic phase
(> 6 months) after a minor supratentorial stroke and 50 healthy control participants
(Chapter 8). To obtain a wide range in step quality, we here analyzed the data of
fifteen persons with minor stroke (age: 63.1±10.1 years; 8 men) and seven healthy
age-matched controls (age: 64.6±5.3 years; 3 men). We used data from those
participants who stepped with the leg that faced the 2D video camera (i.e., right leg).
Written informed consent was obtained from all participants. The study protocol was
approved by the Medical Ethical Board of the region Arnhem-Nijmegen and all
procedures were conducted in accordance with the Declaration of Helsinki.
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Experimental setup and protocol
Our protocol was adapted from previous studies (7-9). Participants stood still and
barefoot with their feet 17 cm apart on an instrumented treadmill (N-Mill, Motek
Medical, Amsterdam, the Netherlands). Participants were instructed to recover from
backward perturbations (i.e., forward translation of the treadmill belt) with a maximum
of one step, using their paretic (stroke) or non-dominant (healthy control) leg. Leg
dominance was determined by asking which leg was used to kick a football. Trials
were collected at intensities ranging from 1.5 to 4.5 m/s2 (with increments of 0.5 m/s2)
as far as feasible for the participant, yielding a range of 11 to 29 trials per participant.

Data collection
Data collection was similar to previous studies (7-9), except for the addition of a 2D
video camera. Reflective markers were placed on both sides of the spina iliaca
anterior superior (SIAS) and spina iliaca posterior superior (SIPS) and on the 2nd
metatarsal of the right foot. Marker positions were simultaneously recorded at 100 Hz
using a 13-camera 3D motion capture system (Vicon Motion Systems, Oxford, UK)
and at 50 Hz using a 2D video camera (Vicon Bonita 720c). The video camera was
placed at the right side of the participants – at a distance of 275 cm – oriented to
record the sagittal plane. Force plate data were recorded at 1000 Hz.

Data processing
Marker positions recorded with the 3D motion capture system were low-pass filtered
with a zero-lag, second-order Butterworth filter with a cutoff frequency of 10 Hz. Foot
contact was defined as the first instant after step onset when the force plate registered
> 100 N. From marker positions recorded with the 3D motion capture system,
leg angles were computed in two ways (i.e., SIPS-based and mid-pelvis-based).
The SIPS-based leg angle (Figure 1A) was determined at stepping-foot contact and
was defined as the angle between the vertical and the line connecting the right SIPS
to the 2nd metatarsal of the stepping foot. Positive angles corresponded to a
stepping-foot position posterior to the right SIPS. For 2D video recordings, the open
source software Kinovea (version 0.8.26) was used to select the video frame at which
foot contact occurred. Subsequently, the positions of the right SIPS and the 2nd
metatarsal marker were manually annotated in this frame. A custom-written Matlab
program was then used to compute the leg angles from these marker positions.
As computation of the leg angle has previously been determined using the mid-pelvis
instead of the SIPS position (5, 7), we also computed the mid-pelvis-based leg angle
(mid-pelvis: mid-point of bilaterally placed markers on SIAS and SIPS) from marker
positions recorded with the 3D motion capture system (Figure 1B). Since the 2D
video camera cannot ‘see’ all four pelvis markers, it was not possible to compute the
mid-pelvis-based leg angle from a 2D video frame.
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SIPS

stepping leg

mid-pelvis

stance leg

stepping leg

stance leg

2nd metatarsal

2nd metatarsal

Leg angle

Leg angle

Figure 1 Definition of the leg angle. A. SIPS-based leg angle. B. Mid-pelvis-based leg angle.
SIPS: spina iliaca posterior superior.

Statistical analysis
To assess concurrent validity between leg angles computed from a 3D motion
capture (i.e., the gold standard) and a 2D video frame, Pearson’s correlation (rp) and
regression-based Bland Altman plot with 95% limits of agreement were used. From
the Bland Altman plot both the systematic and the random error could be identified.
We assessed the validity between systems by: 1) comparing SIPS-based leg angles
(i.e., same markers condition) and 2) comparing SIPS-based leg angles computed
from a 2D video frame with mid-pelvis-based leg angles computed from 3D motion
capture (i.e., different markers condition). For the different markers condition, we also
tested whether the random error was dependent on the anteroposterior distance
between SIAS and SIPS position by conducting a regression analysis (dependent
variable: difference in leg angle between systems, independent variables: mean leg
angle of both systems, anteroposterior SIAS-SIPS distance). All statistical analyses
were performed in SPSS (version 22.0). P values <0.05 were considered statistically
significant.

Results
Of the 368 recorded trials, 36 trials had invisible marker positions in the 2D video
frame. These marker positions were invisible due to 1) rotation of the participant away
from the 2D video camera (n=20), 2) covering of the marker(s) by the safety system
of the treadmill (n=12), or 3) insufficient contrast between marker(s) and environment
(n=4). Therefore, 332 trials (ranging from 3 to 24 trials per participant) were available
for analyses. Figure 2 shows the correlations between leg angles computed from 3D
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motion capture data and from a 2D video frame (rp≥0.982; p<0.001). Compared to
3D motion capture, the leg angle was underestimated by 0.4 degrees (same markers
condition) and by 7.2 degrees (different markers condition) when computed from a
2D video frame. Random errors between motion-capture-based and video-based
leg angles were 0.8 degrees (same markers condition) and 1.9 degrees (different
markers condition). For the difference in SIPS-based leg angles between systems
(i.e., same markers condition), a small proportional bias was found (Figure 3A,
b=-0.009, p=0.024). This indicated that the underestimation of the leg angle computed
from a 2D video frame became 0.009 degrees larger with an increase of 1 degree in
the motion-capture-based leg angle. No proportional bias was found for the difference
in SIPS-based (2D video) and mid-pelvis-based (3D motion capture) leg angles
(different markers condition, Figure 3B; b=0.006, p=0.541). For the different markers
condition, the random error in leg angles was dependent on the anteroposterior
SIAS-SIPS distance (b=-0.04, p<0.001). The underestimation of the video-based leg
angle became 0.04 degrees larger with an increase of 1 mm in the anteroposterior
SIAS-SIPS distance. When accounting for the variance explained by the anteroposterior SIAS-SIPS distance the random error decreased to 1.1 degrees (instead of
the initial 1.9 degrees).
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Figure 2 Correlations between leg angles computed from marker positions recorded with a
3D motion capture system and a 2D video camera. A. Same markers condition. B. Different
markers condition.
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Figure 3 Bland Altman plots comparing leg angles computed from marker positions recorded
with a 3D motion capture system and a 2D video camera. Differences in leg angles computed
from a 3D motion capture and a 2D video frame were plotted against mean leg angles
computed from both systems. The solid line represents the systematic difference in leg angle
between systems (2D video camera minus 3D motion capture), the black dashed lines represent
the 95% limits of agreement, and the grey dashed lines – only in Figure 3B – represent the 95%
limits of agreement corrected for anteroposterior distance between spina iliaca anterior superior
and spina iliaca posterior superior. A. Same markers condition. B. Different markers condition.

Discussion
In this study, we investigated whether following backward perturbations, leg angle
computations from a 2D video frame would be valid compared to computations from
3D motion capture. The results demonstrated that the SIPS-based leg angle at foot
contact (same markers condition) could accurately be computed from a 2D video
frame, given the high Pearson’s correlation (i.e., rp=0.997), the small systematic and
random errors (i.e., 0.4 and 0.8 degrees, respectively) and the negligible proportional
bias (i.e., b=-0.009). Compared to mid-pelvis-based leg angle computations from
3D motion capture (different markers condition), the systematic and random errors
were substantially larger. Yet, when accounting for differences in body dimensions,
the random error decreased to 1.1 degrees, thus yielding comparable accuracy to the
SIPS-based computations.
As an increase in leg angle of 1.0 degree was shown to increase the odds of
successful balance recovery by threefold (5), an inaccuracy in the SIPS-based leg
angle of 0.8 degrees (i.e., random error) is below this value and seems acceptable.
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In addition, previous research has shown that persons after stroke improved the
backward leg angle by on average 4.3 degrees after perturbation-based balance
training (9). This implies that leg angles computed from a 2D video frame would be
accurate enough to detect changes in reactive backward step quality following
training. In addition, the accuracy may be further improved by calibration of the 2D
video camera, as to ensure that its placement is exactly aligned in the sagittal plane.
Another source of error was the inaccuracy in manual annotation of marker positions
in Kinovea due to suboptimal marker visibility. This could be improved by having a
larger contrast between markers and environment (e.g., with bright colored markers,
non-textured background, and improved lighting) and by better camera zooming into
the area of interest.
Systematic and random errors in video-based leg angles were larger for the different
markers condition (7.2 and 1.9 degrees, respectively) than for the same markers
condition (0.4 and 0.8 degrees, respectively). In this condition, mid-pelvis position
was used for computation of the motion-capture-based leg angle, similar to previously
used computations (5, 7). Yet, when accounting for anteroposterior SIAS-SIPS
distance, the random error decreased from 1.9 degrees to 1.1 degrees, which is only
0.3 degrees larger than for the same markers condition. This implies that factors such
as rotation of the pelvis joint at stepping-foot contact – that introduces an angle of
rotation with respect to the sagitally placed video camera – did not had a large
influence on the random error. Although it is currently unknown whether mid-pelvis or
SIPS-based leg angles have a higher predictive value with regard to reactive stepping
capacity, both leg angles can be derived from a 2D video frame with acceptable
accuracy, assuming that the systematic error between methods can easily be
corrected. To facilitate future implementation of this method for quantifying reactive
step quality assessments in clinical practice, further work may focus on real-time
processing of video data for automatic leg angle calculation.
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Abstract
Background and objective. Postural muscle responses are often impaired after
stroke. We aimed to identify the contribution of deficits in very early postural responses
to poorer reactive balance capacity, with a particular focus on reactive stepping as a
key strategy for avoiding falls.
Methods. A total of 34 chronic stroke survivors and 17 controls were subjected to
translational balance perturbations in 4 directions. We identified the highest perturbation
intensity that could be recovered without stepping (single stepping threshold [SST])
and with maximally 1 step (multiple stepping threshold [MST]). We determined
onset latencies and response amplitudes of 7 leg muscles bilaterally and identified
associations with balance capacity.
Results. People with stroke had a lower MST than controls in all directions. Side steps
resulted in a higher lateral MST than crossover steps but were less common toward
the paretic side. Postural responses were delayed and smaller in amplitude on the
paretic side only. We observed the strongest associations between gluteus medius
(GLUT) onset and amplitude and MST toward the paretic side (R2=0.33). Electromyographic variables were rather weakly associated with forward and backward
MSTs (R2=0.10-0.22) and with SSTs (R2=0.08-0.15).
Conclusions. Delayed and reduced paretic postural responses are associated with
impaired reactive stepping after stroke. Particularly, fast and vigorous activity of the
GLUT is imperative for overcoming large sideways perturbations, presumably
because it facilitates the effective use of side steps. Because people with stroke often
fall toward the paretic side, this finding indicates an important target for training.
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Introduction
Stroke survivors have a substantially increased fall risk compared to the general
population (1.3-6.5 vs. 0.65 falls per person-year (1, 2)). These falls can have serious
physical and psychosocial consequences and can even lead to long-term disability
(2). Poor performance on clinical balance tests is an important risk factor for falls in
daily life (2-5). Although clinical tests can identify patients with balance impairments,
they do not give insight into the underlying deficits contributing to falls. A better
understanding of underlying mechanisms of postural instability after stroke is
necessary to develop therapeutic interventions to improve postural stability and to
prevent falls.
A critical factor for preventing falls in daily life is the ability to regain balance after a
perturbation (6). After small perturbations, we can usually regain balance while keeping
the feet in place. These feet-in-place strategies are not sufficient to overcome larger
perturbations, which require reactive stepping or grabbing responses to avoid falling
(6). In people after stroke, the quality of reactive stepping responses is impaired (7).
As a result, they are more likely to fall when experiencing a balance perturbation (8).
Balance perturbations evoke fast postural muscle responses with onset latencies as
early as 100 ms (9). In people after stroke, these early components of the automated
postural responses (APRs) are delayed and smaller in amplitude (8, 10). Stroke-related
deficits in APRs were more pronounced in individuals who fell in response to imposed
posterior perturbations when compared with those who successfully restored
balance (8). Although these findings hint at a causal relationship between defective
early APRs and poorer postural stability, the strength of this relationship is unknown.
Another open question is whether defective early APRs may also underlie
stroke-related difficulties in sustaining lateral perturbations. This is particularly
relevant toward the paretic side because it is in this direction that stroke patients are
most prone to falling (2).
In this study, we aimed to determine the association between stroke-related deficits
in early APR components (onset latency and electromyographic [EMG] amplitude in
the initial 50 ms following muscle onset) and a poorer capacity to recover from
forward, backward, and sideways balance perturbations. We determined the single
stepping threshold (SST; largest perturbation that can be overcome with a feet-in-place
response) (11-15) and the multiple stepping threshold (MST; largest perturbation that
can be overcome with 1 step) as measures of balance capacity. We hypothesized
that SSTs and MSTs would be reduced in people with stroke, in parallel with delayed
and lower-amplitude APRs. We further expected to find the strongest associations for
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perturbations toward the paretic side because balance recovery in this particular
direction largely depends on corrective torques generated by the paretic leg.

Methods
Participants
A total of 34 people > 6 months after a unilateral supratentorial stroke and 17 healthy
controls were included (Table 1). Participants had to be able to stand and walk
independently or under supervision (Functional Ambulation Categories ≥ 3).
Exclusion criteria were the presence of neurological (except stroke), cognitive (Mini
Mental State Examination score < 24), or musculoskeletal disorders and use of
medication that affects reaction time (e.g., neuroleptics and benzodiazepines).
Written informed consent was obtained from all participants. The protocol was
approved by the Medical Ethical Board of the region Arnhem-Nijmegen and all
procedures were conducted in accordance with the Declaration of Helsinki.

Table 1 Participant characteristics
Stroke
n=34

Controls
n=17

62 (9)

64 (5)

26/8

7/10*

Berg Balance Scale, mean (SD)

52.3 (4.6)

55.9 (0.5)*

Motricity Index leg, mean (SD)

76.4 (11.4)

-

Fugl-Meyer Score leg, mean (SD)

28.6 (4.6)

-

6/28

-

56 (42)

-

Age in years, mean (SD)
Sex (male/female)

Type of stroke (hemorrhagic/ischemic)
Time since stroke in months, mean (SD)
*p<0.05 for between-group comparison

Study protocol
Participants were assessed on 2 separate days approximately 1 week apart. On the
first day, the participants underwent a clinimetric assessment including the Berg
Balance Scale, Motricity Index, and Fugl-Meyer Scale. In addition, we determined the
participant’s SST as a measure of maximum capacity of the feet-in-place response.
On the second day we identified the MST as the maximum capacity for the reactive
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stepping response. On this occasion, we also performed EMG recordings during a
series of perturbations at 2 fixed intensity levels that were equal for all participants.

Experimental setup
Participants stood barefoot on a moveable platform (240x174 cm) with their feet 4.5
cm apart. The people with stroke wore an ankle brace (ASO, Medical Specialties,
Wadesboro, NC) on the paretic side to prevent ankle injuries. Participants wore a
safety harness that prevented them from falling in the event of balance loss but did
not otherwise provide any body (weight) support. Balance perturbations were
delivered by platform translations in 4 directions (forward, backward, leftward, and
rightward). The perturbation direction was always unknown to the participant. The
perturbation waveform consisted of a 300-ms acceleration phase, followed by
500-ms at constant velocity and a 300-ms deceleration phase. The perturbation
waveform was chosen such that individuals could complete a reactive step within the
constant velocity phase, thereby preventing the deceleration from interfering with the
step (16, 17).
Single stepping threshold: SSTs were determined for each of the 4 perturbation
directions. Participants were instructed to restore balance without stepping or without
grabbing the rails surrounding the platform. We defined the SST as the largest
perturbation that could be sustained according to this instruction, with a maximum of
3 attempts at each perturbation intensity. We gradually increased the perturbation
intensity with initial steps of 0.25 m/s2, starting at 0.25 m/s2. If a participant failed
once, the intensity was decreased by 0.125 m/s2. Subsequently, the perturbation
intensity was varied until the SST was determined.
Multiple stepping threshold: Participants were instructed to restore balance with a
maximum of 1 step and without using the safety rails. We only considered steps that
resulted in an extension of the base of support (BOS) in the perturbation direction.
The MST for each direction was defined as the largest perturbation that could be
sustained according to this instruction. The protocol for the MST was similar to the
SST protocol, except that the starting intensity and the initial increments were set at
0.5 m/s2. The maximum value was 4.5 m/s2 because this was the maximum
acceleration of the platform.
To recover from sideways perturbations, we observed different stepping strategies: 1)
a side step with the leg that was loaded by the perturbation, 2) a crossover step with
the leg that was passively unloaded by the perturbation, and (occasionally), 3) no
stepping response. In our further analyses, we distinguish between side step (1) vs.
no side step (2 and 3).
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Four trials each were collected at 2 fixed perturbation intensities (Low, 0.5 m/s2; High,
1.5 m/s2) for each direction. These trials were used for between-subject comparison
of postural responses. These intensities were chosen such that participants would be
capable of using a feet-in-place recovery strategy in the vast majority of Low trials,
whereas in the High trials the participants would need to take a step.

Data sampling and analysis
We used surface EMG (ZeroWire by Aurion, Italy; 2000 Hz) to measure bilateral
muscle activity of 7 leg muscles: gluteus medius (GLUT), biceps femoris (BFEM),
rectus femoris (RFEM), peroneus longus (PER), tibialis anterior (TA), gastrocnemius
medialis (GASTR), and soleus (SOL). Self-adhesive Ag-AgCl electrodes (Tyco Arbo
ECG) were placed approximately 2 cm apart and longitudinally on the belly of each
muscle, according to the Seniam guidelines (18). The start of the perturbation was
determined with a digital trigger signal.
EMG signals were first band-pass filtered (20-450 Hz, zero-lag, second-order
Butterworth filter), rectified, and low-pass filtered at 20 Hz (zero-lag, second-order
Butterworth filter). EMG onset latencies and response amplitudes were determined
for the prime movers for each perturbation direction (forward: BFEM, GASTR, and
SOL; backward: RFEM and TA; sideways: GLUT and PER). EMG traces were aligned
to the start of the perturbation and averaged for each perturbation direction and
intensity. Onset latencies were determined using a semiautomatic computer algorithm
that selected the instant at which the EMG activity first exceeded a threshold of 2 SDs
above the mean background activity over a 500-ms period just prior to perturbation
onset of all trials (19-21). After being determined by the computer algorithm, onset
latencies were visually checked and corrected if needed. The mean EMG response
amplitude was calculated over a period of 50 ms following the onset of muscle activity
after subtraction of background EMG. This time window was chosen based on pilot
experiments in healthy individuals, where we observed that EMG signals in the
stepping and stance leg following High perturbations were symmetrical during the
first 50 ms after muscle onset and then started to diverge depending on the role of
the respective leg. In controls, values of EMG variables and balance capacity were
averaged between the left and right side for comparison with the stroke group.

