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Abstract

Background

Despite the high prevalence of anxiety among chronic stroke survivors and evidence of its
negative effects on postural control in healthy subjects, it is unclear whether anxiety also
affects postural control in these patients. Recent evidence of improved postural control of
healthy subjects by distracting the attention using an external focus (EF) or cognitive task,
raises the question of whether similar benefits would be observed in stroke survivors. Thus,
the current study aimed to investigate the effects of anxiety and distracting the attention on
postural control of chronic stroke survivors in terms of both postural sway measures and
neuromuscular regulation.

Methods

Postural sway measures and ankle muscle activity of chronic stroke survivors with the high
and low level of anxiety (HA-stroke (n = 17), and LA-stroke (n = 17), respectively) and age-,
sex-, height-, and weight-matched healthy subjects (n = 17) were assessed while standing
on rigid and foam surfaces under following conditions: baseline, internal focus (IF), EF, sim-
ple and hard cognitive tasks (SC and HC, respectively).

Results

Stroke survivors, particularly HA-stroke participants, showed greater postural sway mea-
sures (i.e. postural instability) and enhanced co-contraction of ankle muscles (i.e. stiffening
of the neuromuscular system) compared with healthy subjects. As opposed to baseline and
IF conditions, postural instability and neuromuscular stiffening significantly reduced in EF
condition and decreased more in cognitive task conditions, particularly HC condition.
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Conclusions

The results suggest that anxiety enhances stroke-induced postural instability promoting
improper neuromuscular control of posture with stiffening strategy, which can be alleviated
by EF and cognitive tasks.

Introduction

Postural control of standing is critical for doing functional activities, which underlie many
activities of daily living [1]. Stroke survivors experience different sensory and motor impair-
ments (e.g. decreased proprioception, over-reliance on visual inputs, muscle activation deficits,
etc.), leading to impairments of postural control [2]. As a consequence of impaired postural
control, about 40-70% of stroke survivors experience a fall each year, leading to fear of falling
[3], which hampers activities of daily living and social participation and decreases the quality
of life [3, 4]. Postural control requires a precisely coordinated activation of the neuromuscular
system, which depends on the integration of visual, somatosensory, and vestibular information
[5]. Although postural control is highly automatic and is efficiently done without conscious
control in most situations [6], dual-task studies have indicated that it requires attentional
resources that enhances with aging [7], impairments of the central nervous system such as
stroke, and the task difficulty [8]. To compensate for the decreased capabilities of sensory and
motor processing to operate in an efficient automatic manner, stroke survivors use excessive
attentional resources for controlling posture (i.e. conscious postural control), leading to
decreased automaticity of postural control and increased postural instability [8, 9].

In addition to impaired postural control, one of the most common critical complications of
the stroke in both acute and chronic phases is anxiety with a prevalence of 18-25% [10] and
debilitating consequences such as decreased quality of life, daily functioning, and social inter-
actions [11]. The negative effects of anxiety on postural control have been reported previously
in healthy subjects and neurological disorders such as Parkinson’s disease [5, 12-15] and
explained by the neural connections between areas of the brain responsible for emotional con-
trol and areas controlling posture and balance [16]. Further, anxiety may affect the processing
of visual information [12] and the interactions between the visual, vestibular, and somatosen-
sory inputs as key elements of the postural control system [5]. Moreover, as stated by “atten-
tional control theory”, a high level of anxiety leads to an attentional bias to task-unrelated/
threat-related stimuli [17, 18], which in turn results in decreased attentional resources allo-
cated to the task of hand and impairments in performance [17]. To compensate for this atten-
tional bias, individuals with anxiety may use an alternative processing strategy (i.e. directing
attention to movement control or internal focus (IF)) [17, 19, 20], which may help alleviate
anxiety. However, based on the constrained action hypothesis, paying attention to highly auto-
matic movement processes may impair task performance [21] that has been reported for pos-
tural control in various conditions [22]. Thus, anxiety may exacerbate decreased automaticity
of postural control, which is found in stroke survivors. However, despite the high prevalence
of anxiety among stroke survivors and recent evidence regarding the negative effects of anxiety
on postural control, the question remains whether anxiety can affect postural control in stroke
survivors.

Recent studies indicated that withdrawing attention from postural control (e.g. by focusing
the attention on an external cue (i.e. external focus (EF)) or performing a concurrent cognitive
task while standing) results in improved postural control/stability in both healthy young and
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older adults as evidenced by decreased postural sway measures [23-27]. Based on the con-
strained action hypothesis, it has been suggested that withdrawing attention away from pos-
tural control using EF and cognitive task enables more efficient postural control due to the
unconstrained function of automatic processes, leading to improved postural stability [23, 26,
27]. Another possible mechanism for improving postural control in such conditions is the use
of stiffening strategy (e.g. enhanced muscle activity at the ankle joint) to maximize the stability
and reduce the allocation of attentional resources to postural control [28, 29]. Conversely,
focusing the attention inwardly on motor control (i.e. IF), as occurred in neurological disor-
ders such as stroke and individuals with a high level of anxiety, impede automatic processes by
promoting a conscious mode of motor control [22, 30]. Previous studies have reported contra-
dictory findings regarding the effects of cognitive task on postural control of stroke survivors.
While some studies reported reduced postural stability of stroke survivors [31, 32], others
reported inconsistent evidence of postural instability [33] or improved postural stability [9, 34]
by performing a concurrent cognitive task. Conflicting results have also been found regarding
the effects of EF on motor control in stroke survivors, with some studies reporting improve-
ment [35-37] and other deterioration [38] of motor control during different tasks such as gait
[37], body weight shifting [36], reach and grasp [35] and stepping [38]. However, to the best of
our knowledge, no studies so far have investigated the effects of EF on standing postural con-
trol in chronic stroke survivors. Furthermore, the mechanism of the effects of anxiety, as well
as EF and cognitive task (i.e. promoting stiffening strategy vs. automaticity) on postural con-
trol of chronic stroke survivors, has not yet been investigated from neuromuscular control per-
spectives (e.g. using electromyography (EMQG)). Identifying the mechanism that underlies the
effects of anxiety, EF and cognitive task on postural control in chronic stroke survivors may
open the way for developing effective therapeutic interventions aimed at improving postural
control and decreasing risk of falls in these patients.

Thus, the purpose of the current study was twofold: first, to determine the effects of anxiety
on postural control of chronic stroke survivors while standing on stable and unstable surfaces
in terms of both postural sway measures and the neuromuscular regulation of balance (i.e.
EMG of ankle muscles) and second, to compare the effects of withdrawing attention by EF and
cognitive task on postural control among chronic stroke survivors with low and high levels of
anxiety and age-, sex-, height-, and weight-matched healthy subjects.

Materials and methods
Participants

Thirty-four chronic stroke survivors (17 stroke patients with a high level of anxiety (HA-
stroke) and 17 stroke survivors with a low level of anxiety (LA-stroke)), as well as 17 sex-, age-,
and height-, and weight-matched healthy control participated in this study. The main inclu-
sion criteria for the stroke survivors included the first-ever stroke in the middle cerebral artery
that neuro-radiologically confirmed with the onset of > 6 months; ability to stand alone and
walk without any assistance for a distance of at least 10 meters; absence of unilateral neglect
(i.e. Star Cancelation Test score > 44) [39] and ability to complete the most difficult experi-
mental condition (i.e. quiet standing on foam surface for 70 s). Healthy control subjects were
included if they didn’t have anxiety (i.e. score equal or less than 7 on the anxiety subscale of
Hospital Anxiety and Depression Scale (HADS-A)) [40]. Exclusion criteria for either group
were as follows: neurologic disorders (except stroke for stroke groups) or musculoskeletal dis-
orders such as low back pain, flat foot, a recent history of lower limb fracture, recent surgical
operations in the spine or lower extremity; cognitive problems (i.e. score <23 on the Mini-
Mental Status Examination) [41]; depression (i.e. score > 7 on the of HADS-Depression
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subscale (HADS-D)) [42], diabetes, vestibular disorders, vertigo, pain, and visual problems
that not corrected by glasses. None of the participants used any medications that could affect
postural control. All participants completed the Geriatric Anxiety Inventory (GAI) [43],
HADS-A and Beck Anxiety Inventory for evaluating anxiety, HADS-D, and Beck Depression
Inventory [42] for measuring depression, Montreal Cognitive Assessment [41] and Mini-Men-
tal Status Examination for assessing cognitive function, Fatigue Severity Scale [44, 45] for
assessing fatigue severity; and Visual Analogue Scale for scoring pain. The number of falls dur-
ing the past year was also recorded. Based on the scores on the GAI and HADS-A, stroke survi-
vors were divided into LA-stroke (n = 17, who obtained scores < 9 on the GAI and < 11 on
the HADS-A) and HA-stroke (n = 17, who obtained scores > 9 on the GAI and > 11 on the
HADS-A). The participants in the LA- and HA-stroke groups were matched based on age, sex,
height, weight, location of stroke lesion, and paretic side. The HA-stroke group did not report
consuming different medications (to manage anxiety) compared with the LA-stroke group.
The ethics committee of the University of Social Welfare and Rehabilitation Sciences approved
the study (IR.uswr.Rec.1397.010) and all participants provided written informed consent
before the study.

Experimental procedure

Postural performance. The postural performance was evaluated by measuring the center
of pressure (COP) sway using a Kistler force plate (Kistler, Winterthur, Switzerland) at a sam-
pling frequency of 100 Hz. The participants were asked to quietly stand barefoot in a bipedal
straight position, arms alongside the trunk and their feet close together, on the rigid surface of
the force plate or 10.5 cm thick foam placed on the force plate under five experimental condi-
tions: baseline, EF, IF, simple cognitive task (SC), and hard cognitive task (HC). The condi-
tions were performed in a randomized order. Participants were asked to look straight ahead
during all conditions. Each condition was performed twice (i.e. two trials), and each trial lasted
70 seconds. To prevent fatigue, one and five minutes of rest interval was considered between
trials and experimental conditions, respectively. In the baseline condition, participants were
required to quietly stand as described above. In the EF condition, two rectangular paper
(30.5x17cm) were put on the force plate or foam (one under each foot) and the participants
were asked to mentally focus on these papers without looking at them [46]. In the IF condition,
the participants were instructed to mentally concentrate on their feet without looking at them.
To confirm that attention was properly allocated during both the EF and IF conditions, the
subjects were requested to grade the percentage of attention they had allocated to the task. If
the reported grade was < 50%, the trial was repeated.

The cognitive task was a backward digit span with two levels of difficulty (simple and hard),
as described previously, which was determined based on the maximum backward digit span of
each subject [47]. In brief, the participants were asked to listen carefully to a series of random
digits before starting the COP recording, mentally repeat the digits in reverse order while the
COP data were recorded, and verbally report the digits after the accomplishment of COP
recording. The number of digits presented in the HC condition was equal to the maximum
backward digit span plus one while half of the digits of the HC condition were presented in the
SC condition. There were three types of error (omission, wrong number, and order error) in
cognitive tasks. If the error was greater than 1 in the SC condition and greater than 2 in the
HC condition, the trial was repeated.

Electromyography activity. During the above-mentioned experimental conditions, mus-
cle activity of the ankle muscles (i.e. tibialis anterior (TA) and medial gastrocnemius (MGA))
was recorded using surface EMG (Myon EMG, Switzerland) at a sampling frequency of 1000
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Hz. EMG electrodes were put on the skin surface over the TA and MGA muscles of both sides.
The maximal voluntary isometric contraction (MVC) of the TA [48] and MGA [49] was
obtained to normalize the EMG activity (%MVC) during the experimental conditions.

Data analysis

To assess postural control in different experimental conditions, COP sway data was used to
calculate the path length, mean velocity, and SD of velocity along the anterior-posterior (AP)
and medial-lateral (ML) directions. These COP measures were selected because of their well-
confirmed reliability for assessing postural performance in subjects with pathologies and
healthy subjects and their higher values indicate postural instability [50]. The original raw
EMG data obtained from ankle muscles were band-pass filtered at 20-450 Hz. The root-mean-
square (RMS) of the filtered EMG data was calculated as a percentage of the EMG value during
the MVC. The normalized RMS of the TA and MGA muscles were then used for calculating
the averaged co-contraction level of these muscles based on the following formula, which was

described previously [51, 52]: Co-contraction index (CCI) = % x 100.

Statistical analysis

A prior power analysis (type I error probability = 0.05, type II error probability (statistical
power) = 0.20, dropout rate = 10%), which was done for the SD of velocity along ML direction
obtained in a pilot study showed that 17 subjects were necessary for each group. The Shapiro-
Wilk test confirmed the normal distribution of both postural sway measures and CCI data.
The mean value of two trials of the same condition was evaluated for each postural sway mea-
sure and CCI. The main and interaction effects of standing surfaces and conditions on differ-
ent postural sway measures and CCI in the LA-stroke, HA-stroke, and healthy control groups
were analyzed using a 3 x 2 x 5 (group x standing surface x condition) three-way repeated
measure analysis of variance (ANOVA) with a critical o level of 0.05. The effect size of both
main effects and interaction effects was determined by calculation of »?. Significant three-way

interactions were followed up with simple effects testing. Then, multiple comparisons were
done using the Bonferroni adjustment method if significant main effects were found. The Bon-
ferroni-adjusted P value for multiple comparisons was considered as P<0.0005.