Statistical analysis
We compared SSTs and MSTs between people with stroke and controls with an independent-samples t-test for each perturbation direction separately. Within the stroke
group, we compared balance recovery capacity upon perturbations toward the
paretic versus non-paretic side with a paired-samples t-test. For MSTs in sideways
directions, we performed a separate analysis according to step strategy (side step/no
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side step). For each strategy, we compared MSTs between the paretic side, the
non-paretic side, and controls using an ANOVA. P values <0.05 were considered
significant.
We used a linear mixed model to compare the EMG variables (as obtained at the 2
fixed perturbation intensities) between the paretic side, the non-paretic side, and
controls. The dependent variables were Onset and Amplitude. Independent variables
included Leg (paretic, non-paretic, control), Muscle, and Intensity. In the analysis, the
factor Leg was modeled such that it included both within-subjects (between paretic
and non-paretic) and between-subjects (paretic vs. control and non-paretic vs.
control) comparisons. The interaction terms Leg x Intensity and Leg x Muscle were
also included. When significant main or interaction effects were found, we used post
hoc tests to compare between legs. Because EMG amplitudes demonstrated a
positively skewed distribution, we applied a ln (natural logarithm) transformation to
these data for the Linear Mixed Model analysis. P values <0.05 were considered
significant.
To determine whether EMG variables were associated with SSTs or MSTs, we used
stepwise linear regression analyses for each direction separately. The EMG variables
for Low perturbations were entered in the model as determinants for the SST, whereas
EMG variables for High perturbations were entered as determinants of the MST
(p<0.05 for entry and p>0.10 for removal of variables from the model). For the stroke
group, we only included EMG variables of the paretic leg because postural responses
on the non-paretic side were not different from that of controls. A detailed overview of
the statistical analyses can be found in Supplementary Table 1.

Results
In the stroke group, we could not determine the forward MST in one participant
because of fatigue at the end of the experiment. For 3 participants in the stroke group,
the High perturbations toward the paretic side were too challenging. For these
participants and 2 others, this was also true for High perturbations toward the
non-paretic side, whereas 1 participant could not perform the backward perturbation
trials at the same intensity. The number of trials completed for the SST test was 63±7
trials in the stroke group and 67±4 in controls. For the MST test, stroke survivors
completed 99±26 trials versus 134±16 trials by controls.
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Balance capacity
SSTs were slightly lower in the stroke group, but we observed no significant differences
compared to controls (p>0.05).The stroke group demonstrated substantially impaired
MSTs in all directions (Figure 1, p<0.01). MSTs did not differ between perturbations
toward the paretic versus the non-paretic side (p=0.13).
Side steps were less common for perturbations toward the paretic side (29% of the
trials) compared with perturbations toward the non-paretic side (61%) and to sideways
perturbations in controls (55%, p<0.01). Overall, side steps resulted in higher MSTs
than crossover steps (3.2±1.4 m/s2 vs. 1.8±1.1 m/s2, p<0.01). Side steps toward both
the paretic and non-paretic sides resulted in lower MSTs compared with those in
controls (2.2±1.3 m/s2 vs. 3.0±1.4 m/s2 vs. 4.0±0.9 m/s2, p<0.05); however, the
difference between the paretic and non-paretic sides did not reach significance
(p=0.077). Similarly, MSTs achieved with crossover steps toward both the paretic
and non-paretic sides were reduced compared with controls (1.5±0.8 m/s2 vs.
1.0±0.3 m/s2 vs. 2.8±1.1 m/s2, p<0.01). Crossover steps toward the non-paretic side
(i.e., steps with the paretic leg) did not yield significantly lower MSTs than toward the
paretic side (i.e., steps taken with the non-paretic leg; p=0.075).

Postural muscle responses
The analysis for onset latencies yielded a significant main effect of Leg (Figure 2).
Paretic onset latencies exhibited an overall delay compared with the non-paretic leg
(19-ms delay, p<0.01) and the controls (18-ms delay, p<0.01). Onset latencies in the
non-paretic leg did not differ from controls (p=0.86).
Faster muscle onsets were observed at High compared with Low perturbations. Yet
this acceleration was more pronounced in the paretic leg compared with the
non-paretic leg and with controls, resulting in smaller differences in onset latencies
between paretic legs and controls in the high- (14 ms) compared to the low-intensity
perturbations (23 ms; Leg x Intensity, p<0.01).
Delays in the paretic leg compared with controls differed per muscle as indicated by
a significant Leg x Muscle interaction (BFEM 29 ms, GASTR 10 ms, SOL not delayed,
RFEM 27 ms, TA 12 ms, GLUT 25 ms, PER 20 ms; Leg x Muscle, p<0.01).
Response amplitudes (Figure 3) differed between the legs as indicated by a
significant effect of Leg (p<0.01). The amplitudes were smaller in the paretic leg
compared with controls (0.01 mV, p<0.01) and compared with the non-paretic leg
(0.02 mV, p<0.01). The non-paretic leg did not differ from controls (p=0.06).
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Figure 1 Balance capacity: single and multiple stepping thresholds for people after stroke and controls. Panel A: single stepping thresholds were
not different between groups (p>0.05), whereas multiple stepping thresholds were smaller for people with stroke compared with controls (panel B,
p<0.05 for all directions). For both multiple stepping thresholds obtained without (panel C) and with a side step strategy (panel D), stroke survivors
performed worse toward the paretic and non-paretic side when compared with controls (p<0.05).
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Figure 2 Electromyographic onset latencies: postural response onset latencies for low- and high-intensity perturbations (0.5 and 1.5 m/s2). BFEM:
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Response amplitudes were larger for the High compared to the Low intensity (p<0.01
for main effect of Intensity). The amplitudes on the paretic side were equally reduced
compared with controls for the Low and High intensity (p=0.34 for Leg x Intensity).
There was a significant Leg x Muscle interaction (p<0.01), indicating that reduction in
paretic leg response amplitudes compared with controls was different across
muscles (BFEM 0.006 mV, GASTR 0.035 mV, SOL 0.004 mV, RFEM 0.006 mV, TA
0.028 mV, GLUT 0.002 mV, PER not reduced).

Postural responses as determinants of balance capacity
In general, associations between EMG variables and SSTs were weak, yet some
variables reached the significance level (Table 2). For forward perturbations, delayed
gastrocnemius onset latencies were associated with lower SSTs (p=0.01, R2=0.15).
For perturbations toward the paretic side, larger peroneus amplitudes were associated
with lower SSTs (p=0.04, R2=0.08). None of the EMG variables significantly predicted
the backward SSTs.
Associations between EMG variables and MSTs were strongest for perturbations
toward the paretic side (R2=0.33). Here, delayed onsets and smaller amplitudes of
the GLUT were associated with lower MSTs (p<0.01). In this perturbation direction,
only 3 individuals with stroke who used a side step strategy achieved MSTs within
control values (Average – 2 SD = 2.2 m/s2). In the High perturbations toward the
paretic side, these 3 individuals indeed demonstrated rather fast and strong paretic
GLUT activity compared with the rest of the stroke group (Figure 4).

Table 2 Results of linear regression analysis
Dependent variable

Independent variable

β

P

R2

Single
stepping
threshold

Forward

Onset gastrocnemius

-0.003

0.01

0.15

Paretic side

Amplitude peroneus

-2.459

0.04

0.08

Multiple
stepping
threshold

Forward

Amplitude gastrocnemius

8.934

0.03

0.10
0.22

Backward
Paretic side

Onset rectus femoris

-0.010

0.04

Amplitude rectus femoris

26.248

<0.01

Onset gluteus medius

-0.023

<0.01

Amplitude gluteus medius

45.880

<0.01

0.33
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Figure 3 Electromyographic amplitudes: postural response amplitudes for low- and high-intensity perturbations (0.5 and 1.5 m/s2). BFEM: bicep
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Figure 4 Effect of gluteus medius activity and step strategy on the multiple stepping threshold
toward the paretic side: amplitude and onset of the paretic gluteus medius in people with stroke
using crossover steps and side steps toward the paretic side. Side steps resulted in significantly
higher multiple stepping thresholds toward the paretic side than no side steps. Individuals who
used a side step and reached multiple stepping thresholds within healthy control values (> 2.2
m/s2) demonstrated fast and large-amplitude responses in the paretic gluteus medius. These
individuals also reached good scores on the clinical tests.

Associations between EMG variables and MSTs were less pronounced for forward
and backward perturbations. For forward perturbations, smaller amplitudes of the
gastrocnemius were associated with lower MSTs (p=0.03, R2=0.10). Lower backward
MSTs were associated with delayed onsets and smaller amplitudes of the RFEM
(p<0.05, R2=0.22).

Discussion
We investigated to what extent deficits in very early automatic postural responses
(APRs) of people with chronic stroke underlie their reduced capacity to sustain
balance perturbations. Remarkably, stroke-related deficits in balance capacity were
more pronounced for stepping than for feet-in-place responses. Early APR characteristics were most predictive for the MSTs toward the paretic side and, to a lesser
extent, for MSTs in the forward and backward directions.
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Stroke-related deficits in reactive steps are in line with previous studies that included
forward and backward perturbations (7, 22, 23). This study significantly adds to
previous work by demonstrating that reactive stepping responses in both lateral
directions are also profoundly impaired after stroke, which most likely increases the
risk of falling sideways. Sideways falls have a 2.5 greater odds of resulting in hip
fractures compared with other fall directions (24). Our finding of lower lateral MSTs in
the people with stroke may partially explain why they are at a much higher risk of
sustaining a hip fracture than healthy persons (25).
Another main finding was that deficits in early APR components – as the first line of
defense against perturbations – were associated with impaired reactive stepping
performance. These associations were strongest for perturbations toward the paretic
side (R2=33%). When perturbed sideways, the most beneficial strategy for recovering
balance is making a side step, as demonstrated by the overall higher MSTs that we
observed for side steps compared with crossover steps. Yet this side-step strategy
involves stepping with the leg that is passively loaded by the perturbation (26) and
thus requires rapid active unloading to enable the leg to step. In stroke survivors,
rapid unloading of the paretic leg following perturbations toward this side is
presumably hampered by their poorer APRs in paretic GLUT, which may, consequently,
affect their side-stepping ability. Indeed, side steps were 52% less prevalent toward
the paretic compared with the non-paretic side. Moreover, MSTs resulting from side
steps with the paretic leg were substantially lower compared with side steps in
controls, indicating that these paretic side steps were often of poor quality. In fact,
only 3 people with stroke who took paretic side steps achieved the MSTs within the
range of the control group. These individuals had relatively good clinical scores and
demonstrated fast and strong GLUT activity compared with the other participants
with stroke. Our findings, therefore, suggest that the ability to make effective paretic
side steps following sideways balance perturbations greatly depends on fast and
vigorous activity of the paretic hip abductor.
Interestingly, MSTs were almost equally affected for perturbations toward the paretic
versus the non-paretic side. MSTs toward the non-paretic side were particularly
affected when people with stroke used a (paretic) crossover step to recover balance.
Despite this poor cross-stepping performance with the paretic leg, as many as 44%
of the stroke participants used this strategy. It remains an open question whether
these participants would still have the ability to use a non-paretic side-stepping
strategy instead. Hence, for future intervention studies aimed at improving balance
control after stroke, we propose retraining of reactive side stepping as a key target,
not only toward the paretic but also toward the non-paretic side.
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The finding that postural response deficits after stroke were associated with impaired
backward MSTs confirms previous findings that individuals who fell in response to a
balance perturbation demonstrated delayed postural responses compared with
those who did not fall (8). Our results add to these previous findings by quantifying
the strength of this association, which appeared to be rather weak (R2=22%). It may
be that greater non-paretic APRs possibly compensated for the impaired paretic
APRs. Our finding that APR amplitudes in the non-paretic leg were not increased
compared with controls does not support this idea, but compensatory activity in the
non-paretic leg may occur in later phases of the postural response.
For forward perturbations, the association between APR characteristics and MSTs
was even weaker (R2=10%). In this direction, we observed a ceiling effect in the MST,
with all the controls and 16 participants with stroke reaching the maximum score (4.5
m/s2). To identify the impact of this ceiling effect on the strength of the association,
we performed an additional regression analysis without these participants, yielding
no significant associations between APR characteristics and forward MSTs either.
This finding negates defective APRs being a key determinant of poor reactive stepping
in the forward direction.
Instead, factors associated with the execution and post-landing phase of the step
may be more important determinants of the MST in the sagittal plane. Previous
studies in healthy individuals have found that successful balance recovery in the
forward and backward directions can be predicted by the length of the step relative
to the center-of-mass (COM) excursions (27-29). In addition, eccentric knee extensor
torques are important in reducing further forward displacement of the COM after
landing of the stepping foot following forward perturbations (30). Future studies may,
therefore, focus on these mechanisms in explaining stroke-related deficits in MSTs in
the sagittal plane.
Surprisingly, SSTs were not significantly reduced in our stroke group, despite
substantially impaired paretic leg postural responses. Additionally, we found no
strong relationships between impaired muscle responses and reduced SSTs. This
seems to contrast with the previous observations that impaired postural responses
on the paretic side were related to larger body sway (8). This discrepancy may be
explained by the notion that people with stroke are reluctant to take a step. Indeed,
this study, in addition to previous articles, has demonstrated that stepping
performance is greatly impaired in people with stroke. Consequently, they may
perceive a greater need to rely on their feet-in-place responses and, therefore, allow
the COM to more closely approach the boundaries of the BOS, before eventually
taking a step. In contrast, healthy individuals may prefer to step at lower perturbation
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intensities – even if instructed not to do so – resulting in an underestimation of their
maximum feet-in-place capacity. Future studies should, therefore, include a measure
of the COM-BOS relationship to determine whether the boundary conditions for
stepping are indeed different between healthy individuals and people with stroke.
A limitation of this study is that SSTs were determined on a separate testing day.
Between-day variations in performance may result in weaker relationships between
SSTs and EMG variables. It seems more likely, however, that the weaker relationships
result from the absence of stroke-related impairments in SSTs. A second limitation of
this study may be that only the cardinal (anteroposterior and mediolateral) perturbation
directions were investigated. Previous studies suggested that postural responses are
controlled by a low-dimensional set of muscle synergies, which often show their
largest activation in diagonal perturbation directions (31). In people with stroke, some
of these postural synergies are defective and some are intact (32). Possibly,
relationships between postural response deficits and balance performance are
stronger for perturbation directions that specifically involve the recruitment of those
muscle synergies that are often defective after stroke. Moreover, diagonal
perturbations toward the non-paretic side increase the number of paretic steps,
resulting in different step characteristics (33). We, therefore, suggest that future
studies include diagonal perturbations as well. A third limitation is the large number
of trials performed by participants. This may have induced both learning and fatigue
effects, particularly affecting those participants who achieved greater perturbation
intensities and, thus, had a larger number of trials. A limitation of using EMG amplitude
as an outcome is that the signal can be influenced by factors other than muscle
activation (i.e., background noise, skin impedance). Although we corrected our
amplitudes for background activity, these factors may still have had some influence
on the outcomes. In addition, stroke induces muscle atrophy, specific loss of type 2
muscle fibers (34), and a smaller number of motor units (35) on the paretic side,
which influence EMG amplitude (36) and may, thus, affect amplitude differences
between the paretic and non-paretic and control legs. Finally, the deceleration of the
platform (800 ms after perturbation onset) may have helped participants regain
balance when it occurred during the first reactive step. However, in 95% of the trials
collected at the MST, the step was completed within 800 ms, indicating that the
deceleration only had a minor effect on group performance.
In conclusion, stroke survivors show impaired reactive stepping capacity in all
perturbation directions, whereas feet-in-place capacity remains unaffected. Poorer
stepping performance can partially be explained by impaired early postural muscle
responses. Particularly, fast and vigorous GLUT activity appears critical for
overcoming large sideways perturbations, presumably by facilitating the effective use
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of side steps. There is some evidence that in people with stroke, both early APRs and
reactive stepping can be improved with agility or perturbation-based training (37, 38).
Based on our findings, we specifically recommend including exercises for enhancing
paretic side steps as a primary target for training and for preventing falls in people
with stroke.
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Supplement

Supplementary Table 1
Balance capacity
Analysis

Outcomes used

Statistical methods

Between-group
comparison single
and multiple stepping
threshold

- Single and multiple stepping
thresholds in each direction.
- In controls, values for leftward
and rightward perturbations were
averaged for comparison to paretic
and non-paretic leg in the stroke
group.

Independent-samples
t-test for each
direction separately

Compare single and
multiple stepping
thresholds between
paretic and non-paretic
legs in the stroke group

Single and multiple stepping
thresholds for perturbations toward
paretic and non-paretic side in the
stroke group.

Paired-samples t-test

Between-group
- Multiple stepping thresholds were
comparison of sideways
classified as ‘side step’ or ‘no side
multiple stepping
step’ based on the trial obtained at
thresholds based on
the multiple stepping threshold.
step strategy
- For controls, values for left and right
were not averaged as step strategy
sometimes differed between sides.
Compare number of
side-step strategies
per leg

One-way ANOVA

Step strategy was determined for all
Chi-square test
trials collected at the sideways multiple
stepping thresholds.

Postural muscle responses
Analysis

Outcomes used

Statistical methods

Between-group
comparison for EMG
onsets and amplitudes

- EMG outcomes were obtained at
two fixed perturbation intensity levels
(Low: 0.5 m/s2, High: 1.5 m/s2).
- Values for left and right leg were
averaged for controls.

Linear mixed model
with EMG variable
(onset or amplitude)
as the dependent
variable and the
following predictors:
Leg (paretic, nonparetic, control),
Muscle, Intensity)
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Supplementary Table 1 Continued
Postural muscle responses as determinants of balance capacity
Analysis

Outcomes used

Statistical methods

Identifying EMG
outcomes predictive
of single and multiple
stepping thresholds

- EMG variables obtained at the two
fixed perturbation intensities.
- Single and multiple stepping
thresholds.
- Values for left and right leg were
averaged for controls.
- In the stroke group only the
outcomes in the paretic leg were
used.

-

-

Linear regression
analysis with
single or multiple
stepping threshold
as the dependent
variable and EMG
variables as the
predictors
Separate
regression
analysis was
performed for
each perturbation
direction
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CHAPTER 7

Abstract
Introduction. People with stroke often have impaired stepping responses following
balance perturbations, which increases their risk of falling. Computer-controlled movable
platforms are promising tools for delivering perturbation-based balance training under
safe and standardized circumstances.
Purpose. This proof-of-concept study aimed to identify whether a 5-week perturbationbased balance training program on a movable platform improves reactive step quality
in people with chronic stroke.
Materials and Methods. Twenty people with chronic stroke received a 5-week
perturbation-based balance training (10 sessions, 45 min) on a movable platform.
As the primary outcome, backward, and forward reactive step quality (i.e., leg angle
at stepping-foot contact) was assessed with a lean-and-release (i.e., non-trained)
task at pre-intervention, immediately post-intervention, and 6 weeks after intervention
(follow-up). Additionally, reactive step quality was assessed on the movable platform in
multiple directions, as well as, the percentage side steps upon sideward perturbations.
To ensure that changes in the primary outcome could not solely be attributed to
learning effects on the task due to repeated testing, 10 randomly selected participants
received an additional pre-intervention assessment, 6 weeks prior to training. Clinical
assessments included the 6-item Activity-specific Balance Confidence (6-ABC)
scale, Berg Balance Scale (BBS), Trunk Impairment Scale (TIS), 10-Meter Walking
Test (10-MWT), and Timed Up and Go test (TUG).
Results. After lean-and-release, we observed 4.3° and 2.8° greater leg angles at post
compared to pre-intervention in the backward and forward direction, respectively.
Leg angles also significantly improved in all perturbation directions on the movable
platform. In addition, participants took 39% more paretic and 46% more non-paretic
side steps. These effects were retained at follow-up. Post-intervention, BBS and TIS
scores had improved. At follow-up, TIS and 6-ABC scores had significantly improved
compared to pre-intervention. No significant changes were observed between the
two pre-intervention assessments (n=10).
Conclusion. A 5-week perturbation-based balance training on a movable platform
appears to improve reactive step quality in people with chronic stroke. Importantly,
improvements were retained after 6 weeks. Further controlled studies in larger patient
samples are needed to verify these results and to establish whether this translates to
fewer falls in daily life.
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Introduction
Falls are among the most common complications after stroke (1). Post-stroke fall
incidence rates vary between 1.4 and 5.0 falls each person-year (2). Falls are
associated with worsening of functional outcomes post stroke (3). A vicious circle of
falling, fear of falling, and inactivity can lead to further functional decline (2).
Impaired balance and gait capacities are the most important risk factors for falls after
stroke (4, 5). Improving these capacities is, therefore, an important goal in rehabilitation.
However, a Cochrane review on interventions for preventing falls after stroke did not
show beneficial effects of exercise training aimed at improving balance and gait on
fall rates (6). This is in contrast with the overwhelming evidence from the healthy
elderly population, in which group- and home-based exercise programs do reduce
fall rates and fall risk (7). The question arises whether the types of exercise training
previously used in the stroke population are indeed suitable.
One important aspect that has yet received only limited attention in previous training
programs for people with stroke is the role of reactive stepping responses while
standing and walking (8-11). Following balance perturbations, fast and accurate
stepping is an essential strategy to prevent falling (12, 13). People with stroke have an
impaired capacity to execute such reactive stepping responses, particularly with the
paretic leg (14-19). In fact, impaired stepping responses have been related to falling
in people after stroke (20) and have shown to be predictive of fall risk after discharge
from inpatient rehabilitation (21). Therefore, improving these reactive stepping responses
following balance perturbations seems to be an important target for balance training
after stroke.
Recent systematic literature reviews showed that perturbation-based balance training
is effective to reduce fall risk in both healthy older adults and in people with Parkinson’s
disease (22, 23). In addition, a prospective cohort study showed lower fall rates for a
group of participants in the subacute phase after stroke who received perturbationbased balance training during inpatient rehabilitation, when compared to a matched
historical control group (10). Very recently, a first study on this type of training in the
chronic phase after stroke has been published (24). In this study, the experimental
group received therapist-induced balance perturbations and demonstrated improved
reactive balance control when tested under the trained circumstances. Yet, no significant
reduction in fall rate was observed compared to the control group. These observations
call for further research on the generalizability of perturbation-based balance training
to non-trained circumstances in people with chronic stroke. In addition, it may be that
the effects of perturbation-based balance training can be enhanced by further

113

7

CHAPTER 7

increasing the intensity and unpredictability of the perturbations, thus providing a
greater challenge for this group.
For delivering challenging perturbation-based balance training under safe and
standardized circumstances, computer-controlled movable platforms [e.g., the Radboud
Falls Simulator (RFS) (25)] are helpful. We here report the results of a proof-of-principle
study to evaluate the effects of a 5-week training program on a movable platform,
aimed at improving reactive step quality in multiple perturbation directions, and at
enhancing side stepping upon sideward perturbations with the paretic and nonparetic leg. As a primary outcome, reactive step quality in the backward and forward
directions was assessed with a lean-and-release (i.e., non-trained) task at preintervention, immediately post-intervention, and at 6 weeks follow-up. In addition,
reactive step quality was assessed on the movable platform in multiple directions, as
well as, the percentage side steps taken upon sideward perturbations. In the present
study, we focused on community-dwelling people in the chronic phase after stroke,
as in this phase no further neurological recovery should be expected (26). In addition,
during the chronic phase, people are frequently exposed to balance perturbations in
daily life. We hypothesized that our participants would show improved reactive step
quality and enhanced side stepping after completion of a 5-week perturbation-based
balance training program.

Methods
Participants
From the outpatient rehabilitation population of our university hospital, a total of
20 persons in the chronic phase (> 6 months) after stroke were included. Participant
characteristics are given in Table 1. They had to be able to stand and walk
“independently” as defined by a Functional Ambulation Categories (FAC) score of 4 or 5
(27). Exclusion criteria were 1) other neurological or musculoskeletal conditions affecting
balance; 2) health conditions in which physical exercise was contra-indicated; 3) use of
psychotropic drugs or other medication negatively affecting balance; 4) severe
cognitive problems [Mini Mental State Examination (MMSE) < 24 (28)]; 5) persistent
unilateral spatial neglect [Behavioral Inattention Test – Star Cancellation Test < 44
(29)]; and 6) behavioral problems interfering with compliance to the study protocol.
The study protocol was approved by the Medical Ethical Board of the region ArnhemNijmegen and all participants gave written informed consent in accordance with the
Declaration of Helsinki. This study was registered in the Netherlands Trial Register
(NTR number 3804, http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=3804).
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Table 1 Characteristics of study participants (n=20)
Sex (men/women, % men)

12/8, 60%

Age (years)*

60.1 (8.1)

Months since stroke*

50 (39.4)

Stroke type (ischemic/hemorrhagic, % ischemic)

12/8, 60%

Affected body side (left/right, % left)

12/8, 60%

Fall history (number of falls in previous year)*

1.6 (1.8)

MMSE (range: 0-30)*

27.8 (1.9)

QVT lateral malleolus affected side (range: 0-8)*

4.2 (2.2)

MI-LE (range: 0-100)*

63.3 (19.8)

FMA-LE (range: 0-100%)*

64.9 (17.7)

FAC (4/5, % FAC 4)

4/16, 20%

MMSE: mini mental state examination; QVT: quantitative vibration threshold; MI-LE: Motricity Index lower
extremity; FMA-LE: Fugl-Meyer assessment lower extremity; FAC: Functional Ambulation Categories.
* Values are presented in means (SD).

Design and study protocol
We conducted a proof-of-principle study in which the participants received a 5-week
perturbation-based balance training. Forty persons were invited for an intake visit to
determine eligibility (Figure 1), and (after inclusion, n=20) to determine participants’
demographic and clinical characteristics [sex, age, months since stroke, type of
stroke, affected body side, history of falls, quantitative vibration threshold (QVT) (30),
Motricity Index lower extremity (MI-LE) (31), and Fugl-Meyer Assessment lower
extremity (FMA-LE) (32)]. In addition, at the intake visit, initial training intensity was
determined on the platform for each participant in each perturbation direction (see
section Intervention). Thereafter, all assessments of reactive stepping, as well as, all
clinical tests (see section Outcomes) were performed by each participant at preintervention, post-intervention (6 weeks after pre-intervention) and follow-up (12 weeks
after pre-intervention). Yet, 10 participants (50%) who were randomly selected based
on block randomization with stratification for severity of paresis (Motricity Index – Leg
< 64% vs. Motricity Index – Leg ≥ 64%), received an additional pre-intervention
assessment of reactive stepping 6 weeks prior to the final pre-intervention assessment
(see Figure 1). By comparing the results of both pre-intervention assessments in this
subgroup, we were able to account for potential effects of repeated testing on reactive
stepping. In the week after the (final) pre-intervention assessment, all participants
started the 5-week perturbation-based balance training. More information about the
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Intake visit
(n=40)

Excluded (n=20)
• Not meeting inclusion
criteria (n=8)
• Declined to
participate (n=10)

Included (n=20)

• Not able to perform
intervention (n=2)

Lost to follow-up (n=1):
Not able to perform pre-intervention,
post-intervention, and follow-up
assessments#

Additional
pre-intervention
assessment (n=10)

Pre-intervention assessment
(n=19)

Unable to complete
training program
(n=1)*

Post-intervention
assessment (n=18)

Missing observations
Lean-and-release perturbations
backward
5 (26%)
forward
3 (16%)
Platform perturbations
sideward non-paretic 1 (5%)

Lost to follow-up (n=1):
Not able to perform post-intervention
and follow-up assessments‡

Missing observations
Lean-and-release perturbations
backward
3 (17%)
forward
2 (11%)

Lost to follow-up (n=1):
Not able to perform follow-up
assessments‡

Follow-up assessment
(n=17)

Missing observations
Lean-and-release perturbations
backward
3 (18%)
forward
2 (12%)
Clinical tests
timed up and go
2 (12%)
10 meter walk test
2 (12%)

Figure 1 Flow of participants. *One participant was able to complete only 3 out of 10 training
sessions due to low back pain. Observations were included in all analyses according to the
intention-to-treat principle. #Lost to follow-up due to hip fracture after a fall, unrelated to the
intervention. ‡Lost to follow-up due to illness, unrelated to the study.
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study protocol as well as the raw data supporting the conclusions of this manuscript
will be made available by the authors, without undue reservation, to any qualified
researcher upon request.

Intervention
The 5-week perturbation-based balance training program was delivered on the RFS
[120 × 180 cm; Baat Medical, Enschede, The Netherlands (25)]. This movable
platform can evoke reactive stepping responses by support-surface translations at
magnitudes up to 4.5 m/s2 in any given horizontal direction. In designing our new
training program we aimed to achieve a high intensity (i.e., number of perturbations),
large variation (i.e., directions of perturbations), and high challenge (i.e., high
perturbation magnitudes) of reactive stepping exercises, yet under safe circumstances.
The use of this computerized technology allowed us to set these perturbation
parameters in a highly standardized manner.
The selection of exercises in our program was inspired by the existing literature on
reactive stepping responses in people with stroke and in healthy elderly (33-36). After
a balance perturbation, people with stroke show a low step quality in all directions,
with a tendency to use multiple steps (34), a slow execution of steps (34), and a
preference to use the non-paretic leg (33, 35). Generally, the paretic leg shows
difficulties both in executing a stepping response and in support limb control while
stepping with the non-paretic side (19). For sideward perturbations, side stepping
has proven to be a more efficient and effective strategy than using cross-over steps
(37, 38), yet people with stroke and healthy elderly tend to prefer cross-over steps
during recovery responses from sideward perturbations (14, 37). Therefore, the aim
of the training program was to improve step quality after balance perturbations in
eight different directions (forward, backward, both sideward, and four diagonal
directions) by promoting the use of a single step, prevail side steps over cross-over
steps, and enhance the speed of stepping. Reactive stepping was practiced both
with the paretic and with the non-paretic leg. To achieve optimal results we used
several previously reported and well known techniques like verbal feedback, blockage
of the preferred leg, and stepping toward a target (39).
Participants received 45 minutes of training, two times a week, 5 weeks in a row,
under supervision of a trained physiotherapist. During each session, participants
received a total of 60 to 80 perturbations. During all exercises, participants were
secured by a safety harness attached to a sliding rail on the ceiling. The level of
difficulty was gradually increased across sessions based on a standardized protocol,
yet based on an individualized initial training intensity in each perturbation direction,
as determined during the intake visit. Initial training intensity was defined as the
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Direction indicated and
countdown to perturbation onset

Initial*

Initial

125% of initial

125% of initial

150% of initial

1

2

3

4

5

Random direction within blocks that
contained perturbations in two directions
[see graph: diagonal steps with paretic
leg (blue) and non-paretic leg (red)]

Random direction within blocks that
contained perturbations in two directions
[see graph: diagonal steps with paretic
leg (blue) and non-paretic leg (red)]

Direction indicated

Direction indicated

Predictability of
the perturbation

Session Intensity of
the perturbation

Table 2 Content of the perturbation-based balance training program
Direction#
Additional training conditions

CHAPTER 7

175% of initial

175% of initial

200% of initial

200% of initial

7

8

9

10

All directions in random order

All directions in random order

Combined cognitive and motor dual task

Motor dual task (marching in place)

Cognitive dual task (visual Stroop task)

Motor dual task (marching in place)

Random direction within blocks that
contained perturbations in two directions
[see graph: diagonal steps with either leg
forward (purple) or backward (green)]

All directions in random order

Cognitive dual task (visual Stroop task)

Random direction within blocks that
contained perturbations in two directions
[see graph: diagonal steps with either leg
forward (purple) or backward (green)]

*The initial training intensity was the maximal intensity at which participants restored their balance without taking a step, plus 0.25 m/s2. #The arrows in the graph
depict the perturbation direction (forward, backward, paretic, non-paretic, and four diagonal directions).

150% of initial
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maximal intensity at which participants were able to restore their balance without
taking a step, plus 0.25 m/s2. We progressed the difficulty of the training program by:
1) increasing the intensity of the perturbation; 2) increasing the unpredictability of the
start and the direction of the perturbations across sessions; and 3) by adding dual
tasks starting from training session 6 (see Tables 2 and 3 for details on the content of
the training program).
The 10 participants who performed two pre-intervention assessments were allowed
to continue usual care during the 6 weeks in between these assessments, including
any kind of physical therapy (if applicable). All participants were asked to refrain from
additional balance exercises at home during the training period, but were free to
receive (or continue) usual care during the follow-up.

Table 3 Training intensities per session (m/s2)
Session

Forward
Backward Perturbations Perturbations
perturbations perturbations
toward
toward
paretic
non-paretic
side
side

1 and 2

1.02 (0.21)

0.83 (0.18)

1.06 (0.22)

1.10 (0.20)

3 and 4

1.28 (0.24)

1.05 (0.23)

1.35 (0.28)

1.41 (0.24)

5 and 6

1.53 (0.30)

1.28 (0.26)

1.61 (0.31)

1.67 (0.29)

7 and 8

1.80 (0.34)

1.49 (0.31)

1.88 (0.39)

1.94 (0.35)

9 and 10

2.04 (0.41)

1.67 (0.36)

2.14 (0.44)

2.21 (0.40)

Multiple stepping threshold

3.03 (1.36)

2.21 (0.88)

1.78 (0.90)

1.68 (0.96)

Values are presented in means (SD).

Reactive stepping assessment
During pre, post, and follow-up assessments, reactive stepping was recorded
following two types of balance perturbations: lean-and-release perturbations
(backward and forward directions) and platform perturbations (backward, forward,
sideward paretic, sideward non-paretic directions). During all recordings, participants
wore their own shoes and stood at a fixed foot position with a distance of 4.5 cm
between the medial sides of both feet. They wore a safety harness (attached to a
sliding rail on the ceiling) to prevent them from falling, but which did not provide body
(weight) support.
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The lean-and-release task is a frequently used experimental paradigm for studying
reactive stepping responses (21, 35, 40). Importantly, this type of perturbation was
not trained and was, therefore, selected as the primary outcome. Using different
types of perturbation for training and assessment is in line with a previous study on
perturbation-based balance training (36). Participants were instructed to lean into the
tether at an inclination angle of 10° and, upon its unexpected release, to recover their
balance by taking a single step. They were free to select which leg they used for
stepping. After several practice trials, 10 outcome trials were recorded, five trials in
the backward and five trials in the forward direction.
During the platform perturbation trials, participants received unpredictable and
sudden horizontal translations in the forward, backward, sideward paretic, and
sideward non-paretic directions. They were instructed to recover their balance with a
single step. Perturbations consisted of an acceleration (300 ms), constant velocity
(500 ms), and deceleration phase (300 ms). During the first assessment, the
perturbation intensity was gradually increased with increments of 0.25 m/s2 until the
participants reached the maximum intensity at which they were able to recover their
balance with one step (multiple stepping threshold, maximal 4.5 m/s2). During the
subsequent assessments, we used a fixed protocol with random perturbations in
each direction, until the individual multiple stepping threshold (as determined during
the first assessment) was reached. During all assessments, we ultimately recorded
six outcome trials, three trials at the multiple stepping threshold and another three
trials at one level (+0.125 m/s2) above this intensity.
In addition to these formal assessments, we also monitored progress of participants’
reactive step quality on the platform across training sessions (sessions 1, 4, 7, and 10).
Due to time limitations or technical problems, we managed to do this in full for 14 of
the 20 participants. These participants received additional platform perturbations
after the training session, alternating in the forward and backward directions, at the
maximum of their capacity (i.e., 0.125 m/s2 above their individual multiple stepping
threshold).
Reactive stepping responses were recorded at 100 Hz using an 8-camera 3D motion
capture system (Vicon Motion Systems, Oxford, UK). Reflective markers were placed
on anatomical landmarks according to the Vicon Plug-in-Gait model (41). An additional
reflective marker was placed on the translating platform to correct marker positions
for platform movement. Marker trajectory data were filtered with a second order,
5 Hz low-pass, zero-lag Butterworth filter.
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From these data, we assessed the quality of the reactive step. This step quality is
typically determined by how far the stepping foot is placed away from the centre of
mass (CoM) into the direction of the induced loss of balance (17, 42-45). We expressed
this foot-to-CoM relationship as the leg angle at first stepping-foot contact (Figure 2).
In previous studies, the leg angle at stepping-foot contact accurately distinguished
between falls and successful recovery in healthy young subjects (44) and between
single and multiple reactive steps in older women (42) and stroke survivors (15).
The leg angle was defined as the angle between the vertical and the line connecting
the mid-pelvis to the second metatarsal (backward and forward perturbations) or to
the lateral malleolus (sideward perturbations) of the stepping foot. Larger positive leg
angles correspond to better step quality.

Outcomes
The primary outcome was reactive step quality (i.e., leg angle at first stepping-foot
contact) following lean-and-release perturbations in the backward and forward
directions. The reactive step quality in four directions and the proportion of side steps
upon sideward perturbations on the platform were used as secondary outcome
measures. In addition, several clinical tests were performed, namely: 1) the 6-item
short version of the Activity-specific Balance Confidence scale (6-ABC; range:

Figure 2 Definition of the leg angle. Reactive step quality was expressed as the leg angle (α)
at stepping-foot contact. This figure shows the leg angle for a backward step.
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0-100%) to assess the balance confidence for performing daily-life activities (46);
2) the Berg Balance Scale (BBS; range: 0-56) to test balance performance during
activities of varying difficulty (47); 3) the Trunk Impairment Scale (TIS; range: 0-23) to
evaluate static and dynamic sitting balance and coordination of trunk movement (48);
4) the 10-Meter Walking Test at comfortable walking speed (10-MWT); and 5) the
Timed Up and Go test (TUG) to quantify functional mobility (49). To determine the
ability of participants to recover balance according to the instructions (i.e., with a
single step), we also calculated the success rate for the lean-and-release and
platform perturbations.

Statistical analysis
We first verified by means of Generalized Estimated Equations modeling (GEE,
autoregressive correlation structure) that potentially confounding variables [i.e., initial
inclination angles for lean-and-release perturbations, the stepping leg (paretic/
non-paretic), the maximal percentage of body weight supported by the harness
system, and the angle of the trunk with the vertical at first stepping-foot contact] were
not different between pre-intervention, post-intervention, and follow-up for the primary
outcome assessments. As these analyses yielded no significant effects of time,
we did not include these variables in further analyses.
To study changes in the primary and secondary outcomes (i.e., leg angles, percentages
side steps, clinical scales) following training, we conducted a GEE analysis with time
(pre-intervention, post-intervention, and follow-up) as within-subject factor. Furthermore,
for the subgroup of participants who received two pre-intervention assessments,
we determined the effects of repeated testing on reactive stepping by means of
paired t-tests. Statistical analyses were performed with SPSS (version 22.0). P<0.05
was considered statistically significant.

Results
The inclusion flow diagram (Figure 1) shows the numbers (and reasons) of participants
who were lost to follow-up, as well as, any missing observations at the assessments.
No intervention-related adverse events were reported. Table 4 shows a detailed
overview of all outcome measures at pre-intervention, post-intervention, and follow-up
(n=20), together with the reactive stepping data for the two pre-intervention
assessments (n=10). Participants were not always able to regain balance with a
single step. Table 5 shows the percentage of successful lean-and-release and
platform perturbation trials at pre-intervention, post-intervention, and follow-up.
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Lean-and-release perturbations
Backward and forward leg angles at post-intervention were significantly larger
compared to pre-intervention (backward: Δpre-post=4.3±1.3°, p=0.001; forward: Δprepost=2.8±0.7°, p<0.001; Figure 3 and Table 4). These larger leg angles were retained
six weeks after training at follow-up (backward: Δpre-fu=3.8±1.2°, p=0.001; forward:
Δpre-fu=2.7±0.6°, p<0.001). For both directions, leg angles were not different between
the two pre-intervention assessments.