Results
Participants

Seventeen HA-stroke survivors (8 female, 9 male) by mean + SD age of 49.7 + 8.73 years, 17 LA-
stroke survivors (8 female, 9 male) by mean + SD age of 52.82 + 13.61 years and 17 age-, sex-,
height-, and weight-matched healthy control subjects (8 female, 9 male) by mean + SD age of
51.64 + 10.15 years participated in the study. There was no difference among the three groups,
except with their scores on the HADS-A, Beck Anxiety Inventory, and GAI (Table 1). The results
found a significantly higher level of anxiety based on HADS-A, Beck Anxiety Inventory, and GAI
scores in the HA-stroke group compared with the LA-stroke and healthy control groups.

Postural performance

The descriptive data of postural sway measures are presented in Table 2. The results showed a
significant main effect of group, standing surface, and condition on all postural sway measures.
All two-way interaction effects were also significant for different postural sway measures,
except group x condition interaction for SD of velocity along AP direction (F = 1.84, P = 0.07,
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Table 1. Demographic characteristics of the participants in each group.

Variable
Sex (female/male)
Etiology (ischemia/hemorrhage)
Affected side (right/left)
Age (years)
Body mass index (Kg/m?)
Mini Mental Status Examination
Montreal Cognitive Assessment
HADS'-Depression subscale
HADS-Anxiety subscale
Beck Depression Inventory
Beck Anxiety Inventory
Geriatric Anxiety Inventory

Fatigue Severity Scale

" Hospital Anxiety and Depression Scale

Healthy Control Group (n =17) LA-stroke Group (n = 17) HA-stroke Group (n =17) P
8/9 8/9 8/9 -
- 13/4 12/5 0.7
- 7/10 7/10 -
51.64 £ 10.15 52.82 £ 13.61 49.7 £8.73 0.7
25.35+3.8 25.72£3.9 27.71£6.4 0.32
28.29£1.96 2711 £2.31 26.70 £2.23 0.10
26.29 £1.53 2594 +2.24 2517 £1.74 0.21
3.47 £1.90 3.23+2.30 4.05+1.43 0.44
2.88 £ 2.66 3.17 £ 2.81 12.17 £ 2.15%$§ <0.001
3.64 +2.69 340+ 2.03 4.00 + 1.87 0.78
3.94 +£3.49 6.35 £ 5.08 29.17 + 8.23%§ <0.001
3.11+2.14 2.35+2.47 11.76 + 2.35%§ <0.001
22.17 £9.74 25.29 £ 10.12 28.29 £7.83 0.16

} indicates a significant difference compared with the healthy control group

§ indicates a significant difference compared with the LA-stroke group

https://doi.org/10.1371/journal.pone.0252131.t001

1, = 0.07), as well as group x standing surface and condition x standing surface interactions
(F=2.71,P=0.07,n; =0.10and F = 0.91, P = 0.46, 12 = 0.02, respectively) for SD of velocity
along ML direction (Table 3). The three-way interaction of group x conditionx standing sur-
face was statistically significant for all postural sway measures (Table 2). The analyses of the
simple main effects following significant three-way interaction for each postural sway measure
indicated that the inter-groups differences were significant in all combinations of standing sur-
faces (i.e. rigid and foam) and conditions (i.e. baseline, IF, EF, SC, and HC). Moreover, the
results of simple main effects analysis indicated that inter-conditions differences regarding dif-
ferent postural sway measures were significant in all combinations of groups (i.e. control, LA-
stroke, and HA-stroke) and standing surfaces (i.e. rigid and foam) (Table 4). The results of
multiple comparisons showed that postural sway measures in the three groups (i.e. control,
LA-stroke, and HA-stroke groups) were significantly higher while standing on a foam surface
than standing on a rigid surface in different conditions including baseline, IF, EF, SC, and HC.
Further, during standing on both rigid and foam surfaces in different conditions (baseline, IF,
EF, SC, and HC), the postural sway measures were significantly greater in both HA-stroke and
LA-stroke groups as opposed to the healthy group. However, only during standing on a foam
surface, a significant difference was found between the LA-stroke and HA-stroke groups. Dur-
ing standing on the rigid surface, EF and both SC and HC resulted in a significant decrease of
different postural sway measures in the three groups. During standing on the foam surface, EF
and both SC and HC resulted in a significant decrease of different postural sway measures in
the control and LA-stroke group. However, in the HA-stroke group, a significant decrease of
postural sway measures was only observed in the HC condition during standing on the foam
surface. The greatest decrease of the postural sway measures was found in the HC condition
while standing on both rigid and foam surfaces (Fig 1A-1D).

EMG activity

The descriptive data of CCI are presented in Table 2. The results revealed a significant main
effect of group, standing surface, and condition as well as their significant interaction effects
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Table 3. Summary of analysis of variance of different postural sway measures: F ratios, P values, and effect sizes by variable.

Path length (cm)

F P W F
Main effect
Group 156.43 <0.001 0.99 90.40
Condition 424.75 <0.001 0.90 261.02
Standing surface 538.63 | <0.001 | 0.92 | 531.30
Interaction effect
Group x Condition 5.49 <0.001 0.19 1.84
Group x Standing surface 13.32 <0.001 | 0.36 4.67
Condition x Standing surface 16.55 <0.001 | 0.26 2.59
Group x Condition x Standing surface 5.31 <0.001 | 0.18 2.82

https://doi.org/10.1371/journal.pone.0252131.t003

P

<0.001
<0.001
<0.001

0.07
<0.001
0.04
0.006

SD of velocity (A.P) (cm/s)

2

m,

0.79
0.84
0.92

0.07
0.16
0.05
0.11

SD of velocity (M.L) (cm/s)

F

173.09
344.53
225.13

2.86
2.71
0.91
3.20

P

<0.001
<0.001
<0.001

0.005

0.07
0.46

0.002

2

n,

0.88
0.88
0.82

0.11
0.10
0.02
0.12

Mean velocity (cm/s)

F

156.43
424.75
538.63

5.49
13.32
16.55

5.31

P

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

2

m,

0.99
0.90
0.92

0.19
0.36
0.26
0.18

on the CCI (Table 5). The analyses of the simple main effects following significant three-way
interaction of group x standing surface x condition for CCI indicated that the inter-groups
differences were significant in all combinations of standing surfaces (i.e. rigid and foam) and
conditions (i.e. baseline, IF, EF, SC, and HC). Moreover, the results of simple main effects
analysis indicated that inter-conditions differences regarding CCI were significant in all com-
binations of groups (i.e. control, LA-stroke, and HA-stroke) and standing surfaces (i.e. rigid
and foam), with the exception of combination of control group and rigid surface (Table 6).
The results of multiple comparisons indicated that the CCI of both paretic and non-paretic
limbs was significantly higher in both the LA-stroke and HA-stroke groups compared to the

Table 4. Simple main effects for analyzing inter-groups and inter-conditions differences of postural sway mea-
sures for all combinations.