Platform perturbations
For backward and forward platform perturbations, leg angles at post-intervention
were significantly larger compared to pre-intervention (backward: Δpre-post=4.1±1.2°,
p=0.001; forward: Δpre-post=2.5±0.8°, p=0.001; Table 4). This difference in leg angle
was retained at follow-up (backward: Δpre-fu=4.5±1.2°, p<0.001; forward: Δpre-fu=
2.2±0.6°, p<0.001). For sideward perturbations, the percentage of paretic and
non-paretic side steps increased from pre- to post-intervention (paretic: Δpre-post=
39±12%, p=0.001, Figure 4A; non-paretic: Δpre-post=46±9%, p<0.001, Figure 4B).
This effect was also retained at follow-up (paretic: Δpre-fu=38±11%, p=0.001;
non-paretic: Δpre-fu=43±9%, p<0.001). Furthermore, the number of participants
who took at least one side step had increased after training. Before the start of the
intervention, six and ten participants took one or more side steps with the paretic
and non-paretic leg, respectively, which numbers increased to 12 and 17 at the
post-intervention assessment. For side steps toward the paretic side, leg angles
increased from pre- to post-intervention (Δpre-post=2.3±0.8°, p=0.004), which effect
was retained at follow-up (Δpre-fu=1.9±0.7°, p=0.006). For side steps toward the nonparetic side, leg angles at post-intervention were not significantly larger compared to
pre-intervention, although a trend toward larger leg angles was visible (Δpre-post=
1.2±0.7°, p=0.075). Six weeks after training, at follow-up, non-paretic leg angles were
significantly larger compared to pre-intervention (Δpre-fu=2.1±0.6°, p=0.001).

Clinical tests
Participants had a slightly higher BBS score at post compared to pre-intervention
(Δpre-post=0.9±0.4, p=0.021), however, this effect was not retained at follow-up (Δprefu=0.4±0.6, p=0.493). Yet, TIS scores at post-intervention and at follow-up were
significantly higher compared to pre-intervention (Δpre-post=1.8±0.5, p<0.001; Δprefu=0.7±0.3, p=0.022). The difference in 6-ABC scores between pre- and post-intervention did not reach statistical significance (Δpre-post=3.7±3.1, p=0.240), however,
at follow-up, participants rated their balance confidence significantly higher compared
to pre-intervention (Δpre-fu=7.9±2.9, p=0.007). For comfortable walking speed and
TUG no significant differences were found between pre-intervention, post-intervention, or follow-up.
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52.4 (0.9)
16.1 (0.6)
41.5 (5.7)
3.5 (0.2)
10.4 (0.8)

-2.0 (1.4)
21.1 (0.8)
19 (8)
37 (10)
17.6 (1.5)
17.6 (0.7)

0.3 (1.2)
22.4 (0.8)

4.0 (1.2)
25.1 (0.7)

2.5 (0.8)
23.3 (0.7)
58 (11)
80 (7)
19.4 (1.2)
19.7 (0.5)
52.7 (0.8)
16.7 (0.6)
49.4 (5.6)
3.6 (0.2)
10.0 (0.8)

4.6 (1.3)
25.2 (0.5)

2.1 (1.1)
23.6 (0.5)
59 (11)
84 (6)
19.8 (1.3)
18.8 (0.6)
53.3 (0.7)
17.9 (0.7)
45.1 (4.8)
3.7 (0.2)
10.8 (0.8)

Follow-up
Mean (SE)
(n=20)

0.047
<0.001
0.014
0.127
0.307

0.001
0.001
0.001
<0.001
0.012
0.001

0.001
<0.001

-3.5 (1.7)
20.1 (1.5)
29 (15)
21 (14)

-1.6 (1.7)
23.0 (1.1)

-3.2 (1.5)
20.4 (0.8)
30 (15)
38 (16)

-0.8 (1.2)
23.0 (1.2)

0.730
0.699
0.907
0.374

0.589
0.987

Main effect
First preFinal preMain effect
of time
intervention intervention
of time
(p-value)
Mean (SE) Mean (SE)
(p-value)
(n=20)
(n=10)
(n=10)
(n=10)

Estimated marginal means (standard errors) for leg angles, percentage side steps, and clinical scales at pre-intervention, post-intervention, and follow-up for the total study
sample (n=20) and mean values (standard errors) for leg angles and percentage side steps at the first and final pre-intervention assessment (n=10). *Only three participants
who received two pre-intervention assessments (n=10) took a paretic side step at both assessments, whereas none of the participants took a non-paretic side step at both
assessments. Therefore, sideward leg angles were not compared between pre-intervention assessments. BBS: Berg Balance Scale (range: 0-56), TIS: Trunk Impairment Scale
(range: 0-23), 6-ABC: 6-item short version of the Activity-specific Balance Confidence scale (range: 0-100%), TUG: Timed Up and Go test.

Platform perturbations
Backward leg angle (°)
Forward leg angle (°)
Paretic side step (%)
Non-paretic side step (%)
Paretic side step leg angle (°)*
Non-paretic side step leg angle (°)*
Clinical scales
BBS
TIS
6-ABC
Comfortable walking speed (km/h)
TUG (s)

Secondary outcomes

Lean-and-release perturbations
Backward leg angle (°)
Forward leg angle (°)

Primary outcomes

PrePostintervention intervention
Mean (SE) Mean (SE)
(n=20)
(n=20)

Table 4 Primary and secondary outcome measures
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Table 5 Percentage (SD) of trials recovered with a single step
Pre-intervention

Post-intervention

Follow-up

Backward

64 (44)

73 (42)

80 (39)

Forward

73 (41)

82 (33)

81 (35)

Backward

38 (24)

81 (23)

85 (25)

Forward

56 (35)

92 (18)

93 (14)

Toward paretic side*

28 (21)

66 (41)

69 (37)

Toward non-paretic side*

36 (32)

92 (12)

80 (25)

Lean-and-release perturbations

Platform perturbations

*N.B. This concerns both side steps and cross-over steps.

A
Leg angle (degrees)

8

*

*

6
4
2
0
-2
-4

Pre

Post

Follow-up

B
Leg angle (degrees)

27

*

26

*

25
24
23
22
21

Pre

Post

Follow-up

Figure 3 Lean-and-release perturbations. Step quality (i.e., leg angle) for lean-and-release
perturbations in the backward (A) and forward (B) directions. *p<0.01.
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A

100

*
*

Side step (%)

80
60
40
20
0

Pre

Post

Follow-up

*

B

*

100

Side step (%)

80
60
40
20
0

Pre

Post

Follow-up

Figure 4 Sideward platform perturbations. Percentage of side steps for platform perturbations
in the sideward paretic (A) and sideward non-paretic (B) directions. *p<0.01.

Progress of step quality
During the intervention period, backward leg angles increased from training session
1 to 7 (∆s1-s7=3.4±4.8°, p=0.041), but did not further increase at subsequent sessions.
The forward leg angle increased from session 1 to 4 (∆s1-s4=1.8±2.6°, p=0.033), but
did not further increase at subsequent sessions (Figure 5).
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A
*

Leg angle (degrees)

0

*

-2

-4

-6

-8

1

4

7

10

7

10

B
*

Leg angle (degrees)

30

*
*

28

26

24

22

1

4

Training session

Figure 5 Course of leg angle improvement across training sessions. Course of improvement
in step quality (i.e., leg angle) across training sessions 1, 4, 7, and 10 for backward (A) and
forward (B) platform perturbations. For practical reasons, we placed the reflective markers
during the training sessions on the feet and L4 vertebra, instead of on the feet and both spina
iliaca as was done during the formal assessments. Therefore, leg angles from the training
sessions and assessments are not directly comparable. *p<0.05.

Discussion
This proof-of-principle study investigated whether a 5-week perturbation-based
multidirectional balance training program was able to improve reactive stepping in
20 persons in the chronic phase after stroke. In accordance with our hypotheses,
we found that after completion of the training program reactive step quality had
improved in the backward, forward, and both sideward directions. In addition, both
paretic and non-paretic side steps were more frequently used for recovering balance
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upon sideward perturbations. Both types of effect were retained at follow-up. Several
clinical scales showed significant immediate (BBS, TIS) and/or delayed (TIS, 6-ABC)
training effects as well, albeit relatively small sized compared to the assessments of
reactive stepping.
The hypothesis that our perturbation-based balance training would improve step
quality in people with chronic stroke was corroborated by an increase in leg angle at
first stepping-foot contact following lean-and-release perturbations of 4.3 (backward)
and 2.8 degrees (forward) between pre- and post-intervention. This parameter has
previously been shown to be a valid indicator of reactive step quality, as it accurately
distinguished between successful (no fall) and unsuccessful (fall) recovery following
large balance perturbations (44) and between single and multiple stepping in elderly
individuals and people with stroke (15, 42). At post-intervention, the leg angles during
the platform perturbations showed similar improvements as those observed during
lean-and-release perturbations (4.1 and 2.5 degrees in the backward and forward
directions, respectively). As the lean-and-release perturbations were not included in
the training program, we conclude that generalization of the training effects to
non-trained tasks has occurred, which implies “real” training effects. Importantly,
these improvements were retained for both types of perturbations after a period of 6
weeks during which no further practice of reactive stepping took place. Although
these results are promising, it remains unknown for how long the observed
improvements in reactive stepping are retained after this follow-up period of 6 weeks.
The notion that perturbation-based balance training can improve reactive stepping is
in accordance with a previous study in community-dwelling older adults (36). After 6
weeks (18 sessions of 30 minutes) of perturbation training, these elderly persons
more frequently used single stepping responses and had less foot collisions during
sideward perturbations. Since foot collisions mostly occur during cross-over steps,
the reduction in collisions is in line with our observation of more side steps being
taken after the training. Only one case study in a subacute stroke patient (9) has
previously been published on training-induced improvements in reactive step quality.
This study demonstrated increased effectiveness of reactive stepping responses
and increased use of the paretic leg for stepping after targeted perturbation training.
As the training was provided in the subacute phase, it remained unknown whether
improved reactive stepping was caused by spontaneous neurological recovery,
by training-induced functional recovery, or by a combination of both. Although, generally,
neurological (motor) recovery cannot be expected beyond 3 months after stroke (50),
functional recovery can still be reached in the chronic phase (51). In this study,
we indeed found that targeted balance training resulted in (further) functional recovery
in a relatively high functioning group of chronic stroke patients. During training,
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participants were “forced” to step with both the paretic and non-paretic leg in
response to challenging perturbations. This type of training may unmask latent motor
capacity, especially of the proximal leg and trunk muscles, that may have decayed as
a result of stroke. This process may be based on the same mechanisms that underlie
the effects of constrained induced movement therapy of the upper limb, but the exact
neurophysiological mechanisms are a relevant topic for further research. As there are
no established methods for measuring reactive step quality in people with stroke, the
clinical relevance of the presently observed improvements remains to be identified.
Nevertheless, in young adults an increase in leg angle of just 1 degree resulted in a
three-fold greater odds of successfully recovering from a large backward perturbation
(44). Hence, we conclude that the presently observed improvements in step quality
are substantial, and most likely clinically relevant.
Although our training period of 5 weeks appears sufficiently long to achieve gains in
reactive stepping, we raise the question whether there might have been further room
for improvement. In the first training session, we conservatively chose a perturbation
intensity only slightly above the individual stepping thresholds. Perturbation intensity
was gradually increased each week according to a pre-defined protocol. Yet, it turned
out that in the anteroposterior directions, the average perturbation intensities in the
final training sessions were still below the participants’ multiple stepping thresholds,
as measured during the first balance assessment (see Table 3). In addition, we
monitored progress in forward and backward step quality (across sessions 1, 4, 7,
and 10) and observed a plateau from session 4 onwards for forward and from session
7 onwards for backward step quality (see Figure 5). These observations indicate that
we have been rather conservative in progressing the level of difficulty across training
sessions. Hence, for future application of the training protocol, we suggest to further
challenge the participants by including greater increments in perturbation intensities.
The improvements that we observed in reactive stepping were accompanied by a
perceived increase in balance confidence (as shown by the higher scores on the
6-ABC at follow-up). Yet, we found only minor and transient gains on the BBS as a
clinical balance test, which were not considered clinically relevant. In the remaining
clinical outcomes, we found no significant changes, except for a modest improvement
in TIS scores at post-intervention and follow-up. These observations are in line with a
recent study on perturbation-based balance training in people in the subacute phase
after stroke, which resulted in a reduction in fall risk and fall rates compared to a
historical cohort, yet without between-group differences on clinical test outcomes
(10). One reason for this apparent discrepancy may be that the clinical tests included
in our study do not capture (improvements in) reactive stepping, being the primary
aim of our perturbation-based training program. Indeed, Innes et al. (52) found a
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wide range in BBS scores across stroke participants, which did not correspond to
their level of reactive stepping capacity. Another explanation may be that our
participants already had near-maximum BBS scores (median: 54, range: 42-56) at
pre-intervention, leaving little room for further improvement. Yet, they did have
impairments in reactive stepping, as their multiple stepping thresholds (i.e., the
maximum perturbation intensity that could be sustained with a single step) were
substantially lower than in healthy peers. For example, backward multiple stepping
thresholds in our participants were 2.2 m/s2 vs. 3.5 m/s2 in healthy peers (14). Hence,
it seems that for our group of community ambulators after stroke (comfortable
walking speed > 0.8 m/s in 16 of the 19 participants), the ceiling effect in BBS scores
results in an underestimation of their balance impairments. Therefore, in future studies
on perturbation-based training, we recommend to consider alternative clinical
balance tests that do include an assessment of reactive balance control. The
mini-BEST, for instance, includes reactive stepping tests and also has a smaller
ceiling effect than the BBS (53), which may further add to its suitability for community
ambulators.
In this study, the use of the RFS had the advantage of delivering a training program
that was standardized, safe, challenging, and of high intensity. Yet, it should be
mentioned that this type of technology is not yet widely available and future
developments should be targeted at designing cheaper and more easy-to-use
training devices for perturbation-based balance training. Another limitation of our
study is that the leg angle at first stepping-foot contact did not provide insight into
which part of the stepping response specifically responded to the perturbation-based
balance training. Such insight could further enhance our understanding of functional
balance recovery after stroke and, thereby, help optimize rehabilitation strategies for
this patient group. Although the fact that we did not include a control group is an
obvious limitation, a subgroup of 10 participants showed no differences in reactive
stepping between the first and final pre-intervention assessments (before the start of
the training). This result supports the notion that the observed improvements in
reactive stepping after training are attributable to the perturbation-based balance
training. Another limitation is the predictability of perturbation direction during the
lean-and-release task. In the backward and forward platform perturbations, however,
we found similar improvements in leg angles after training compared to the lean-andrelease task. As perturbation direction during the platform perturbations was
randomized across four different directions (backward, forward, sideward paretic,
and sideward non-paretic), it appears that improvements in reactive stepping are not
solely attributable to anticipation of participants.
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Although we found improvements in reactive step quality after perturbation-based
balance training, we did not evaluate whether our training program also contributed
to fewer falls in daily life. Previous research showed, however, that impaired quality of
reactive steps is related to increased fall rates during inpatient stroke rehabilitation
(20), and that perturbation-based training in the subacute phase can reduce fall risk
(10). These findings suggest that perturbation-based balance training may be an
effective intervention for reducing fall rates, not only in the subacute phase but also
in the chronic phase after stroke (8). Our chronic stroke participants were able to
apply the learned stepping responses in non-trained circumstances and, importantly,
retained their improvements in reactive stepping over a 6-week period without further
practice. Therefore, perturbation-based balance training appears promising for
improving the ability to recover from balance perturbations outside the laboratory or
clinical setting (for example while experiencing trips or slips in daily life). Yet, further
controlled studies in larger patient samples are needed to verify our results and to
establish whether an improved step quality indeed translates to fewer falls in daily life.
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CHAPTER 8

Abstract
Importance. Recent findings suggest that even after minor stroke persistent balance
problems may occur. This notion deserves further investigation, because poor
balance is a risk factor for falls and reduced activity levels.
Objective. To test the hypothesis that people with minor stroke show persistent
balance and gait problems, elevated fall risk, and decreased physical activity levels
compared to healthy persons.
Design. Longitudinal observational cohort study with 6-month follow-up period.
Setting. General hospitals and community in the Netherlands.
Participants. Participants were included if they had sustained a unilateral supratentorial
transient ischemic attack (TIA) or stroke longer than 6 months ago that resulted in
motor and/or sensory loss in the contralesional leg. They needed to have shown
(near-)complete motor recovery as indicated by a score ≥ 24 points on the Fugl-Meyer
Assessment – Lower Extremity (FMA-LE; range: 0-28).
Exposure. None.
Main Outcomes. Mini-Balance Evaluation Systems Test (mini-BESTest), Timed Up
and Go test (TUG), 10-Meter Walking Test (10-MWT), 6-item short version of Activityspecific Balance Confidence scale (6-ABC), fall rate, daily physical activity (total time
and intensity).
Results. 245 eligible persons with stroke and 88 healthy individuals were screened
for eligibility. Of these, 64 participants with minor stroke (mean age: 63.8yrs) and
50 healthy age-matched controls (mean age: 63.6yrs) were included. Thirty-six
participants with minor stroke (56%) showed full leg motor recovery (FMA-LE: 28
and Motricity Index – Lower Extremity: 100). Compared to controls, participants with
minor stroke scored significantly lower on the mini-BESTest (24.2±2.3 vs. 26.1±2.1
points), were slower on the TUG (10.0±2.0 vs. 8.6±1.1 seconds), had lower walking
speed (1.31±0.22 vs. 1.45±0.16 m/s), and lower 6-ABC scores (79±19 vs. 89±10%)
(all p≤0.001). All statistical differences persisted in the subgroup of full recoverers.
Participants with minor stroke fell more than twice as often as healthy individuals (1.1
vs. 0.52 falls per person-year, p=0.023). No between-group differences were found
for total time of physical activity (p=0.499), but intensity of physical activity was 6%
lower in participants with minor stroke (p=0.030).
Conclusions. Individuals in the chronic phase after minor stroke with (near-)complete
clinical motor recovery of the paretic leg may still demonstrate deficiencies in balance
and gait capacities, a relatively high fall frequency, and lower intensities of physical
activity. These results may point at an unmet clinical need in this population.
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Introduction
Approximately 1.1 million persons in Europe suffer a stroke each year (1). Despite
improvements in acute treatment over the last decades, a stroke still contributes to a
significant loss in disability-adjusted life years (2). Currently, post-stroke rehabilitation
is mainly aimed at improving functional status in stroke survivors, focusing on
disabilities that are visible to the naked clinical eye. Nevertheless, a large part (i.e.,
79%) of all stroke patients initially present with motor symptoms – such as a paresis
of the contralesional arm and/or leg – that resolve relatively quickly, ultimately resulting
in (near-)absent motor symptoms (3). Generally, these individuals have sustained a
so-called ‘minor stroke’. Compared to more severely affected individuals, persons
after minor stroke have received very little attention in the scientific literature or clinical
guidelines with regard to the possible sensorimotor consequences.
Post-stroke motor impairments often lead to a decline in balance and gait capacities
that subsequently increase the risk of falling in daily life (4). Falling is a major problem
in moderately to severely affected individuals after stroke, as their fall risk is two to ten
times higher compared to healthy individuals (4). So far, it is unknown whether persons
with (near-) complete clinical recovery of motor impairments after stroke also have an
increased fall risk. This deserves further investigation, because falls can have serious
physical and psychological consequences such as fractures and fear of falling.
Fractures were reported in 0.6 to 8.5% of the post-stroke falls (4), whereas 88% of the
individuals who had received inpatient stroke rehabilitation developed fear of falling
following a fall (5). Both consequences often lead to daily life activity limitations (4),
thereby contributing to restricted social participation and reduced cardiovascular
fitness after stroke. As physical activity levels in community-dwelling chronic stroke
survivors are already low in terms of both duration and intensity (6), further deconditioning
can easily contribute to loss of independence. Thus far, it is unknown whether
physical activity levels are also reduced in persons after minor stroke.
Preliminary studies found that persons after minor stroke may have persistent balance
and gait problems (7-9). Since these studies included rather small groups of minor
stroke individuals (7, 8) or specifically focused on balance control (8, 9), an extensive
and comprehensive evaluation of the long-term effects of a minor stroke on balance,
gait, falls, and daily physical activity levels is still lacking. We therefore conducted a
longitudinal observational cohort study of individuals in the chronic phase after minor
stroke to test the hypothesis that these persons have persistent balance and gait
problems, elevated fall risk, and decreased physical activity levels compared to
healthy age-matched controls.
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Methods
Design, setting, and participants
We conducted a longitudinal observational cohort study with a baseline clinical
assessment and 6 months follow-up. Potential participants who had sustained a
minor stroke were recruited from the outpatient departments of Rehabilitation and
Neurology at several general hospitals in the Netherlands (Radboud university
medical center in Nijmegen, Rijnstate Hospital in Arnhem, Reinier de Graaf in Delft),
and through advertisements in local newspapers. They needed to be in the chronic
phase (> 6 months) after a minor stroke. In this study, a minor stroke was defined as
a unilateral supratentorial transient ischemic attack (TIA) or stroke that had resulted in
motor and/or sensory loss in the contralesional leg at stroke onset, with (near-)
complete clinical motor recovery of the paretic leg as defined by the Fugl-Meyer
Assessment – Lower Extremity score ≥ 24 (FMA-LE; range: 0-28, motor selectivity
items only) at study inclusion. Participants were excluded if they 1) suffered from
other neurological or musculoskeletal (e.g., joint arthrosis or replacement) problems;
2) had severe cognitive problems (Montreal Cognitive Assessment (MoCA) < 24)
(10); 3) used psychotropic medication; or 4) had persistent unilateral spatial neglect
(Behavioral Inattention Test – Star Cancellation Test < 44) (11). Age-matched healthy
control participants were recruited from the community and from a database available
at the department of Rehabilitation that contains contact details of healthy persons
interested to participate in research. At inclusion, the following demographics and
clinical characteristics were determined for the characterization of both study groups:
sex, age, Body Mass Index (BMI), MoCA as a measure of cognition, Quantitative
Vibration Threshold (QVT; range: 0-8) of the medial malleolus and first metatarsophalangeal joint as a measure of deep sensibility of the paretic leg (minor stroke) or the
average of both legs (healthy control) (12, 13), and Functional Ambulation Categories
(FAC; range: 0-5) as a measure of ambulation capacity (14). Specifically for the
participants with minor stroke, we additionally recorded duration of initial hospital
admission, location of discharge, prescription of home-based physiotherapy, time
since stroke, type of stroke, affected body side, FMA-LE as a measure of selective
motor control of the paretic leg, and the Motricity Index – Lower Extremity score
(MI-LE; range: 0-100) as a measure of strength of the paretic leg. Written informed
consent was obtained from all participants. The study protocol was approved by the
Medical Ethical Board of the region Arnhem-Nijmegen and all procedures were
conducted in accordance with the Declaration of Helsinki.
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Outcome measures
Balance and gait
At baseline, participants performed the following clinical tests: 1) the mini-Balance
Evaluation Systems Test (mini-BESTest; range: 0-28) that focuses on static and
dynamic balance (15); 2) the Timed Up and Go test (TUG) to quantify functional
performance (16); 3) the 10-Meter Walking Test (10-MWT) to assess comfortable
walking speed; and 4) the 6-item short version of the Activity-specific Balance
Confidence scale (6-ABC; range: 0-100%) to assess balance confidence (17).
Falls
Falls were prospectively registered for 6 months on a monthly basis using fall
calendars (18). Each fall calendar was provided with a stamped and addressed
envelope. Participants who did not return the fall calendar within 2 weeks were called
to determine if any falls had occurred. A fall was defined as an unexpected event
which resulted in body contact with the ground, floor, or a lower level surface (19).
Falls during sports or caused by a high-energy external force (e.g., a collision) or loss
of consciousness were excluded. The primary outcome for falls was fall rate per
person-year. As secondary outcomes we included the proportion of fallers and the
number of injurious falls during the 6-month follow-up.
Daily physical activity
Daily physical activity levels were registered during the week following baseline
assessment for 24 hours a day using the professional version of the Activ8 Physical
Activity Monitor (Activ8; Remedy Distribution Ltd., Valkenswaard, The Netherlands).
The Activ8 is a small (30x32x10 mm) and lightweight (20 g) one-sensor device with a
triaxial accelerometer that has previously been validated in stroke patients (20). It was
attached with TegadermTM skin tape to the thigh of the non-paretic (minor stroke) or
dominant (healthy control) leg. This waterproof attachment allowed participants to
swim and shower while wearing the device. Participants received no feedback about
their daily physical activity levels. The measures of activity were total time (minutes/
day) of daily physical activity (i.e., minutes of classified walking, cycling, and highintensity activities (i.e., mainly running)), and the intensity of daily physical activity
(counts/minute during periods of walking, cycling, and high-intensity activities).

Statistical analyses
The Mann-Whitney U test was used to compare demographic and clinical characteristics between groups. To determine whether balance and gait outcomes and daily
physical activity measures differed between the participants with minor stroke and
healthy individuals, we conducted analysis of covariance (ANCOVA) with age as
covariate. To determine whether fall rates differed between participants minor stroke
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and healthy individuals, we used Poisson regression analyses with number of falls as
dependent variable and group (minor stroke / healthy control) as independent
variable. All participants with ≥ 3 months fall registration were included in the analyses.
We conducted a Chi-square analysis to compare the proportion of fallers between
groups.
Furthermore, we repeated the above analyses on a subgroup of participants with
complete clinical motor recovery of the paretic leg (i.e., FMA-LE=28 and MI-LE=100;
further referred to as the full recoverers). Note that this secondary analysis was not
applied to the fall data because of insufficient power.
As tertiary analysis we studied static and dynamic balance control and daily physical
activity in more depth. A Chi-square test was used to compare the percentage of
participants with minor stroke, full recoverers, and healthy control participants that
obtained the maximal score on each item of the mini-BESTest. To determine whether
total time and intensity of each physical activity subcategory (i.e., walking, cycling,
high-intensity activities) differed between groups, we conducted analysis of covariance
(ANCOVA) with age as covariate.
All statistical analyses were performed in SPSS (version 25.0). P values <0.05 were
considered statistically significant.

Results
Between August 2016 and July 2018, a total of 245 community-dwelling persons in
the chronic phase (> 6 months) after minor stroke and 88 healthy individuals were
assessed for eligibility. After an extensive telephone interview and physical examination
for verifying the inclusion and exclusion criteria, 64 participants with minor stroke and
50 healthy control participants were included. Figure 1 shows the flow diagram with
the numbers and reasons of participants who were excluded, who were lost to
follow-up, and who showed missing data. Table 1 shows the participant characteristics.
Following their acute stroke, 95% of the participants with minor stroke were discharged
home following a short (median ≤ 3 days) hospital admission, and 55% subsequently
received home-based physiotherapy. Thirty-six of the participants with minor stroke
(56%) were identified as full recoverers, as they had obtained maximal scores on both
the FMA-LE and MI-LE. All participants were able to stand and walk independently on
an irregular surface without supervision (FAC 5). No significant differences in sex,
age, cognition, or deep sensibility were found between groups, but the BMI was
higher for participants with minor stroke compared to controls.
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Included in fall analyses
(STR: n=62, HC: n=47)

Included in daily physical
activity analyses
(STR: n=59, HC: n=43)

Lost to follow-up:
Activ8 not returned (STR: n=1)
Missing data:
Technical problems of Activ8 (STR: n=3, HC: n=5)
Less than 5 valid days of recording (STR: n=1, HC: n=2)

Excluded:
MoCA < 24 (STR: n=9, HC: n=2)
FMA-LE < 24 (STR: n=4)

Excluded:
Not meeting inclusion criteria (STR: n=113, HC: n=26)
Declined to participate (STR: n=51, HC: n=9)
Unable to contact/schedule (STR: n=4, HC: n=1)

participant; MoCA: Montreal Cognitive Assessment; STR: participant with minor stroke.

Figure 1 Flow of participants. Activ8: Activ8 Physical Activity Monitor; FMA-LE: Fugl-Meyer Assessment – Lower Extremity; HC: healthy control

Lost to follow-up:
Less than 3 months of fall registration
(STR: n=2, HC: n=3)

Included during baseline
clinical assessment
(STR: n=64, HC: n=50)

Included based on extensive
telephone interview
(STR: n=77, HC: n=52)

Assessed for eligibility by
extensive telephone interview
(STR: n=245, HC: n=88)
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Table 1 Participants’ characteristics
All participants Minor stroke
with minor stroke full recoverers
(n=64)
(n=36)a
Sex (male/female); n
Age (years); mean (range)
Body Mass Index; mean (range)
MoCA; median (range)

Healthy control
participants
(n=50)

39/25

20/16

24/26

63.8 (40-85)

61.2 (40-76)

63.6 (42-82)

26.8 (19.0-39.0)b 26.4 (19.0-39.0) 25.0 (19.5-33.5)b
27 (24-30)

27 (24-30)

29 (24-30)

QVT-affected medial malleolus;
median (range)

5.4 (0-8)

5.4 (0-8)

5.8 (2.5-8)

QVT-affected first MTP;
median (range)

5.3 (0-8)

5.4 (0-8)

5.6 (0-8)
100

FAC; % FAC 5

100

100

Duration of hospital admission
(≤3 days/>3 days/unknown); n

38/23/3

21/13/2

Location of discharge (home/
inpatient rehabilitation center); n

61/3

35/1

Home-based physiotherapy
(yes/no); n

35/29

16/20

Time since stroke (months);
mean (range)

38 (6-186)

45 (6-186)

59/5

34/2

Type of stroke
(ischemic/hemorrhagic); n
Affected body side (left/right); n
FMA-LE; median (range)
MI-LE; median (range)

34/30

18/18

28 (24-28)

28

100 (63-100)

100

FAC: Functional Ambulation Categories (range: 0-5); FMA-LE: Fugl-Meyer Assessment – Lower Extremity
(range: 0-28); MI-LE: Motricity Index – Lower Extremity (range: 0-100); MoCA: Montreal Cognitive
Assessment (range: 0-30); MTP: metatarsophalangeal joint; QVT: Quantitative Vibration Threshold
(range: 0-8). a Subgroup of participants with minor stroke with complete clinical motor recovery of the
paretic leg (i.e., FMA-LE=28 and MI-LE=100). b p=0.022.

Balance and gait
Participants with minor stroke scored significantly lower on the mini-BESTest than
healthy individuals (24.2±2.3 vs. 26.1±2.1 points, F(1)=24.647, p<0.001; Table 2).
In fact, 73% of the persons after minor stroke did not reach near-maximal scores
(i.e., 26-28 points), whereas this was the case for only 26% of the healthy control
participants (Figure 2). These results were paralleled by a 10% lower balance confidence
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score (as measured with the 6-ABC) in the participants with minor stroke (F(1)=12.387,
p=0.001). Likewise, to complete the TUG, participants with minor stroke were on
average 1.4 seconds slower than healthy individuals (F(1)=21.854, p<0.001), and
their comfortable walking speed was slower by on average 0.13 m/s (F(1)=14.496,
p<0.001). All these statistically significant differences persisted in subgroup analyses
of the full recoverers (Table 2). Supplementary Table 1 shows for each item of the
mini-BESTest the percentage of all participants with minor stroke, healthy controls,
and full recoverers that obtained the maximal item score. The percentages of
participants with minor stroke who obtained the maximal score on the items standing
on one leg, compensatory stepping in the backward direction, compensatory stepping
in the sideward direction, stance with eyes closed on foam surface, pivot turn, and TUG
with and without dual task were lower compared to healthy control participants
(χ2(1)≥4.907, p≤0.027).

Falls
Participants with minor stroke fell more than twice as often as healthy control
participants (1.1 vs. 0.52 falls per person-year, p=0.023; Table 2). A trend was found
for a higher percentage of fallers in the minor stroke compared to the control group
(37 vs. 21%, χ2(1)=3.170, p=0.094). More than half of the falls (i.e., 52% in the minor
stroke and 58% in the control group) resulted in injuries like cuts, bruises, pain and
joint sprains. Severe injuries (i.e., dislocated joint and fracture) were rare with only one
case in each group.

Daily physical activity
Table 2 shows the daily physical activity outcomes for all participants with minor
stroke, healthy controls, and full recoverers. No between-group differences were
found for the total time of physical activity (F(1)=0.461, p=0.499), whereas the
intensity of physical activity was 6% lower in participants with minor stroke compared
to controls (F(1)=4.870, p=0.030). In addition, no between-group differences were
found in the total time or intensity of physical activity for the subgroup of full recoverers
compared to controls (F(1)≤1.289, p≥0.260). Supplementary Table 2 shows the total
time and intensity for each physical activity subcategory for all participants with minor
stroke, healthy controls, and full recoverers. Except for a lower intensity of cycling in
the total minor stroke group compared to the healthy control group (F(1)=5.462,
p=0.021), no between-group differences were found in total time or intensity for each
physical activity subcategory (F(1)≤3.286, p≥0.073).
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Table 2 Balance and gait, falls, and daily physical activity outcomes
of all participants
All
Healthy
P valuea
Minor
P valuec
participants
control
stroke full
with minor participants
recoverersb
stroke
Balance and gait
Mini-BESTest*

24.2 (2.3)

26.1 (2.1)

<0.001

24.8 (2.1)

0.001

TUG (s)*

10.0 (2.0)

8.6 (1.1)

<0.001

9.4 (1.4)

0.002

10-MWT (m/s)*

1.31 (0.22)

1.45 (0.16)

<0.001

1.37 (0.16)

0.009

79 (19)

89 (10)

0.001

80 (21)

0.003

Number of falls
(per person-year)

1.1

0.52

0.023

Proportion of fallers (%)

37

21

0.094

6-ABC*
Falls

Number of falls (n)

33

12

Injurious falls
(no/minor/severe)

15/17/1

4/7/1

171 (55)

179 (44)

0.499

183 (51)

0.871

1498 (200)

1598 (239)

0.030

1553 (221)

0.260

Daily physical activity
Total time active
(minutes/day)*
Total intensity active
(counts/minute)*

*Values are presented as mean (standard deviation). 6-ABC (range: 0-100): 6-item short version of the
Activity-specific Balance Confidence scale; 10-MWT: 10-Meter Walking Test; Mini-BESTest (range: 0-28):
mini-Balance Evaluation Systems Test; TUG: Timed Up and Go test.
a Comparison between all participants with minor stroke and healthy control participants; b Subgroup of
participants with minor stroke with complete clinical motor recovery of the paretic leg; c Comparison
between full recoverers and healthy control participants.
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Frequency of participants (%)

A
40
All participants with minor stroke (n=64)
Healthy control participants (n=50)

30

20

10

0

18

19

20

22

23

24

25

26

27

28

25

26

27

28

Total score on mini-BESTest

B
Frequency of participants (%)

21

40
Minor stroke full recoverers (n=36)
Healthy control participants (n=50)
30

20

10

0

18

19

20

21

22

23

24

Total score on mini-BESTest

Figure 2 Frequencies of each score obtained on the mini-Balance Evaluation Systems Test
(mini-BESTest) for (A) all participants with minor stroke vs. healthy control participants; and for
(B) the subgroup of participants with minor stroke with complete clinical motor recovery of the
paretic leg vs. healthy control participants.

Discussion
To the best of our knowledge, this is the first longitudinal cohort study that investigated
balance and gait outcomes as well as falls and daily life physical activity in a group of
carefully selected individuals in the chronic phase after minor stroke (i.e., individuals
who had some motor and/or sensory loss in the contralesional leg at stroke onset
and showed (near-) complete motor recovery at inclusion as indicated by a score ≥ 24
points on the FMA-LE). We found that the vast majority of individuals after minor
stroke had balance and gait problems. Remarkably, these problems were also
present in the subgroup of full recoverers (i.e., individuals after minor stroke with
maximal scores on both the FMA-LE and MI-LE). In addition, participants with minor
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stroke fell more than twice as often as healthy age-matched controls and performed
daily life activities at a lower intensity.

Balance and gait
Not only were balance scores on the mini-BESTest moderately but significantly lower
in participants with minor stroke compared to healthy individuals, we also found that
73% of the individuals with minor stroke did not reach near-maximal scores. These
balance problems were accompanied by worse performance on the TUG and lower
comfortable walking speed in participants with minor stroke compared to healthy
individuals. In a previous study, Batchelor et al. also found deficits on the TUG with
and without dual task, lower comfortable and fast walking speeds, increased sway
during turning, increased turn time, and deficits in stepping in a less-strictly selected
group of 12 individuals after minor stroke (7). Merely three of these 12 persons (i.e.,
25%) suffered from stroke-related motor impairments of the lower extremity at stroke
onset, with only two persons reporting lower limb weakness or numbness. In contrast
to our study, a substantial proportion of their participants had severe cognitive
impairment as shown by a mean MoCA score of 22.2±3.1 points. In the present
study, we included 64 individuals with minor stroke who all showed motor and/or
sensory loss in the paretic leg at stroke onset and none of whom had serious cognitive
problems at study inclusion. This careful selection of participants with minor stroke
makes it more likely that the observed balance problems are indeed related to the
clinically identified stroke itself and not to pre-existent vascular cerebral microlesions
or white matter disease. Coherent with the current findings, a previous study of our
group has shown that individuals after stroke with (near-)complete clinical recovery of
leg motor impairments may still show an asymmetric kinetic contribution of the legs
to standing balance control in favor of the non-paretic leg (9). Also this observation
points at persistent balance problems being caused by the stroke itself rather than by
diffuse white matter lesions. Importantly, in the present study, we found that even a
subgroup of full recoverers (as defined by maximum FMA-LE and MI-LE scores)
demonstrated lower balance and gait test scores than healthy control participants,
which indicates that our results were not merely driven by individuals with residual –
clinically identifiable – leg motor impairments. Together, these findings suggest that
complete clinical motor recovery of the paretic leg – as assessed with common
clinical measures such as the FMA-LE and the MI-LE – does not prove that the leg
motor control needed for balance and gait is entirely restored.

Falls
Our participants with minor stroke showed an elevated fall rate of 1.1 falls per
person-year, which is within the range of fall rates previously reported for more
severely affected individuals in the chronic phase after stroke (21-23). In addition,
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37% of our participants with minor stroke fell at least once during the 6-month
observation period. This proportion of fallers is also within the range of 26% to 51%
as observed for more severely affected individuals during the same time period in
various phases poststroke (24). The finding that people with minor stroke appear to
have a similar risk of falling compared to more affected individuals may be explained
by their relatively high level of physical activity. Indeed, in terms of duration of daily
physical activity, our participants with minor stroke were as active as healthy
individuals and, therefore, had a larger exposure to risky situations compared to
more affected stroke survivors that are less physically active (25). In our study
population, the reported falls generally did not have serious physical consequences,
since no or relatively ‘minor’ injuries were reported as a result of 96% of the falls. Yet,
a history of falls is a strong predictor for future falls (24), thus causing an incremental
risk of fall-related injuries. In addition, the psychological consequences of falling
should not be underestimated. Many individuals who have fallen after discharge from
inpatient rehabilitation develop fear of falling (5). Coherent with this notion, our
participants with minor stroke had on average 10% lower balance confidence scores
compared to healthy individuals. Importantly, a lower balance confidence may lead
to avoidance of daily life activities, which may lead to a vicious circle of deconditioning,
loss of balance capacity, and increased fall risk.