Path length SD of velocity | SD of velocity | Mean velocity
(cm) (A.P) (cm/s) (M.L) (cm/s) (cm/s)
F P F P F P F P
Simple effect for analyzing inter-groups differences
Standing surface | Rigid Baseline | 45.46 | <0.001 | 44.60 | <0.001 | 53.73 | <0.001 | 45.46 | <0.001
IF 43.03 | <0.001 | 39.99 | <0.001 | 51.60 | <0.001 | 43.03 | <0.001
EF 44.52 | <0.001 | 42.26 | <0.001 | 56.80 | <0.001 | 44.52 | <0.001
SC 4298 | <0.001 | 47.50 | <0.001 | 48.97 | <0.001 | 42.98 | <0.001
HC 41.32 | <0.001 | 51.86 | <0.001 | 56.00 | <0.001 | 41.32 | <0.001
Foam Baseline | 103.63 | <0.001 | 50.98 | <0.001 | 61.72 | <0.001 | 103.63 | <0.001
IF 89.70 | <0.001 | 46.13 | <0.001 | 59.05 | <0.001 | 89.70 | <0.001
EF 125.30 | <0.001 | 66.95 | <0.001 | 86.48 | <0.001 | 125.30 | <0.001
SC 162.34 | <0.001 | 68.84 | <0.001 | 94.40 | <0.001 | 162.34 | <0.001
HC 130.92 | <0.001 | 57.76 | <0.001 | 64.85 | <0.001 | 130.92 | <0.001
Simple effect for analyzing inter-conditions differences
Group Control Rigid 13.16 | <0.001 | 17.41 | <0.001 | 16.71 | <0.001 | 13.16 | <0.001
Foam 35.94 | <0.001 | 19.79 | <0.001 | 21.27 | <0.001 | 35.94 | <0.001
LA-stroke | Rigid 15.47 | <0.001 | 12.16 | <0.001 | 17.16 | <0.001 | 15.47 | <0.001
Foam 36.68 | <0.001 | 20.71 | <0.001 | 21.64 | <0.001 | 36.68 | <0.001
HA-stroke | Rigid 13.86 | <0.001 | 14.09 | <0.001 | 16.03 | <0.001 | 13.86 | <0.001
Foam 14.49 | <0.001 | 12.32 | <0.001 | 15.88 | <0.001 | 14.49 | <0.001
IF, Internal focus; EF, External focus; SC, Simple cognitive task; HC, Hard cognitive task
https://doi.org/10.1371/journal.pone.0252131.t1004
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Fig 1. The interaction effect of the group, standing surface, and condition on different postural sway measures: Path
length (A), SD of velocity along anterior-posterior (AP) direction (B), SD of velocity along medial-lateral (ML)
direction (C), and mean velocity (D). *P<0.0005 compared with the control group in the same condition, *P<0.0005
compared with the LA-stroke group in the same condition, +P<0.0005 compared with the baseline condition in the
same group, and #P<0.0005 in comparison of hard cognitive task (HC) condition with other conditions in the same
group. It should be noted that, in the three groups, all postural sway measures were significantly greater while standing
on a foam surface compared with standing on a rigid surface (IF: Internal focus; EF: External focus; SC: Simple
cognitive task).

https://doi.org/10.1371/journal.pone.0252131.9001

control group during standing on both rigid and foam surfaces in different conditions (i.e.
baseline, IF, EF, SC, and HC). Besides, only during standing on a foam surface, the HA-stroke
group showed higher CCI of both paretic and non-paretic limbs than did the LA-stroke group.

Table 5. Summary of analysis of variance for co-contraction index (CCI) of the tibialis anterior and medial gas-
trocnemius muscles: F ratios, P values, and effect sizes by variable.

CCI of the paretic limb (%) CCI of the non-paretic limb (%)
F P n; F P "I,Z,

Main effect

Group 174.14 <0.001 0.88 268.83 <0.001 0.92
Condition 1500.63 <0.001 0.97 1655.78 <0.001 0.97
Standing surface 1860.36 <0.001 0.97 1268.28 <0.001 0.96
Interaction effect

Group x Condition 63.45 <0.001 0.73 33.20 <0.001 0.58
Group x Standing surface 83.97 <0.001 0.78 40.67 <0.001 0.63
Condition x Standing surface 107.90 <0.001 0.69 463.52 <0.001 0.91
Group x Condition x Standing surface 35.87 <0.001 0.60 41.75 <0.001 0.63

https://doi.org/10.1371/journal.pone.0252131.1005
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Table 6. Simple main effects for analyzing inter-groups and inter-conditions differences of the co-contraction
index (CCI) of the tibialis anterior and medial gastrocnemius muscles for all combinations.

CCI of the paretic limb (%) | CCI of the non-paretic limb

(%)
F P F P
Simple effect for analyzing inter-groups differences
Standing surface | Rigid Baseline 136.06 <0.001 205.35 <0.001
IF 129.66 <0.001 197.20 <0.001
EF 85.64 <0.001 155.10 <0.001
SC 73.45 <0.001 135.16 <0.001
HC 43.48 <0.001 117.77 <0.001
Foam Baseline 242.60 <0.001 307.80 <0.001
IF 228.14 <0.001 313.65 <0.001
EF 220.41 <0.001 302.07 <0.001
SC 234.88 <0.001 300.03 <0.001
HC 200.44 <0.001 266.01 <0.001
Simple effect for analyzing inter-conditions differences
Group Control Rigid 1.41 0.23 1.99 0.10
Foam 20.82 <0.001 23.62 <0.001
LA-stroke Rigid 24.16 <0.001 14.43 <0.001
Foam 46.32 <0.001 38.03 <0.001
HA-stroke Rigid 20.85 <0.001 17.10 <0.001
Foam 20.94 <0.001 30.08 <0.001

IF, Internal focus; EF, External focus; SC, Simple cognitive task; HC, Hard cognitive task

https://doi.org/10.1371/journal.pone.0252131.t1006

Standing on a foam surface resulted in a significant increase of the CCI in the three groups.
During standing on foam and rigid surfaces, EF and both SC and HC resulted in a significant
reduction of the CCI of both paretic and non-paretic limbs as opposed to the baseline and IF
conditions in the LA-stroke group. The same results were found for the HA-stroke group
(both paretic and non-paretic limbs) during standing on the rigid surface as well as in the con-
trol group during standing on the foam surface. However, during standing on the foam sur-
face, a significant decrease of the CCI of both paretic and non-paretic limbs of the HA-stroke
group was only observed in the HC condition. The greatest decrease of the CCI was observed
in the HC condition (Fig 2A-2B).