Daily physical activity
Although no between-group differences in total time of physical activity were found,
the intensity of physical activity was 6% lower in our participants with minor stroke
compared to the healthy control participants. The lower intensity in the minor stroke
group could be the consequence of their poorer balance and functional performance
(i.e., lower scores on mini-BESTest and TUG), forcing them to perform activities more
carefully. In addition, their lower comfortable walking speed may also partly explain
the lower intensity of daily life activities. The lack of differences in total time of physical
activity – despite deficits in balance and gait and an increased fall rate – seems to
suggest that people with minor stroke do not avoid daily life activities. This was,
however, not true for high-intensity activities (mainly running), since both the
proportion of participants with minor stroke who performed any high-intensity
activities (i.e., 36% vs. 72% in controls), as well as the proportion of participants with
minor stroke who performed high-intensity activities for more than one minute per
day (i.e., 8% vs. 33% in controls) were considerably lower compared to the healthy
control participants (see Supplementary Table 2). As people after minor stroke
already have an increased cardiovascular risk profile (26) (also indicated by their
BMI-values in Table 1), being physically active at sufficiently high intensity is of
particular importance for reducing systolic blood pressure and other cardiovascular
risk factors (27). Furthermore, it has previously been shown that a higher intensity of
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leisure time activities is associated with a lower incidence of cardiovascular diseases
(28). Taken together, individuals after minor stroke should be stimulated to perform
more high-intensity activities, but always with a particular eye for safety because of
their increased fall risk.

Clinical implications
This study highlights the potential impact of a minor stroke on balance and gait
capacity, fall risk, and (intensity of) daily life physical activity. Noteworthy, balance
and gait problems after minor stroke were found on all clinical tests, i.e., the miniBESTest, TUG, and 10-MWT. Currently, the Berg Balance Scale (BBS) is frequently
used in clinical practice for assessing balance (29), but this test is not sensitive
enough to detect balance deficits in relatively well-recovered individuals after stroke
due to well-known ceiling effects (30). Therefore, instead of the BBS, we recommend
using the mini-BESTest as an alternative test for assessing balance capacity in the
population with (minor) stroke as well as in other neurological populations with
relatively mild motor problems.
Balance and gait deficits are the key risk factors for falling (4). Given the double fall
rates in our minor stroke population, these balance and gait deficits – that were
present in all four subdomains of the mini-BESTest (see Supplementary Table 1) –
appear to be clinically relevant. Therefore, persons with minor stroke may potentially
benefit from training programs aimed at improving balance and/or gait. A systematic
review and meta-analysis found that improvements in balance capacity following
exercise therapy are particularly achieved by challenging and task-specific balance
training, functional weight-shifting and/or gait training (31). A promising example is
the training of dynamic balance responses to external perturbations, so-called
perturbation-based balance training (32-34).
Our participants with minor stroke were as active as controls, but performed activities
at a lower intensity. To optimize daily activity patterns and reduce the cardiovascular
risk profile after minor stroke, life style interventions in this population should
especially focus on increasing the intensity of physical activity (27, 28).

Limitations
We used a ‘minor stroke’ definition that was based on clinically absent or limited
residual motor impairments in the paretic leg (as determined by the FMA-LE), as well
as on the absence of severe cognitive problems (as determined by the MoCA) at
study inclusion. As we included our participants at a minimum of 6 months after
stroke onset, our criteria should not be confused with the criteria that are commonly
used for classifying stroke severity on admission or at discharge from hospital, such
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as a score of ≤ 3 on the National Institute of Health Stroke Scale (NIHSS) (35) or ≤ 2
on the modified Ranking Scale (mRS) (36). Due to our community-based recruitment
of participants with minor stroke, we did not have insight into their initial mRS scores
or NIHSS scores. Nevertheless, given the fact that 95% of our participants were
discharged home following a short (median ≤ 3 days) hospital admission after stroke
onset, it is likely that the majority had been classified as ‘minor stroke’ according
to these commonly used rating scales for stroke severity (35, 36).
An important finding was that even individuals in the chronic phase after minor stroke
were still more prone to falling than age-matched healthy individuals. Ideally, we would
have collected more specific information about fall circumstances and precipitating
factors to gain insight into the etiology of falls in this population and to identify specific
targets for intervention. Therefore, the determinants of falling need to be established
in future studies.

Final remarks
Even individuals in the chronic phase after minor stroke, characterized by (near-)
complete clinical motor recovery of the paretic leg, may show substantial deficits in
balance and gait performance, increased fall risk, and lower intensity of daily life activities.
To optimize care for these seemingly well-recovered individuals, a comprehensive
assessment of balance and gait capacities during a regular follow-up visit would be
helpful for identifying those who are in need of task-specific balance and/or gait
training to reduce their fall risk. In addition, assessment of both the time and intensity
of individual physical activity may identify those who may benefit from a targeted
lifestyle intervention.
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86.0
96.0

65.6
93.8
43.8

12. Pivot turn

13. Step over obstacle

14. Timed Up and Go test with and without dual task

100

66.0

96.0

95.3
98.4

98.0

94.0

100

72.0

10. Change in gait speed

64.1
93.8

8. Stance, eyes closed, foam surface

9. Stance, eyes closed, incline

80.0
62.0

11. Walk with head turns

100

51.6

6. Compensatory stepping – sideward

7. Stance, eyes open, firm surface

70.3
39.1

4. Compensatory stepping – forward

5. Compensatory stepping – backward

0.018

0.593

0.013

0.420

0.121

0.272

<0.001

-

0.027

0.015

0.239

<0.001

0.797

-

P valuea

50.0

94.4

72.2

100

94.4

97.2

86.1

100

47.2

36.1

61.1

61.1

100

100

Minor
stroke full
recoverersb

0.136

0.735

0.113

0.225

0.092

0.813

0.214

-

0.020

0.018

0.054

0.031

0.082

-

P valuec

between all participants with minor stroke and healthy control participants; b Subgroup of participants with minor stroke with complete clinical
motor recovery of the paretic leg; c Comparison between full recoverers and healthy control participants.

a Comparison

Balance
during gait

Sensory
orientation

Postural
responses

92.0
82.0

90.6
50.0

2. Rise to toes

3. Stand on one leg

Healthy
control
participants
100

1. Sit to stand

Anticipatory
postural
adjustments

All
participants
with minor
stroke
100

Item

Subdomain

Supplementary Table 1 Percentage of participants with maximal scores on each item of the mini-Balance Evaluation
Systems Test (mini-BESTest)
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Supplementary Table 2 Total time and intensity of walking, cycling,
and high-intensity activities
All
participants
with minor
stroke

Healthy
control
participants

P valuea

Minor
stroke full
recoverersb

P valuec

0.897

162 (51)

0.458

Total time (minutes/day)
Walking

151 (52)

153 (39)

Cycling

19 (24)

24 (18)

0.282

20 (19)

0.172

1 (5)

2 (5)

0.379

2 (7)

0.804

High-intensity
activities

Total intensity (counts/minute)
Walking

1442 (177)

1508 (166)

0.073

1485 (185)

0.406

Cycling

1695 (198)

1787 (183)

0.021

1721 (225)

0.114

High-intensity
activitiesd

4809 (310)

4841 (385)

0.734

4859 (324)

0.852

Values are presented as mean (standard deviation). a Comparison between all participants with minor
stroke and healthy control participants; b Subgroup of participants with minor stroke with complete
clinical motor recovery of the paretic leg; c Comparison between full recoverers and healthy control
participants. d Not all participants performed high-intensity activities during the monitoring week; the
percentage of participants who did perform these activities were 36%, 72%, and 50% for all participants
with minor stroke, healthy controls, and full recoverers, respectively. Of the participants who performed
high-intensity activities, only 8% of all participants with minor stroke, 33% of the healthy controls, and
15% of the full recoverers spent more than one minute per day on such activities.
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SUMMARY AND GENERAL DISCUSSION

Summary
Many persons in the chronic phase after stroke have deficits in standing balance,
despite often substantial functional recovery in the early phase poststroke. These
balance deficits are associated with an increased fall risk in the post-stroke population.
As a fall can have serious physical and physiological consequences, it is important
to identify individuals at a high risk of falling in order to assign them to effective
training programs. To identify persons after stroke with a high fall risk, it is of utmost
importance to know which aspects of standing balance are critically deficient.
Therefore, in this thesis I investigated both static and dynamic aspects of standing
balance control in persons in the chronic phase after hemiparetic stroke.

Part 1: Quiet standing balance
Standing balance capacity is easily overestimated in well-recovered
individuals in the chronic phase after (minor) stroke
In Chapter 2 we studied the static aspects of balance control in 70 persons in the
chronic phase after a unilateral supratentorial stroke with a wide range of leg motor
impairments. To assess standing balance, participants stood quietly barefoot on two
force plates for 30 seconds. In persons with substantial leg motor impairments
(n=17), the non-paretic leg contributed much more to standing balance control than
the paretic leg. Remarkably, this was also the case in 21% of the participants with
(near-)complete clinical recovery of leg motor impairments (i.e., participants with
‘minor stroke’, n=53). Despite an asymmetric contribution of both legs, all persons
were able to effectively control their balance during quiet two-legged standing. This
result points toward effective compensation by the non-paretic leg, which is facilitated
by the fact that most participants bore more weight on their non-paretic leg. The
clinical implication of these results is that seemingly well-recovered stroke patients
(i.e., individuals after minor stroke) are easily overestimated with regard to their
balance capacity, because clinical leg motor scores do not capture the subtle motor
control needed for balance.
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Part 2: Reactive stepping
The leg angle after a given perturbation intensity appears to be
a valid measure of reactive side step quality
In Chapter 3 we aimed to identify the critical determinants of successful side stepping
after large sideward balance perturbations. Healthy participants received leftward
balance perturbations at varying intensities on a translating sheet and were instructed
to do their very best to prevent themselves from falling. We found that the quality of
the first side step was a predictor for the outcome of the recovery attempt (i.e., fall or
no fall), with a larger leg angle at first stepping-foot contact and perturbation intensity
being the strongest predictors of successful recovery (86% correctly classified). As
the leg angle after a given perturbation intensity can determined from a single frontal
‘screenshot’, the leg angle seems particularly useful in assessments of reactive side
step quality in clinical practice.

Body configuration after a given perturbation intensity appears
to be a valid measure of backward step quality in persons in
the chronic phase after stroke
In Chapter 4 we determined the predictive value of body configuration variables (i.e.,
leg and trunk inclination angles) for the capacity to recover from backward balance
perturbations with a single step in the chronic stroke population. Participants were
instructed to recover from multidirectional stance perturbations with a maximum of
one step. For backward perturbations, we found that leg and trunk inclination angles
at stepping-foot contact and perturbation intensity were the strongest determinants
of single-step balance recovery (86% correctly classified). A foot position more
posterior to the pelvis and a more forward tilted trunk were associated with a greater
likelihood of single-step balance recovery. The body configuration is a promising
outcome measure in clinical practice for objectively identifying individuals at risk of
falling, given its potential to be derived from a single sagittal ‘screenshot’.

The leg angle of backward steps can accurately be determined
from a 2D video frame
So far, the leg angle – as measure of reactive step quality – has only been determined
with advanced 3D motion capture techniques. To assess the leg angle in clinical
settings, a more practical and user-friendly measurement technique is needed. In
Chapter 5 we investigated whether a 2D video camera is a valid method to capture
the leg angle following backward perturbations compared to 3D motion analysis as
the gold standard. Participants were subjected to translational perturbations during
stance from which they had to recover with maximally one backward step. We found
that the leg angle at first stepping-foot contact could accurately be derived from a
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sagittal 2D video frame. Therefore, 2D video-based leg angles are potentially valid for
reactive stepping assessments in clinical practice.

Stroke-related deficits in balance capacity are more pronounced
in stepping than in feet-in-place balance responses
In Chapter 6 persons after stroke and healthy individuals were exposed to multidirectional balance perturbations on the Radboud Falls Simulator. We identified the
highest perturbation intensity that could be sustained without stepping (i.e., single
stepping threshold) or with maximally one step (i.e., multiple stepping threshold) as
measures of balance capacity. Single stepping thresholds were not deteriorated after
stroke. Multiple stepping thresholds, on the other hand, were lower in all directions
(i.e., forward, backward, sideward paretic, sideward non-paretic) in persons after
stroke. Side steps resulted in higher lateral multiple stepping thresholds than
cross-over steps, but were less common toward the paretic side. We also determined
onset latencies and response amplitudes of seven leg muscles bilaterally and
identified associations with balance capacity. Muscle onset latencies were delayed
and amplitudes were smaller in the paretic leg only. These deficits were associated
with impaired reactive stepping after stroke. The strongest associations were
observed of gluteus medius onsets and amplitudes with multiple stepping thresholds
for perturbations toward the paretic side (R2=0.33). Particularly fast and vigorous
activity of the gluteus medius is imperative for overcoming large sideward
perturbations, presumably because it facilitates the effective use of side steps by
active hip abduction. Because people after stroke often fall toward the paretic side,
this finding indicates an important target for training.

Perturbation-based balance training improves reactive step quality
in persons in the chronic phase after stroke
As reactive stepping is deteriorated in persons after stroke, we investigated in Chapter 7
whether a 5-week perturbation-based balance training on the Radboud Falls Simulator
could improve the quality of reactive stepping responses and enhance side steps in
persons in the chronic phase after stroke. We assessed reactive step quality in backward
and forward directions with a lean-and-release (i.e., non-trained) task pre-intervention,
immediately post-intervention, and 6 weeks after intervention. We observed larger leg
angles (i.e., better step quality) at post-intervention compared to pre-intervention in
both the backward and forward direction. In addition, reactive step quality was assessed
on the Radboud Falls Simulator in forward, backward, and sideward directions, as was
the percentage of side steps upon sideward perturbations. Leg angles significantly
improved in all perturbation directions also on the Radboud Falls Simulator. In addition,
participants took more side steps with both the paretic and non-paretic leg. All training
effects were retained over a 6-week period without further practice.
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Part 3: Balance capacity after minor stroke
Persons in the chronic phase after minor stroke may still show
deficiencies in balance and gait capacities, higher fall rates,
and lower intensities of physical activity
In Chapter 8 we focused again on the population with a ‘minor stroke’. Participants
with stroke were included if they had sustained a stroke with no or only very limited
clinical leg motor impairment (Fugl-Meyer Assessment – lower extremity score ≥ 24).
We tested the hypothesis that persons in the chronic phase after minor stroke show
persistent balance and gait problems, an elevated fall risk, and decreased physical
activity levels compared to healthy controls. Compared to controls, participants with
minor stroke scored significantly lower on the mini-Balance Evaluation Systems Test,
were slower on the Timed Up and Go test, had lower comfortable walking speed, and
had lower balance confidence. Noteworthy, all these differences persisted in a
subgroup of participants with minor stroke with complete clinical motor recovery of
the paretic leg (Fugl-Meyer Assessment – lower extremity score 28). Participants with
minor stroke fell more than twice as often as healthy individuals. No between-group
differences were found for total time of physical activity, but intensity of physical
activity was 6% lower in participants with minor stroke. These results may point at an
unmet clinical need in this population.
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General discussion
In this section, I will reflect on the main findings of this thesis as summarized above.
Furthermore, I will emphasize the potential of the leg angle for identifying problems in
reactive stepping and assessing fall risk in clinical populations. I will also elaborate on
the implications of perturbation-based balance training for improving reactive step
quality and discuss the remaining questions that need to be answered to further
enhance training outcomes. Finally, I will shortly elaborate on the limitations in my
research that should be addressed in future studies.

Characteristics of balance deficits after hemiparetic stroke
Many previous studies have shown that balance problems are quite prominent in
moderately to severely affected individuals after hemiparetic stroke (1-9). However,
so far, little work has been directed at the impact of less severe or ‘minor’ stroke on
balance control. Interestingly, I found that individuals after minor stroke (i.e., those
individuals with (near-)complete clinical motor recovery of the paretic leg) may have
substantial balance problems. They scored on average 1.9 points lower on the miniBalance Evaluation Systems Test (mini-BESTest) compared to healthy age-matched
persons, which is 6.8% of the scale range (Chapter 8). Balance in individuals after
minor stroke was deteriorated in all four subdomains of the mini-BESTest (i.e.,
anticipatory postural adjustments, postural responses, sensory orientation, and
balance during gait). The subdomain sensory orientation was studied in more depth
in Chapter 2. In this chapter, I found that individuals after minor stroke may still show
subtle impairments in distal motor control of the paretic leg leading to an asymmetric
kinetic contribution of both legs to quiet standing balance (i.e., dynamic control
asymmetry). This finding suggests that balance problems in the minor stroke group
– as found in Chapter 8 – cannot simply be explained by a poorer general balance
capacity before stroke onset, but are rather caused by the hemiparetic stroke itself.
Despite the dynamic control asymmetry all individuals after minor stroke were still
able to effectively control their body sway during quiet two-legged standing (Chapter
2). This finding hints at an effective compensatory role of the non-paretic leg during
quiet standing that is further facilitated by adopting some degree of weight-bearing
asymmetry in favor of the non-paretic leg. This compensatory role is, however, less
effective during more dynamic balance tasks, which may be the reason that in daily
life individuals after minor stroke fell more than twice as often as healthy persons
(Chapter 8). As poor balance is a key risk factor for falling (10), (dynamic) balance
problems in the minor stroke population should not be neglected.
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Another main finding was that individuals in the chronic phase after stroke – varying
from persons with substantial leg motor impairments to those with no or only very
limited clinical leg motor impairments – had poorer reactive stepping capacities
compared to healthy individuals, whereas their feet-in-place balance capacity (i.e.,
single stepping threshold) was not deteriorated (Chapter 6). In other words,
post-stroke motor impairments are far more pronounced during stepping reactions
than during quiet standing. Again, the explanation for this difference in dynamic and
static balance capacity may well be that during stance the non-paretic leg can more
effectively compensate for loss of motor control of the paretic leg. Coherent with
reactive stepping problems in the general chronic stroke population, also individuals
after minor stroke had a poorer performance on the backward and sideward reactive
stepping items of the mini-BESTest (Chapter 8). Therefore, it is likely that all individuals
after stroke could potentially benefit from training programs aimed at improving
reactive stepping.

The leg angle as a clinical measure of reactive step quality
Various methods have been used for assessing reactive stepping capacity and
identifying persons at risk of falling in lab-based environments using sophisticated
techniques (11-15), but how can we translate these lab-based assessments to clinical
practice? One of these methods takes the body configuration (i.e., the leg and trunk
angle) at stepping-foot contact as an outcome measure for reactive step quality (15).
The body configuration at stepping-foot contact following backward perturbations
correctly classified 96% of the recovery attempts as a fall or no fall (16). The elegance
of the method is that the body configuration only needs to be recorded at one instant
in time (i.e., foot contact), e.g., by a single video frame, and therefore has the potential
to become a clinical measure of reactive step quality. The importance of body
configuration for recovery outcome is also supported by Chapter 4 of this thesis.
In Chapter 4 I showed that in 86% of the recovery attempts from backward
perturbations, the outcome (single vs. multiple stepping response) was correctly
classified by body configuration and perturbation intensity regardless of group
(stroke/control) and stepping leg (paretic/non-paretic). Importantly, the trunk angle
had hardly any predictive value for recovery outcome without leg angle as a predictor.
Therefore, the leg angle can be regarded as a valid outcome measure of fall risk and
perhaps even as a surrogate outcome measure of falls in daily life. Although the leg
angle is useful for identifying individuals at risk of falling, it does not provide insight
into the underlying mechanisms of reactive stepping problems. Chapter 6 and
previous studies have identified several causes of deficits in stepping after stroke,
including deficits in the recruitment of muscle synergies (7, 17), delayed muscle
onsets (18-20), and lower muscle amplitudes (20). Most likely, a combination of these
deficits resulted in poorer leg angles after stroke.
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Besides the potential of the leg angle for identifying individuals at risk of falling in
clinical practice, the leg angle is also a sensitive measure for evaluating training
programs aimed at improving reactive stepping (Chapter 7). To assess the quality of
reactive steps (i.e., leg angle) in clinical populations, the recovery response should
be measured with an acceptable accuracy. In addition, a low-tech, easy-to-use, and
affordable experimental set-up is needed, for instance a treadmill-based device
similar to the ActivStep (Simbex, Lebanon, US), that is able to deliver standardized
perturbations (instead of the expensive motion platforms that are currently used in
lab-based settings). Ideally, a standardized ‘reactive stepping test’ would be available
that can safely and quickly be administered in clinical populations and provides the
clinician with an accurate and objective leg angle in just a few button presses (Box 1:
Move On project).

Box 1 Move On project
During the Move On project, we implemented several
balance testing protocols into a single new diagnostic
device (i.e., N-Mill, Figure 1). The N-Mill (Motek Medical,
Amsterdam, The Netherlands; length x width = 2.35
x 1.07 m) is a treadmill-based testing device equipped
with a servomotor, two embedded force plates, and
a single belt. We conducted extensive pilot experiments
to verify that the N-Mill can deliver standardized and
high-magnitude perturbations – ranging from 0.5 m/s2
to 4.5 m/s2 (i.e., comparable perturbation profiles as
delivered by the Radboud Falls Simulator) – that could
induce an actual loss of balance.
Thereafter, we developed and implemented training
protocols for visually and mechanically perturbed
gait training on a treadmill-based training device (i.e.,
C-Mill, these training protocols are not addressed in
this thesis). Further research is needed to investigate
the specificity of the various balance tests to assess
the effects of various types of gait training. The N-Mill
was used to investigate the prevalence of balance
problems in persons in the chronic phase after minor
stroke. In addition, clinical test scores, fall rates, and
daily activity levels were compared between individuals
after minor stroke and healthy age-matched individuals
(Chapter 8).

9
Figure 1 N-Mill.
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Besides delivering standardized perturbations with the N-Mill (Box 1: Move On project)
or ActivStep, it is also essential to accurately measure the quality of reactive steps in
a standardized, affordable, and easy way. Therefore, I tested whether the Microsoft
Kinect (version 2.0) and a 2D video camera (Vicon Bonita 720C) were valid alternatives
for the Vicon system as one of the gold standards in motion capture. For this validation
part, I focused on measuring the backward reactive step quality, since stepping in this
direction is often deteriorated in persons with neurological disorders (8, 9, 21). I found
that the Microsoft Kinect was not accurate enough, as it underestimated the backward
leg angle by 3.1±3.5 degrees. This was mainly due to underestimation of the ankle
position (±0.05 m) and, to a lesser extent by overestimation of the pelvis position
(±0.02 m) at foot contact. These errors in both ankle and pelvis positions increased
with increasing step length. In Chapter 5, I found that a 2D video camera in combination
with open source software is a valid low-tech alternative for computing the leg angle of
backward steps. In other words, I demonstrated that the quality of reactive backward
steps can accurately and relatively simply be derived from a single 2D video frame.
Although the above results are very promising, several refinements need to be made
before the reactive stepping test can be implemented as a clinical test. To facilitate
implementation, I suggest to integrate the test as an add-on application into the
C-Mill (22). The C-Mill is a treadmill-based training device that is currently used in
clinical practice to train gait adaptability by projecting visual cues on the treadmill belt
based on so-called augmented reality (23, 24). The C-Mill could be upgraded with a
reactive stepping test by integrating high-magnitude, standardized mechanical
perturbations as well as a measurement option. With this upgrade, the C-Mill would
be able to provide more extensive training programs (i.e., including both visually and
mechanically perturbed gait and balance training). Because the C-Mill can also be
used for reactive balance testing, the C-Mill can become an integral balance training
and testing device in accordance with the overall aim of the Move On project. The
advantage of the C-Mill for reactive stepping assessments is that this device is
equipped with a force plate that can easily be used for detecting stepping-foot
contact (25). Further developments for a clinical reactive stepping test may also focus
on determining foot contact without the need of force plates, as this makes the test
as low-tech as possible and thereby accessible for as many patients as possible.
Nevertheless, the exact design of a clinical reactive stepping test is still a matter of
debate and also depends on the clinical setting (e.g., hospital, rehabilitation center,
or physical therapy community practice) and the user group (e.g., physical therapist
or physician). Another refinement in the reactive stepping test should be the use of an
automatic marker tracking system and a simple algorithm for computing the leg
angle. In this way, the quality of reactive backward steps can be determined in
real-time without the need for offline data processing.
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Once the reactive stepping test is implemented in clinical practice, clinicians can use
the test to accurately determine whether a patient has a problem with reactive
backward stepping and, if present, what the severity of this problem is. Most likely,
this approach is not only relevant for individuals after stroke, but also for other
populations with impaired reactive stepping quality, for example elderly people
(26-29), persons with Parkinson’s disease (21, 30), and persons with Multiple
Sclerosis (31). As problems with reactive stepping are associated with an increased
fall risk (32), objective and simple assessments of an individual’s reactive step quality
will most likely identify the individuals who will benefit most from interventions aimed
at improving balance and/or preventing falls. Besides identifying problems with
reactive stepping, the leg angle is also a sensitive measure for assessing changes in
reactive step quality following training (Chapter 7). Therefore, the reactive stepping
test can be used both for multiple purposes in various target populations.
So far, I only focused on implementing a reactive backward stepping test into clinical
practice. It would also be interesting to determine whether the leg angle of forward
and sideward steps could accurately be derived from a 2D video frame. In addition,
further research is needed to investigate the predictive value of the backward leg
angle (and possibly also in other stepping directions) for actual falls in daily life.
Although the leg angle remains a surrogate outcome measure for actual falls, such a
surrogate outcome is necessary for the efficient evaluation of the effectiveness of
interventions to improve (dynamic) balance capacity, since it is extremely difficult,
burdensome, and sometimes even unethical to choose ‘falls’ as an outcome measure
in clinical trials. If predictive, the leg angle can also provide valuable information
about which individuals may benefit most from targeted interventions, such as fall
prevention programs and perturbation-based balance training.

Perturbation-based balance training: what works best?
Several studies (including the study described in Chapter 7) demonstrated the
potential of perturbation-based balance training for improving reactive stepping
(33-36) in several stages after stroke. Our perturbation training on the Radboud Falls
Simulator improved the leg angle in the backward and forward direction by 4.3 and
2.8 degrees, respectively. Although leg angles improved following training in persons
with chronic stroke, these improvements in reactive step quality provide no information
about the underlying mechanisms of training. It is, nevertheless, likely that the
observed improvements were caused by improvements in proximal muscle
coordination and strength owing to the activation of latent motor functions. Usually,
leg motor impairments after hemiparetic stroke are distally more severe than
proximally, as the dependence of motor control on corticospinal tract integrity
increases from proximal to distal in both the lower and upper extremities. As a
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consequence, proximal leg motor control may deteriorate in response to distal paresis
based on so-called ‘learned non-use’ or the ‘use it or lose it’ principle (37). This implies
that proximal leg motor control has more potential to respond to training, whereas distal
leg motor control should be optimized using medical-technical interventions (38).
Nevertheless, as the leg angle provides no insight into the underlying mechanisms of
improved reactive stepping responses following training, the exact mechanisms remain
to be investigated in further research. It is likely that above-mentioned improvements in
reactive step quality are clinically relevant, because a one-degree increase in leg angle
decreases the odds of falling by threefold (16). Indeed, one study in subacute stroke
patients found that improvements in reactive stepping were related to reduced fall rates
in daily life (39), but the question remains to which extent improvements in lab-based
step quality translate into reduced fall rates in daily life.
Although the results of perturbation-based balance training in stroke survivors are
promising, large differences in training protocols exist between studies. Perturbations
can be given during stance or walking and can be visually or mechanically based
(33-36, 40-44). This raises the question whether one type of perturbation-based
balance training is more effective to improve reactive step quality or reduce fall risk
than another type. And if one type of perturbation-based balance training is superior,
is the same type of training better for each individual or does it also depend on the
underlying cause of balance problems? This needs further research. Considering the
heterogeneity of motor impairments following stroke, it is also important to personalize
training aspects such as dosage and intensity. One study suggested that more
impaired individuals after stroke – compared to those who are less impaired – might
require a higher dosage and a more gradual increase in training intensity to
accommodate for slower adaptation (42). More insight into optimal dosage, intensity,
and duration of training specified for several subgroups of patients is needed to
further optimize the efficacy of perturbation-based balance training after stroke.
Another interesting topic is the retention of training effects. Do individuals need a
booster session once in a while and, if so, after what time interval in order to retain
improvements following training? Interestingly, preliminary results from our group
indicate that naïve healthy individuals who have observed – in combination with
motor imagery – another person recovering from high-magnitude backward balance
perturbations on the Radboud Falls Simulator show larger first-trial backward leg
angles compared to individuals who did not observe the recovery responses of
another person. Importantly, just watching a video with balance perturbations
apparently results in larger first-trial backward leg angles. This action observation
(in combination with motor imagery) may facilitate motor learning by recruiting brain
areas – such as the ventral premotor cortex, inferior frontal gyrus, and inferior parietal
lobe – that are involved in the execution of complex movements (45), acquisition of
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new motor skills (46), and learning of goal-directed behavior (46). In clinical settings,
action observation could potentially be useful to increase the rate of learning and,
thereby, perhaps reduce the number of training sessions without losing efficacy.
Because there are many possible variations in perturbation-based balance training
and because patients are inherently heterogeneous, it will be challenging to find the
most optimal training for an individual patient.

Limitations and suggestions for future research
In this thesis (except for Chapter 7), I included participants with stroke who had
sustained a unilateral supratentorial stroke. Due to practical reasons, stroke diagnosis
and location was not based on MRI scans, but on clinical information and information
from the participants themselves obtained during extensive telephone interviews. In
the case of doubt about stroke diagnosis and/or location, I checked the medical
record aiming to exclude participants with an infratentorial stroke or with a different
diagnosis. Nevertheless, it is possible that a few participants have been misclassified,
which may have influenced our results, as infratentorial stroke is often more bilateral
and involves brain circuitry that subserves specific aspect of balance control (e.g.,
pathways to and from the vestibular nuclei and reticular formation and cerebellar
areas involved in sensorimotor integration). Future research should also focus on the
characteristics of balance problems in people with infratentorial stroke and their
response to perturbation-based balance training.
In the Move On project (Chapter 8), I observed that both the backward and sideward
compensatory stepping items of the mini-BESTest were impaired following minor
stroke. For these items, it was, however, difficult to standardize how far participants
had to lean into the hands of the examiner before release. Therefore, the perturbation
intensity may have varied considerably. To objectively determine whether backward
and sideward reactive stepping were indeed impaired after minor stroke, I subjected
individuals after minor stroke to standardized perturbations delivered by the N-Mill
and accurately measured their recovery responses. In agreement with the miniBESTest results, I observed lower backward and sideward reactive stepping
capacities in individuals in the chronic phase after minor stroke. These results are yet
unpublished due to the time and effort needed for the development of the N-Mill and
the collection of the data, which subsequently restricted the time for data analysis.
Our comprehensive data set – collected in a carefully selected minor stroke population
with (near-)complete clinical motor recovery of the paretic leg – contains clinical
outcome measures, lab-based tests, physical activity levels, and information on fall
incidents in daily life and, therefore, is a fruitful dataset for answering other research
questions. One of these questions should focus on the predictive value of the reactive
stepping test on the N-Mill (i.e., leg angle) for falling in daily life.
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Dit hoofdstuk geeft een beknopte Nederlandse samenvatting van dit proefschrift.
Een uitgebreide (Engelstalige) samenvatting en discussie is te vinden in Hoofdstuk 9
‘Summary and general discussion’.
Na een beroerte hebben veel mensen evenwichtsproblemen. Deze problemen leiden
vaak tot een val en blessures, bijvoorbeeld een gebroken pols of heup. Mensen met
evenwichtsproblemen kunnen daarnaast angst om te vallen ontwikkelen, wat bijdraagt
aan een minder actieve levensstijl. Het is daarom belangrijk om mensen met een
hoog valrisico op te sporen, zodat zij kunnen deelnemen aan effectieve trainingen
gericht op valpreventie of het verbeteren van het evenwicht. Om mensen na een
beroerte met een hoog valrisico effectief te kunnen trainen, is het van belang om
optimaal inzicht te hebben in welke aspecten van het evenwicht verslechterd zijn.
In dit proefschrift heb ik het evenwicht tijdens staan alsmede stapreacties na een
verstoring van het evenwicht onderzocht bij mensen in de chronische fase (> 6 maanden)
na een beroerte.

Deel 1: Staan
Evenwicht wordt overschat bij mensen na een lichte beroerte
In Hoofdstuk 2 heb ik bij 70 mensen na een beroerte onderzocht wat de bijdrage van
beide benen was aan de handhaving van het evenwicht tijdens staan. Deelnemers
stonden 30 seconden met blote voeten op twee krachtplaten. Bij alle 17 mensen met
ernstige uitval in het aangedane been droeg het niet-aangedane (‘gezonde’) been
veel meer bij aan de handhaving van het evenwicht dan het aangedane been. Dit was
verrassend ook het geval bij 11 van de 53 mensen met klinisch nauwelijks tot geen
uitval van het aangedane been. Ondanks de ongelijke evenwichtsbijdrage konden
alle deelnemers hun evenwicht goed bewaren. Dit duidt op een effectieve
compensatie door het gezonde been. Bovendien wordt deze compensatie bij de
meeste mensen versterkt doordat zij meer gewicht namen op het gezonde been.
Kortom, mensen die op het eerste oog goed hersteld zijn na een lichte beroerte
kunnen wel degelijk afwijkingen in hun evenwichtshandhaving laten zien.
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Deel 2: Stappen na verstoring van het evenwicht
Beenhoek is een goede uitkomstmaat voor de kwaliteit van een zijstap
na een verstoring
In Hoofdstuk 3 heb ik onderzocht welke aspecten van een zijstap bepalen of deze van
goede of slechte kwaliteit is, met andere woorden of een zijstap resulteert in herstel
van het evenwicht of in een val. Ik heb hiervoor gezonde jongeren uit evenwicht gebracht
door een platform waarop zij stonden plotseling met grote snelheid in zijwaartse
richting te laten bewegen. Deelnemers kregen de opdracht om hun uiterste best te
doen om een val te voorkómen. Het bleek dat de hoek tussen het stapbeen en de
verticaal (gecombineerde maat van staplengte en lichaamszwaartepunt) op het
moment van voetcontact en de intensiteit van de verstoring de beste voorspellende
waarde hadden voor succesvol herstel van het evenwicht. Aangezien deze zogenaamde
beenhoek na een vaststaande verstoringintensiteit berekend kan worden op één
moment in de tijd (namelijk het moment van voetcontact), lijkt dit een veelbelovende
methode om de kwaliteit van een zijstap in de klinische praktijk te bepalen.

Beenhoek en romphoek zijn goede uitkomstmaten voor de kwaliteit
van een achterwaartse stap na een verstoring
In Hoofdstuk 4 werd bij mensen na een beroerte en gezonde leeftijdsgenoten
onderzocht welke aspecten van een achterwaartse stap bepalen of een evenwichtsverstoring met één stap opgevangen kan worden. Deelnemers werden uit evenwicht
gebracht door het platform (Radboud Falls Simulator) waarop zij stonden in verschillende
richtingen te laten bewegen. Ze kregen de opdracht om met maximaal één stap hun
evenwicht te herstellen. De beenhoek en romphoek (beide gemeten op het moment
van voetcontact) na een vaststaande verstoringintensiteit hadden de beste voorspellende
waarde voor achterwaarts evenwichtsherstel met één stap. Met andere woorden,
een voetpositie verder naar achteren ten opzichte van het bekken en een romppositie
meer hellend naar voren ten opzichte van het bekken zorgden voor een grotere kans
om het evenwicht met één stap te herstellen. Doordat de beenhoek en romphoek op
één moment in de tijd bepaald kunnen worden, lijkt dit een goede methode om
achterwaarts valrisico in de kliniek vast te stellen.

Beenhoek van een achterwaartse stap kan nauwkeurig bepaald
worden uit één videobeeld
De beenhoek (als belangrijkste maat voor stapkwaliteit) wordt momenteel gemeten
met geavanceerde apparatuur in een bewegingslaboratorium. Om de beenhoek
uiteindelijk in de klinische praktijk te bepalen is een meer praktische en gebruiksvriendelijke meetmethode noodzakelijk. In Hoofdstuk 5 heb ik onderzocht of de
beenhoek van een achterwaartse stap met een videocamera betrouwbaar gemeten
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kan worden in vergelijking met de geavanceerde meetapparatuur die nu standaard
wordt gebruikt. De resultaten lieten zien dat een videocamera een betrouwbare
methode is om de beenhoek van een achterwaartse stap te meten.

Na een beroerte zijn stapreacties tijdens verstoringen naar
verhouding problematischer dan onverstoord staan
Om de onderliggende mechanismen van slechtere stapreacties na een beroerte te
onderzoeken werden in Hoofdstuk 6 de reacties van belangrijke beenspieren in
verband gebracht met de mate waarin iemand in staat was het evenwicht te herstellen
na een verstoring. Mensen na een beroerte en gezonde leeftijdsgenoten werden uit
evenwicht gebracht met een beweegbaar platform (Radboud Falls Simulator).
Wanneer deelnemers de opdracht kregen om zonder stap de evenwichtsverstoring
op te vangen, bleken mensen na een beroerte hiertoe even goed in staat als gezonde
leeftijdsgenoten. Wanneer deelnemers de opdracht kregen om met maximaal één
stap de evenwichtsverstoring op te vangen, konden mensen na een beroerte dit
minder goed dan gezonde leeftijdsgenoten. Dit gold voor evenwichtsverstoringen in
de voorwaartse, achterwaartse en beide zijwaartse richtingen. Voor verstoringen in
de zijwaartse richting zorgden zijstappen voor een beter herstel van het evenwicht
dan kruisstappen, maar zijstappen kwamen minder vaak voor aan de aangedane
lichaamszijde. Het bleek dat een latere en verminderde aanspanning van de heup spier aan de aangedane zijde (gluteus medius) geassocieerd was met een verminderde
capaciteit om de evenwichtsverstoring met één zijstap aan de aangedane zijde op te
vangen. Omdat mensen na een beroerte vaak naar de aangedane zijde vallen, is het
trainen van zijstappen een belangrijk doel tijdens de revalidatie.