Discussion

This study was the first, to the best of the authors” knowledge, to investigate the effects of anxi-
ety and different strategies of directing attention (i.e. EF and cognitive task) on postural con-
trol of chronic stroke survivors compared with age-, sex-, height-, and weight-matched healthy
subjects in terms of both postural sway measures and neuromuscular regulation. The results
indicated that, during quiet standing on both rigid and foam surfaces, stroke survivors particu-
larly those with a high level of anxiety, exhibited increased postural sway measures (i.e.
decreased postural stability) compared with healthy subjects, which was accompanied by
enhanced CCI at the ankle, leading to stiffening of the neuromuscular system. This reflects the
cautious mode of postural control in stroke survivors especially in the HA-stroke survivors,
which has a greater energetic cost and lower efficiency compared with the automatic mode of
postural control observed in healthy subjects [53, 54]. Similar to healthy controls and
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Fig 2. The interaction effect of the group, standing surface, and condition on the co-contraction index (CCI) of the
tibialis anterior and medial gastrocnemius muscles: (A) paretic limb and (B) non-paretic limb of LA- and HA-stroke
groups. “P<0.0005 compared with the control group in the same condition, “P<0.0005 compared with the LA-stroke
group in the same condition, +P<0.0005 compared with the baseline condition in the same group, and #P<0.0005 in
comparison of hard cognitive task (HC) condition with other conditions in the same group. It should be noted that, in
the three groups, the CCI was significantly greater while standing on a foam surface compared with standing on a rigid
surface (IF: Internal focus; EF: External focus; SC: Simple cognitive task).

https://doi.org/10.1371/journal.pone.0252131.9002

LA-stroke group, distracting the attention away from postural control led to improved pos-
tural stability and decreased stiffening of the neuromuscular system in the HA-stroke group,
but only under HC condition while standing on the foam surface and under EF, SC, and HC
conditions while standing on the rigid surface.

The results showed greater postural sway measures (path length, SD of velocity along both
ML and AP directions and mean velocity) of both LA- and HA-stroke groups (i.e. postural
instability) in comparison with the healthy controls while standing on both rigid and foam sur-
faces, which was more evident in the HA-stroke group. Due to various stroke-induced sensory
and motor impairments [2], the automaticity of postural control is reduced in stroke survivors,
which increases postural instability [8]. Based on the attentional control theory, subjects with a
high level of anxiety tend to direct their attention to movement control for compensating their
attentional bias to task-unrelated stimuli [17]. Thus, anxiety may increase stroke-induced pos-
tural instability by interfering with automatic postural control processes. However, only dur-
ing standing on the foam surface, the postural instability of the HA-stroke group was
significantly greater than the LA-stroke group, implying that HA-stroke survivors are more
prone to fall and its deleterious consequences than the LA-stroke survivors especially in the
condition of the unstable standing surface.

Another important finding was that enhanced postural sway measures were accompanied
by greater co-contraction of the ankle muscles of the paretic and non-paretic sides (i.e. TA and
MGA) in both LA- and HA-stroke groups compared with the healthy group while standing on
both rigid and foam surfaces, indicating regulation of postural control using stiffening strategy,
which was more obvious in the HA-stroke group. Because of being energetically inefficient,
this strategy is not an optimal strategy for quiet standing [55]. Using the stiffening strategy for
postural control limits the flexibility of postural adaptations and hampers timely and proper
responses to unexpected perturbations [56]. Houdjik et al. (2010) also reported greater co-con-
traction of TA and GA muscles of the non-paretic side in chronic stroke survivors than that of
the healthy controls while standing on rigid and foam surfaces, which was associated with
greater energy expenditure [57].
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Further, the results revealed significantly greater co-contraction of ankle muscles of both
paretic and non-paretic sides in the HA-stroke group as opposed to the LA-stroke group dur-
ing standing on the foam surface, suggesting that stroke survivors who had a high level of anxi-
ety may use improper increased cautious/conscious postural control processes while standing
on unstable support surfaces. The resultant musculoskeletal stiffening may constrain the flexi-
bility of postural adjustments, disturb appropriate responses to unexpected perturbations, and
cause higher electrophysiological costs for postural control [48], possibly resulting in faster
muscle fatigue and enhanced risk of fall in such situations [58]. Therefore, further attention
should be paid to balance rehabilitation in HA-stroke survivors, not only to prevent falls but
also to decrease fatigue and physical strain.

The current study also found that, in comparison with the rigid surface, standing on the
foam surface led to a significant increase of postural sway measures in the three groups (i.e.
LA-stroke, HA-stroke, and control groups), which was associated with a significant increase of
ankle muscles co-contraction in the three groups. By decreasing sensory information (e.g.
decreased proprioceptive information while standing on the foam surface), postural control
becomes more difficult and needs more attentional resources [7, 49], leading to the enhanced
use of the cautious mode of postural control and stiffening strategy. Previous studies also
showed greater co-contraction of the ankle muscles during standing on the unstable support
surface in healthy adults [52]. It has been suggested that ankle stiffening strategy may occur in
an attempt to closely and consciously regulate the postural control because of postural threat
(e.g. standing at height or on an unstable support surface) [59].

It is interesting to note that, in line with previous studies [9, 23, 24, 34], distracting the
attention from postural control while standing on the rigid surface using the EF or cognitive
tasks (both simple and hard) improved postural instability as compared with the baseline and
IF conditions in the three groups as revealed by reduced postural sway measures. These
changes in postural sway measures were accompanied by a significant decrease in CCI in the
LA-stroke and HA-stroke groups. These results indicated that both EF and cognitive tasks
engaged participants’ attention and provided less opportunity to consciously direct their atten-
tion to the postural control that has been reported to disrupt automatic postural control pro-
cesses [60]. Contrary to the results of the current study, Negahban et al. [31] and Bensoussan
etal. [32] reported increased postural sway of stroke survivors while standing quietly on the
rigid surface and concurrently performing a cognitive task. The cognitive tasks used in these
studies (i.e. Stroop task and arithmetic task, respectively) required vocal articulation, which
may increase postural sway due to its related changes in breathing pattern and facial move-
ments [61, 62]. Furthermore, during standing on the foam surface, significant improvement of
postural stability and decreased neuromuscular stiffening was observed in the conditions of
EF, and both SC and HC in the control and LA-stroke groups. However, in the HA-stroke
group, the significant improvement of postural stability and decreased neuromuscular stiffen-
ing while standing on a foam surface was only found in the HC condition. This result suggests
that during standing on unstable surfaces, distracting the attention only using a high demand-
ing cognitive task can reduce the preoccupation of HA-stroke survivors with inefficient and
energy-consuming conscious postural control.

Besides, the results showed that the cognitive tasks, especially the HC, improved postural
stability more than EF in the three groups. One possible explanation for this may be that cogni-
tive tasks need more complicated mental processes such as working memory, mental tracking,
and decision making [63]. Thus, the cognitive tasks are more demanding compared with EF
and may result in more distraction of attention from the postural control and allow the more
efficient and automatized postural control processes to function in an unrestricted manner
[26]. Moreover, the cognitive task may keep attention longer than EF, causing greater
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improvement of postural stability [23]. Previous studies also found that performing cognitive
tasks led to enhanced postural stability of healthy young and older adults compared to both IF
and EF conditions [23, 25].

Finally, some limitations need to be considered. First, among the muscles involved in pos-
tural control, we only assessed the ankle muscle activity. Previous studies have suggested two
discrete control strategies (i.e. ankle strategy and hip strategy) for postural control. During
quiet standing and small perturbations, the main strategy used for postural control is the ankle
strategy. By increasing the difficulty of the postural task and/or in more perturbed situations,
the use of hip strategy is usually increased [64, 65]. Given that the assessment of postural con-
trol in this current study was performed in the quiet standing, we focused on evaluating ankle
strategy by measuring the muscle activity of the ankle (i.e. TA and MGA) similar to the previ-
ous studies [25, 66]. It is recommended that the evaluation of other muscles such as hip and
trunk muscles be considered in future studies to provide further information about the pos-
tural control of chronic stroke survivors in different conditions. Second, investigating the
effects of anxiety on postural control and muscle activity in chronic stroke survivors were lim-
ited to quiet standing. Future studies should aim to determine these effects when doing more
complex and dynamic postural tasks (e.g. postural reactions to the perturbations of standing
surface, walking on different surfaces) combining the quantitative kinematic analysis to attain
a more comprehensive understanding of anxiety effects on static and dynamic postural control
of chronic stroke survivors.

Conclusions

The results of this study revealed that anxiety exacerbates stroke-induced internal focus on
postural control and postural instability, promoting improper neuromuscular control of pos-
ture, with increased co-contraction of ankle muscles (i.e. ankle stiffening strategy), especially
while standing on an unstable support surface. However, distracting the attention from pos-
tural control using EF or cognitive tasks could improve postural stability and decrease the use
of inefficient stiffening strategy in chronic stroke survivors, even in those who had a high level
of anxiety. An important implication of this study is that the effects of anxiety should be con-
sidered when evaluating postural control and implementing different interventions for
improving postural control in chronic stroke survivors

Author Contributions

Conceptualization: Zahra Ghorbanpour, Ghorban Taghizadeh, Seyed Ali Hosseini, Ebrahim
Pishyareh.

Data curation: Enayatollah Bakhshi.

Formal analysis: Farhad Tabatabai Ghomsheh, Hajar Mehdizadeh.

Investigation: Zahra Ghorbanpour, Farhad Tabatabai Ghomsheh, Enayatollah Bakhshi.
Methodology: Ghorban Taghizadeh.

Project administration: Zahra Ghorbanpour.

Resources: Ebrahim Pishyareh.

Supervision: Ebrahim Pishyareh.

Validation: Hajar Mehdizadeh.

Writing - original draft: Ghorban Taghizadeh, Ebrahim Pishyareh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252131  July 22, 2021 13/17


https://doi.org/10.1371/journal.pone.0252131

PLOS ONE

Anxiety and postural control in chronic stroke survivors

Writing - review & editing: Zahra Ghorbanpour, Ghorban Taghizadeh, Seyed Ali Hosseini,

Ebrahim Pishyareh, Farhad Tabatabai Ghomsheh, Enayatollah Bakhshi, Hajar Mehdizadeh.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Kannan L, Vora J, Bhatt T, Hughes SL. Cognitive-motor exergaming for reducing fall risk in people with
chronic stroke: A randomized controlled trial. NeuroRehabilitation. 2019;(Preprint):1-18. https://doi.org/
10.3233/NRE-182683 PMID: 31256084

Suh JH, Han SJ, Jeon SY, Kim HJ, Lee JE, Yoon TS, et al. Effect of rhythmic auditory stimulation on
gait and balance in hemiplegic stroke patients. NeuroRehabilitation. 2014; 34(1):193-9. https://doi.org/
10.3233/NRE-131008 PMID: 24284453

Goh H-T, Nadarajah M, Hamzah NB, Varadan P, Tan MP. Falls and fear of falling after stroke: a case-
control study. PM&R. 2016; 8(12):1173-80. https://doi.org/10.1016/j.pmr}.2016.05.012 PMID:
27268565

Weerdesteyn V, Niet MSc M, van Duijnhoven MSc H, Geurts A. Falls in individuals with stroke. Journal
of Rehabilitation Research and Development. 2008; 45(8):1195. PMID: 19235120

Bt Bolmont, Gangloff P, Vouriot A, Perrin PP. Mood states and anxiety influence abilities to maintain bal-
ance control in healthy human subjects. Neuroscience Letters. 2002; 329(1):96—100. https://doi.org/10.
1016/s0304-3940(02)00578-5 PMID: 12161271

Huxhold O, Li S-C, Schmiedek F, Lindenberger U. Dual-tasking postural control: aging and the effects
of cognitive demand in conjunction with focus of attention. Brain Research Bulletin. 2006; 69(3):294—
305. https://doi.org/10.1016/j.brainresbull.2006.01.002 PMID: 16564425

Shumway-Cook A, Woollacott M. Attentional demands and postural control: the effect of sensory con-
text. Journals of Gerontology-Biological Sciences and Medical Sciences. 2000; 55(1):M10. hitps://doi.
org/10.1093/gerona/55.1.m10 PMID: 10719767

Brown LA, Sleik RJ, Winder TR. Attentional demands for static postural control after stroke. Archives of
Physical Medicine and Rehabilitation. 2002; 83(12):1732-5. https://doi.org/10.1053/apmr.2002.36400
PMID: 12474178

Bourlon C, Lehenaff L, Batifoulier C, Bordier A, Chatenet A, Desailly E, et al. Dual-tasking postural con-
trol in patients with right brain damage. Gait & Posture. 2014; 39(1):188-93. https://doi.org/10.1016/j.
gaitpost.2013.07.002 PMID: 23916691

Beauchamp JES, Montiel TC, Cai C, Tallavajhula S, Hinojosa E, Okpala MN, et al. A Retrospective
Study to Identify Novel Factors Associated with Post-stroke Anxiety. Journal of Stroke and Cerebrovas-
cular Diseases. 2020; 29(2):104582. https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104582
PMID: 31859033

Ferro JM, Caeiro L, Santos C. Poststroke emotional and behavior impairment: a narrative review. Cere-
brovascular Diseases. 2009; 27(Suppl. 1):197-203. https://doi.org/10.1159/000200460 PMID:
19342852