Evenwichtstraining met verstoringen verbetert de stapkwaliteit bij
mensen na een beroerte
Omdat mensen na een beroerte slechtere stapreacties hebben in vergelijking met
gezonde mensen, heb ik in Hoofdstuk 7 onderzocht of het trainen van stapreacties op
een beweegbaar platform (Radboud Falls Simulator) de stapkwaliteit in verschillende
richtingen kan verbeteren en de frequentie van het aantal zijstappen met het aangedane
en gezonde been kan verhogen. Mensen na een beroerte ontvingen een trainingsprogramma van 5 weken onder begeleiding van een fysiotherapeut. Na training lieten
de deelnemers een betere stapkwaliteit zien voor voorwaartse stappen, achterwaartse
stappen en zijstappen met zowel het aangedane als gezonde been. Bovendien nam
het percentage zijstappen naar de aangedane en gezonde zijde toe. Beide trainingseffecten waren nog aanwezig na een periode van 6 weken zonder verdere training.
Daarmee lijkt training op een beweegbaar platform een goede methode om zowel
de stapkwaliteit als de frequentie van zijstappen te verbeteren bij mensen na een
beroerte.
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Deel 3: Evenwichtsproblemen bij mensen na een lichte beroerte
Mensen na een lichte beroerte tonen vaak nog evenwichtsproblemen,
een hoger valrisico en een lagere intensiteit van fysieke activiteit
In Hoofdstuk 8 heb ik nogmaals onderzoek gedaan bij mensen die aan een lichte
beroerte klinisch nauwelijks tot geen uitval in het aangedane been hadden overgehouden. Over het evenwicht van deze groep mensen is weinig bekend. Op het
blote oog lijkt deze groep een normaal evenwicht te hebben. Echter uit het onderzoek
bleek dat, in vergelijking met gezonde leeftijdsgenoten, mensen na een lichte beroerte
gemiddeld een slechter evenwicht, een lagere comfortabele wandelsnelheid en
minder vertrouwen in hun evenwicht hadden. Deze verschillen waren zelfs aanwezig
in een deelgroep die aan de beroerte helemaal geen uitval in het aangedane been
had overgehouden. Mensen na een lichte beroerte vielen twee keer zo vaak als
gezonde leeftijdsgenoten. Daarnaast voerden mensen na een lichte beroerte de
dagelijkse activiteiten op een lagere intensiteit uit, terwijl zij wel evenveel tijd actief
waren als gezonde leeftijdsgenoten. Kortom, mensen na een lichte beroerte worden
vaak overschat in hun dagelijks functioneren en evenwicht. Wellicht kan vroegtijdige
opsporing van (milde) evenwichtsproblemen in deze patiëntengroep bijdragen aan
een verbetering van de revalidatie en daarmee resulteren in een lager valrisico.
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Dankwoord | Acknowledgements
Promoveren kun je niet alleen, dat doe je samen: samen met een goed promotieteam
om je heen, samen met de vrijwillige deelnemers aan de onderzoeken, samen met
fijne collega’s, samen met familie waar je altijd op kunt rekenen en samen met goede
vrienden en kennissen die er voor je zijn. In dit laatste hoofdstuk wil ik iedereen
hartelijk bedanken voor alle betrokkenheid.
Allereerst wil ik alle deelnemers bedanken voor hun inzet en geduld tijdens hun
deelname aan de diverse onderzoeken. Dankzij jullie bijdrage zijn we een ‘stapje
verder’ gekomen om het evenwicht beter te begrijpen. Dank daarvoor!
Daarnaast wil ik mijn promotor en copromotoren hartelijk bedanken. Sander, de overleggen met jou waren leerzaam, prettig en efficiënt. Je hebt een goed overzicht.
Ondanks de tientallen mailtjes die elke dag in jouw mailbox belanden, kon ik altijd op
een snelle reactie rekenen. Ik heb veel geleerd van jouw schrijftalenten. Vivian, ik heb
ontzettend veel van jou geleerd, zowel op wetenschappelijk gebied als op persoonlijk
vlak. Ik waardeer jouw kritische blik en manier van feedback geven. Daarnaast heb je
een talent voor het zien van kansen en het benutten daarvan. Ook in de moeilijkste
periode van mijn promotieonderzoek wist jij jouw begeleiding goed op mijn behoeften
af te stemmen. Jij kon aan mijn gezicht zien wat ik nodig had. Verder vond ik het fijn
om mijn ervaringen van de Da Vinci Challenge met jou te kunnen delen. Alfred, dank
voor je begeleiding en jouw bijdrage aan dit proefschrift. De maandelijkse overleggen
afwisselend in Delft en Nijmegen waren noodzakelijk om het Move On project op
gang te krijgen en bovendien een goede leeromgeving voor mij om datgene uit een
overleg te halen wat ik nodig had om verder te kunnen. In de laatste fase van mijn
promotieonderzoek heb jij veel teksten gelezen en snel van commentaar kunnen
voorzien. Het was erg fijn om op deze manier samen te werken.
Ik dank de leden van de manuscriptcommissie: Prof. dr. C.J.M. Klijn, Prof. dr. M.G.M.
Olde Rikkert en Prof. dr. G. Kwakkel voor het kritisch doorlezen van het manuscript en
het goedkeuren ervan.
Een groot deel van dit proefschrift is tot stand gekomen in het kader van het Move On
project. Naast Sander, Vivian en Alfred zijn vele mensen betrokken geweest bij dit
project. Ingrid, wij zijn als twee PhD studenten samen het Move On avontuur aangegaan.
Jouw technische kennis was van essentieel belang voor de ontwikkeling van de
verschillende testen op de loopband. Daarnaast was het fijn om onze frustraties naar
elkaar te kunnen uiten als het even tegenzat. Jij begreep me als de beste. Dankjewel
voor alle leerzame en gezellige ervaringen. Onze trip naar de Keys in Amerika zal ik
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bijvoorbeeld niet snel vergeten, ik kijk er met veel plezier op terug. Ik wens je veel
succes met het afronden van jouw promotieonderzoek. Jantsje en Herman, dank
voor alle overleggen en tussentijdse feedback die ik gedurende het onderzoek van
jullie mocht ontvangen. Vanuit Motek Medical zijn vele mensen betrokken geweest bij
de ontwikkeling van de N-Mill. Het is lastig om iedereen persoonlijk te bedanken.
Mijn speciale dank gaat uit naar Frank Nieuwenhuis, Peter Martens, Frans Steenbrink
en Sanne Roeles voor alle hulp en de goede en leerzame samenwerking. Coen
Lauwerijssen van 2M Engineering wil ik bedanken voor de fijne samenwerking.
Met betrekking tot de klinische partners in dit project wil ik Brenda Groen van de
Sint Maartenskliniek, Ad Blom van Pieter van Foreest, Annette van Kuijk van Tolbrug
Specialistische Revalidatie en Herman-Jan Kessler van Amstelland Fysiotherapie
bedanken voor hun bijdrage.
Tijdens het Move On project zijn een aantal mensen van grote waarde geweest voor
het benaderen van mogelijke deelnemers. Mede dankzij Henk Hendricks, Leo Aerden
en Frank-Erik de Leeuw is het ons gelukt om het benodigde aantal deelnemers te
halen. Dank daarvoor! Daarnaast wil ik Hans Bussmann en Herwin Horemans
bedanken voor het delen van hun kennis over de Activ8 activiteitenmonitor en de
analysescripts daarvan.
Er zijn vele stagiaires geweest die een steentje hebben bijgedragen aan mijn promotieonderzoek. Dave, Iris, Noud, Yvonne, Femke en Sanne, dank voor jullie inzet en
hulp. Ik heb veel van jullie geleerd. Femke en Sanne wil ik daarnaast bedanken voor
hun taken als onderzoeksassistent. Het was fijn om vele organisatorische zaken op
jullie ‘bordje’ te kunnen gooien om er vervolgens niet meer naar om te hoeven kijken.
Anouk, jij bent een enthousiaste meid met een enorme drive om het onderzoek goed
uit te voeren. Dat werkt ontzettend motiverend. Dank voor alles! Rick, bedankt voor je
input in het onderzoek en leuk dat jij verder gaat met het uitwerken van de verzamelde
gegevens. Ik wens je veel succes.
I also would like to thank all co-authors of the individual chapters for their contribution
to this thesis. Digna en Hanneke, ik wil jullie even bij naam noemen. Bedankt voor de
vele overleggen en goede samenwerking. Ik heb veel van jullie geleerd.
RadboudRoomies: Lotte, Frank, Milou, Bas, Renee, Marian, Vera, Wouter, Digna,
Mitchel en Anouk. Wat heb ik geboft met jullie! Ik heb altijd met veel plezier met jullie
gewerkt. Dank voor alle gezelligheid, leuke (katten)verhalen en fijne gesprekken.
Ik heb veel met jullie gelachen, maar kon ook rekenen op advies of een luisterend oor
als dat nodig was. Milou, ik wil jou in het bijzonder noemen. Onze samenwerking
begon met het opzetten van de startle experimenten, waarbij ik jou heb leren kennen
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als een lieve meid met een groot hart voor ieder ander. Ik bewonder jouw doorzettingsvermogen en grote betrokkenheid. Ik vind het fijn dat jij mijn paranimf wilt zijn.
Collega-onderzoekers en oud-collega’s: Mariska, Laura, Rosanne, Teo, Mariëlle,
Rosemarie, Hanneke, Jorik, Arjen, Sjoerd, Claudia, Noortje en Joyce. Bedankt voor
de fijne samenwerking en gezellige lunchpauzes. Geert, bedankt voor jouw
technische hulp in het lab. Dorien en Laurien, jullie verdienen ook een woord van
dank voor het regelen van allerlei administratieve zaken tijdens mijn onderzoek. Alle
leden van het OZO, de lab meeting en de journal club wil ik bedanken voor het delen
van hun kennis.
Radboud Da Vinci Challengers: Nienke, Judith, Manon, Saloua, Vincent, Kioa, Daan,
Dylan en Karlien. Wat hebben we samen een mooi avontuur beleefd! Het was ontzettend
fijn om in een veilige omgeving persoonlijke verhalen en unieke ervaringen te delen.
Ellen, hartelijk dank voor het zorgvuldig samenstellen van de modules en de prettige
begeleiding tijdens het traject! Mede dankzij jullie heb ik mezelf verder kunnen
ontwikkelen. Anja en Hellen, dank voor jullie begeleiding.
Lieve Marleen. Onze vriendschap is ontstaan in groep 3 van de basisschool. Ook al
wonen we nu een stukje verder uit elkaar, ons contact is als vanouds: goed, gezellig
en vertrouwd. Ik waardeer jouw oprechte interesse en enthousiasme. Ik ben
ontzettend blij met jou als paranimf aan mijn zij. Lieve Madelon, Amie, Nicky, Christy
en Leonie. Al vanaf de middelbare school komen we regelmatig bij elkaar om samen
spelletjes te spelen, te winkelen, te eten of een dagje weg te gaan. Ik kijk er elke keer
weer naar uit. Lieve Nandy. Wij leerden elkaar kennen tijdens onze studie. Dank voor
de fijne gesprekken en alle leuke dingen (variërend van een vakantie in Letland tot
wadlopen en van alles daartussenin) die we samen hebben beleefd.
Lieve Martien. Jij staat altijd voor mij klaar. Het is fijn om elke zondagochtend samen
aan de koffie/thee te zitten en de week door te nemen, zomaar even bij jou ‘binnen te
komen waaien’ of een geintje met jou uit te halen. Dank ook voor alle gezellige
uitstapjes die we al gemaakt hebben. Ik hoop dat er nog velen volgen.
Lieve Roland. Ik kan lachen om jouw gekke streken en flauwe grappen, ook al ben ik
vaak degene die in de maling genomen wordt. Je brengt leven in de brouwerij en dat
is fijn. Daarnaast kan ik op jou en jouw eerlijkheid rekenen. Dankjewel; ik ben trots op
jou! Lieve Carmen. Dank voor alle gezelligheid. Dat we nog maar vele thee’tjes samen
mogen drinken.
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Lieve papa* en mama. Ik ben jullie ontzettend dankbaar voor alles wat jullie voor mij
gedaan hebben en altijd voor mij zullen blijven betekenen. Het is erg fijn om na elke
werkdag in een luxe, warm en gezellig nest thuis te komen. Ook de fijne etentjes,
weekendjes weg en dagjes uit zijn een welkome afwisseling van de drukke werkweken.
Pap, je was mijn allereerste deelnemer aan het Move On project. Helaas heb je het
einde van mijn promotietraject niet meer mogen meemaken. Het maakt mij intens
verdrietig dat je dit feestje niet met mij meeviert. Mam, wat ben jij een sterke en
positieve vrouw! Daar kunnen veel mensen nog iets van leren. Mede dankzij jouw
steun ben ik ook de laatste anderhalf jaar van mijn promotietraject goed doorgekomen.
Dankjewel voor alles. Ik hoop dat we samen nog vele leuke dingen mogen beleven.
Lieve Sander. Vanaf onze eerste kennismaking voelde jij meteen heel vertrouwd.
Wat ben ik ontzettend blij met jou! Ik geniet volop van de dingen die we samen doen
en wil je bedanken voor al je steun en lieve woorden. Ik hoop op een mooie toekomst
samen.
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university medical center. In 2015 Jolanda started her PhD training at the same
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Portfolio
Courses and workshops

Organizer

Year

ECTS

Basiscursus Regelgeving
en Organisatie voor Klinisch
onderzoekers (eBROK)

Radboud university medical center 2015

1.5

Begeleiden van onderzoeksstages

Radboud university medical center 2015

0.3

Praktijkervaringsweek:
Radboud university medical center, 2015, 2016
revalidatieproces van CVA patiënten Sint Maartenskliniek, Fysiotherapie
Lindenholt Ruikes & de Muijnk

1.5

Cambridge Advanced English

Radboud in’to Languages

2015, 2016

1.5

Management voor Promovendi

Radboud University

2016

2.0

Writing week

Department of Rehabilitation,
2016, 2017, 8.0
Radboud university medical center 2018, 2019

C-Mill training

Motek Medical, Amsterdam

Scientific Integrity

Radboud university medical center 2016

0.6

The Art of Presenting Science

Radboud University

2016

0.15

2016

1.5

NeuroControl & RIC summer school Rehabilitation Institute of Chicago

2016

1.5

N-Mill operator training

Motek Medical, Amsterdam

2016

0.6

PhD in the Lead

Radboud university medical center 2016, 2017

2.5

Reanimatie cursus

Radboud university medical center 2016

0.15

Motivational Interviewing introductie
training

Department of Rehabilitation,
2017
Radboud university medical center

0.15

ESP09 Regression analysis

Erasmus MC

2017

1.5

NeuroControl summer school

Department of Biomechanical
Engineering, Delft University of
Technology

2017

1.5

Radboud Da Vinci Challenge

Radboud university medical center 2018, 2019

6.0

Personal development week

Department of Rehabilitation,
2018
Radboud university medical center

1.3

Grant Writing and Presenting for
Funding Committees

Radboud University

2018

1.0

Loopbaanmanagement voor
promovendi

Radboud University

2018

0.6

BROK herregistratie

Radboud university medical center 2019

Total

0.15
34.0
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Lectures and conferences

Location

Year

ECTS

Vereniging voor
Bewegingswetenschappen
Nederland (VvBN) PhD dag

Enschede

2015

0.25

Donders Discussions of the
Donders Institute for Brain,
Cognition and Behavior

Nijmegen

2015

0.25

Research meeting at the
Department of Rehabilitation

Nijmegen

2015, 2016, 2.0
2017, 2018,
2019

Congress on NeuroRehabilitation
and Neural Repair of the Dutch
Society for NeuroRehabilitation
and Belgian Society for
NeuroRehabilitation

Maastricht

2015, 2017, 1.5
2019

World Congress of the International Seville (Spain), Fort Lauderdale
Society of Posture and Gait
(US), Edinburgh (Scotland)
Research (ISPGR)

2015, 2017, 4.5
2019

Society for Movement Analysis
Laboratories in the Low Lands
(SMALLL) congress

Maastricht, Enschede, Leuven
(Belgium), Groningen

2015, 2016, 1.0
2017, 2018

C-Mill symposium

Amstelveen

2016

0.1

World Congress of the International Chicago (US)
Society of Electrophysiology and
Kinesiology (ISEK)

2016

1.2

IMDI NeuroControl symposium

Zeist, Egmond aan Zee, Zeist,
Soesterberg

2015, 2016, 2.0
2017, 2018

Refereeravond Klimmendaal

Arnhem

2018

Total
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0.1
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RESEARCH DATA MANAGEMENT ACCORDING TO FAIR PRINCIPLES

Research data management according to FAIR principles
General information about the data collection
Research projects in this thesis involve human subject data and written informed
consent for collecting these data was obtained from the participants. Pre-existing
data (Chapter 3) were collected in the research group of Prof. Stephen Robinovitch of
the Simon Fraser University, Burnaby, BC, Canada. These data were used with
permission of Prof. Stephen Robinovitch. In addition, new data were collected and
stored at the Radboud university medical center without using patient data from the
electronic health record system (Epic). The Move On research project (Chapters 5
and 8) was conducted in close collaboration with Delft University of Technology. This
institute contributed to data collection and all Move On data were shared. Agreements
on data sharing, data management and intellectual property were made within the
Move On project. A part of the collected Move On data was anonymously shared with
Erasmus MC in Rotterdam after agreements had been made on intellectual property.

FAIR principles
Findable: The data were stored on the server of the department of Rehabilitation
(Radboud university medical center) and paper CRF files were stored in the
department’s archive. Most data of the Move On project were also stored in the online
database management system Castor EDC. Documentation to describe the datasets
is provided on the department server. The datasets are named:
- Chapter 2: Data voor stabalansanalyse_DEFINITIEF_JR_inclage.sav, Database
voor stabalans gedigotomiseerd_DEFINITIEF.sav (folder: 014 Why humans fall)
- Chapter 3: SubjectSpecs.xlsx, SWP_canada_artikel.sav, SWP_canada_
artikel_2estap.sav (folder: 025 TBAS)
- Chapter 4: Participant Characteristics.sav, WHF_bwp_STR_HO_artikel.sav,
DataForSupTable.sav (folder: 014 Why humans fall)
- Chapter 5: Descriptives.sav, Data validation.sav, Data validation Jolanda.sav
(folder 045 IMDI)
- Chapter 6: numberoftrials.sav, Database EMG stroke.sav, Database EMG stroke
restructureDEF.sav, Sideways los voor controles gesplitst.sav, Step_strategy_Per_
Trial.sav (folder: 014 Why humans fall)
- Chapter 7: TBAS - Measurement data all subjects 130802.xlsx, TBAS_bwLaR_
aggregated.sav, TBAS_fwLaR_aggregated_DEFINITIEF.sav, TBAS_bwp+fwp_
aggregated_DEFINITIEF.sav, TBAS_swp_stepstrategy_aggregated_DEFINITIEF.
sav, TBAS_swp_aggregated_DEFINITIEF.sav, database clinical tests repeated
measures 180222.sav, SPSSrifkamixedmodels.sav (folder: 025 TBAS)
- Chapter 8: MoveOn_Clinical_Article.sav, MoveOn_ClinicalArticle_Falls.sav,
SPSS12.sav, MoveOn_ClinicalArticle_MiniBest_itemwise.sav (folder: 045 IMDI)
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Accessible: It was yet not possible to make the data available in a public repository.
However, all data will be available on request by contacting the staff secretary of the
department of Rehabilitation of the Radboud university medical center (secretariaatstaf.reval@radboudumc.nl).
Interoperable: Documentation was added to the datasets to make them interpretable.
The documentation contains links to publications, references to the location of the
datasets and description of the datasets. The data was stored in the following file
formats: .xlsx (Microsoft Office Excel) and .mat (Matlab, Mathworks, USA). No existing
data standards were used such as vocabularies, ontologies or thesauri.
Reusable: The data will be stored for at least 10 years and can therefore also be reused
in this time period. There is no embargo on the accessibility of the data.
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour
established the Donders Graduate School for Cognitive Neuroscience (DGCN), which
was officially recognised as a national graduate school in 2009. The Graduate School
covers training at both Master’s and PhD level and provides an excellent educational
context fully aligned with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and
related disciplines. Selective admission and assessment centers guarantee the
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London,
MPI Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois,
North Western University, Northeastern University in Boston, ETH Zürich, University
of Vienna etc.. Positions outside academia spread among the following sectors:
specialists in a medical environment, mainly in genetics, geriatrics, psychiatry and
neurology. Specialists in a psychological environment, e.g. as specialist in neuropsychology, psychological diagnostics or therapy. Positions in higher education as
coordinators or lecturers. A smaller percentage enters business as research consultants,
analysts or head of research and development. Fewer graduates stay in a research
environment as lab coordinators, technical support or policy advisors. Upcoming
possibilities are positions in the IT sector and management position in pharmaceutical
industry. In general, the PhDs graduates almost invariably continue with high-quality
positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/

199