Ohno H, Wada M, Saitoh J, Sunaga N, Nagai M. The effect of anxiety on postural control in humans
depends on visual information processing. Neuroscience Letters. 2004; 364(1):37-9. https://doi.org/10.
1016/j.neulet.2004.04.014 PMID: 15193751

Pasman E, Murnaghan C, Bloem B, Carpenter M. Balance problems with Parkinson’s disease: are they
anxiety-dependent? Neuroscience. 2011; 177:283-91. https://doi.org/10.1016/j.neuroscience.2010.12.
050 PMID: 21219972

Brown LA, Polych MA, Doan JB. The effect of anxiety on the regulation of upright standing among youn-
ger and older adults. Gait & Posture. 2006; 24(4):397—405. https://doi.org/10.1016/j.gaitpost.2005.04.
013 PMID: 17055728

Stins JF, Ledebt A, Emck C, Van Dokkum EH, Beek PJ. Patterns of postural sway in high anxious chil-
dren. Behavioral and Brain Functions. 2009; 5(1):42. https://doi.org/10.1186/1744-9081-5-42 PMID:
19799770

Balaban CD, Thayer JF. Neurological bases for balance—anxiety links. Journal of Anxiety Disorders.
2001; 15(1-2):53-79. https://doi.org/10.1016/s0887-6185(00)00042-6 PMID: 11388358

Eysenck MW, Derakshan N, Santos R, Calvo MG. Anxiety and cognitive performance: attentional con-
trol theory. Emotion. 2007; 7(2):336. https://doi.org/10.1037/1528-3542.7.2.336 PMID: 17516812

Ducrocq E, Wilson M, Smith TJ, Derakshan N. Adaptive working memory training reduces the negative
impact of anxiety on competitive motor performance. Journal of Sport and Exercise Psychology. 2017;
39(6):412-22. https://doi.org/10.1123/jsep.2017-0217 PMID: 29417874

PLOS ONE | https://doi.org/10.1371/journal.pone.0252131  July 22, 2021 14/17


https://doi.org/10.3233/NRE-182683
https://doi.org/10.3233/NRE-182683
http://www.ncbi.nlm.nih.gov/pubmed/31256084
https://doi.org/10.3233/NRE-131008
https://doi.org/10.3233/NRE-131008
http://www.ncbi.nlm.nih.gov/pubmed/24284453
https://doi.org/10.1016/j.pmrj.2016.05.012
http://www.ncbi.nlm.nih.gov/pubmed/27268565
http://www.ncbi.nlm.nih.gov/pubmed/19235120
https://doi.org/10.1016/s0304-3940%2802%2900578-5
https://doi.org/10.1016/s0304-3940%2802%2900578-5
http://www.ncbi.nlm.nih.gov/pubmed/12161271
https://doi.org/10.1016/j.brainresbull.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16564425
https://doi.org/10.1093/gerona/55.1.m10
https://doi.org/10.1093/gerona/55.1.m10
http://www.ncbi.nlm.nih.gov/pubmed/10719767
https://doi.org/10.1053/apmr.2002.36400
http://www.ncbi.nlm.nih.gov/pubmed/12474178
https://doi.org/10.1016/j.gaitpost.2013.07.002
https://doi.org/10.1016/j.gaitpost.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23916691
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104582
http://www.ncbi.nlm.nih.gov/pubmed/31859033
https://doi.org/10.1159/000200460
http://www.ncbi.nlm.nih.gov/pubmed/19342852
https://doi.org/10.1016/j.neulet.2004.04.014
https://doi.org/10.1016/j.neulet.2004.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15193751
https://doi.org/10.1016/j.neuroscience.2010.12.050
https://doi.org/10.1016/j.neuroscience.2010.12.050
http://www.ncbi.nlm.nih.gov/pubmed/21219972
https://doi.org/10.1016/j.gaitpost.2005.04.013
https://doi.org/10.1016/j.gaitpost.2005.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17055728
https://doi.org/10.1186/1744-9081-5-42
http://www.ncbi.nlm.nih.gov/pubmed/19799770
https://doi.org/10.1016/s0887-6185%2800%2900042-6
http://www.ncbi.nlm.nih.gov/pubmed/11388358
https://doi.org/10.1037/1528-3542.7.2.336
http://www.ncbi.nlm.nih.gov/pubmed/17516812
https://doi.org/10.1123/jsep.2017-0217
http://www.ncbi.nlm.nih.gov/pubmed/29417874
https://doi.org/10.1371/journal.pone.0252131

PLOS ONE

Anxiety and postural control in chronic stroke survivors

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cocks AJ, Jackson RC, Bishop DT, Williams AM. Anxiety, anticipation and contextual information: A
test of attentional control theory. Cognition and Emotion. 2016; 30(6):1037—48. https://doi.org/10.1080/
02699931.2015.1044424 PMID: 26211944

Ducrocq E, Wilson M, Vine S, Derakshan N. Training attentional control improves cognitive and motor
task performance. Journal of Sport and Exercise Psychology. 2016; 38(5):521-33. https://doi.org/10.
1128/jsep.2016-0052 PMID: 27736272

Wulf G, Prinz W. Directing attention to movement effects enhances learning: A review. Psychonomic
Bulletin & Review. 2001; 8(4):648—-60. https://doi.org/10.3758/bf03196201 PMID: 11848583

Wulf G. Attentional focus and motor learning: a review of 15 years. International Review of Sport and
Exercise Psychology. 2013; 6(1):77—104.

Polskaia N, Richer N, Dionne E, Lajoie Y. Continuous cognitive task promotes greater postural stability
than an internal or external focus of attention. Gait & Posture. 2015; 41(2):454-8. https://doi.org/10.
1016/j.gaitpost.2014.11.009 PMID: 25554460

Lajoie Y, Richer N, Jehu DA, Tran Y. Continuous cognitive tasks improve postural control compared to
discrete cognitive tasks. Journal of Motor Behavior. 2016; 48(3):264-9. https://doi.org/10.1080/
00222895.2015.1089833 PMID: 26503343

Richer N, Saunders D, Polskaia N, Lajoie Y. The effects of attentional focus and cognitive tasks on pos-
tural sway may be the result of automaticity. Gait & Posture. 2017; 54:45-9. https://doi.org/10.1016/j.
gaitpost.2017.02.022 PMID: 28259038

Richer N, Lajoie Y. Automaticity of Postural Control while Dual-tasking Revealed in Young and Older
Adults. Experimental Aging Research. 2020; 46(1):1-21. https://doi.org/10.1080/0361073X.2019.
1693044 PMID: 31744403

Richer N, Ly K, Fortier N, Lajoie Y. Absence of ankle stiffening while standing in focus and cognitive
task conditions in older adults. Journal of Motor Behavior. 2020; 52(2):167—74. https://doi.org/10.1080/
00222895.2019.1599808 PMID: 30961472

Dault MC, Frank JS, Allard F. Influence of a visuo-spatial, verbal and central executive working memory
task on postural control. Gait & Posture. 2001; 14(2):110-6. https://doi.org/10.1016/s0966-6362(01)
00113-8 PMID: 11544062

Weeks D, Forget R, Mouchnino L, Gravel D, Bourbonnais D. Interaction between attention demanding
motor and cognitive tasks and static postural stability. Gerontology. 2003; 49(4):225-32. https://doi.org/
10.1159/000070402 PMID: 12792157

McNevin NH, Shea CH, Wulf G. Increasing the distance of an external focus of attention enhances
learning. Psychological Research. 2003; 67(1):22-9. https://doi.org/10.1007/s00426-002-0093-6
PMID: 12589447

Negahban H, Ebrahimzadeh M, Mehravar M. The effects of cognitive versus motor demands on pos-
tural performance and weight bearing asymmetry in patients with stroke. Neuroscience Letters. 2017;
659:75-9. https://doi.org/10.1016/j.neulet.2017.08.070 PMID: 28866051

Bensoussan L, Viton J-M, Schieppati M, Collado H, de Bovis VM, Mesure S, et al. Changes in postural
control in hemiplegic patients after stroke performing a dual task. Archives of Physical Medicine and
Rehabilitation. 2007; 88(8):1009—15. https://doi.org/10.1016/j.apmr.2007.05.009 PMID: 17678663

de Haart M, Geurts AC, Huidekoper SC, Fasotti L, van Limbeek J. Recovery of standing balance in
postacute stroke patients: a rehabilitation cohort study. Archives of Physical Medicine and Rehabilita-
tion. 2004; 85(6):886—95. https://doi.org/10.1016/j.apmr.2003.05.012 PMID: 15179641

Hyndman D, Pickering RM, Ashburn A. Reduced sway during dual task balance performance among
people with stroke at 6 and 12 months after discharge from hospital. Neurorehabilitation and Neural
Repair. 2009; 23(8):847-54. https://doi.org/10.1177/1545968309338192 PMID: 19556368

Durham K, Sackley C, Wright C, Wing A, Edwards M, Van Vliet P. Attentional focus of feedback for
improving performance of reach-to-grasp after stroke: a randomised crossover study. Physiotherapy.
2014; 100(2):108-15. https://doi.org/10.1016/j.physio.2013.03.004 PMID: 23796803

Miuckel S, Mehrholz J. Immediate effects of two attention strategies on trunk control on patients after
stroke. A randomized controlled pilot trial. Clinical Rehabilitation. 2014; 28(7):632—6. https://doi.org/10.
1177/0269215513513963 PMID: 24452700

Kim S-A, Ryu YU, Shin HK. The effects of different attentional focus on poststroke gait. Journal of Exer-
cise Rehabilitation. 2019; 15(4):592. https://doi.org/10.12965/jer.1938360.180 PMID: 31523682

Kal E, van der Kamp J, Houdijk H, Groet E, Van Bennekom C, Scherder E. Stay focused! The effects of
internal and external focus of attention on movement automaticity in patients with stroke. PLoS One.
2015; 10(8). https://doi.org/10.1371/journal.pone.0136917 PMID: 26317437

Friedman PJ. The star cancellation test in acute stroke. J Clinical Rehabilitation. 1992; 6(1):23-30.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252131  July 22, 2021 15/17


https://doi.org/10.1080/02699931.2015.1044424
https://doi.org/10.1080/02699931.2015.1044424
http://www.ncbi.nlm.nih.gov/pubmed/26211944
https://doi.org/10.1123/jsep.2016-0052
https://doi.org/10.1123/jsep.2016-0052
http://www.ncbi.nlm.nih.gov/pubmed/27736272
https://doi.org/10.3758/bf03196201
http://www.ncbi.nlm.nih.gov/pubmed/11848583
https://doi.org/10.1016/j.gaitpost.2014.11.009
https://doi.org/10.1016/j.gaitpost.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25554460
https://doi.org/10.1080/00222895.2015.1089833
https://doi.org/10.1080/00222895.2015.1089833
http://www.ncbi.nlm.nih.gov/pubmed/26503343
https://doi.org/10.1016/j.gaitpost.2017.02.022
https://doi.org/10.1016/j.gaitpost.2017.02.022
http://www.ncbi.nlm.nih.gov/pubmed/28259038
https://doi.org/10.1080/0361073X.2019.1693044
https://doi.org/10.1080/0361073X.2019.1693044
http://www.ncbi.nlm.nih.gov/pubmed/31744403
https://doi.org/10.1080/00222895.2019.1599808
https://doi.org/10.1080/00222895.2019.1599808
http://www.ncbi.nlm.nih.gov/pubmed/30961472
https://doi.org/10.1016/s0966-6362%2801%2900113-8
https://doi.org/10.1016/s0966-6362%2801%2900113-8
http://www.ncbi.nlm.nih.gov/pubmed/11544062
https://doi.org/10.1159/000070402
https://doi.org/10.1159/000070402
http://www.ncbi.nlm.nih.gov/pubmed/12792157
https://doi.org/10.1007/s00426-002-0093-6
http://www.ncbi.nlm.nih.gov/pubmed/12589447
https://doi.org/10.1016/j.neulet.2017.08.070
http://www.ncbi.nlm.nih.gov/pubmed/28866051
https://doi.org/10.1016/j.apmr.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17678663
https://doi.org/10.1016/j.apmr.2003.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15179641
https://doi.org/10.1177/1545968309338192
http://www.ncbi.nlm.nih.gov/pubmed/19556368
https://doi.org/10.1016/j.physio.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23796803
https://doi.org/10.1177/0269215513513963
https://doi.org/10.1177/0269215513513963
http://www.ncbi.nlm.nih.gov/pubmed/24452700
https://doi.org/10.12965/jer.1938360.180
http://www.ncbi.nlm.nih.gov/pubmed/31523682
https://doi.org/10.1371/journal.pone.0136917
http://www.ncbi.nlm.nih.gov/pubmed/26317437
https://doi.org/10.1371/journal.pone.0252131

PLOS ONE

Anxiety and postural control in chronic stroke survivors

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatrica Scandinavica.
1983; 67(6):361-70. https://doi.org/10.1111/j.1600-0447.1983.tb09716.x PMID: 6880820

Godefroy O, Fickl A, Roussel M, Auribault C, Bugnicourt JM, Lamy C, et al. Is the Montreal Cognitive
Assessment superior to the Mini-Mental State Examination to detect poststroke cognitive impairment?
A study with neuropsychological evaluation. J Stroke. 2011; 42(6):1712-6. https://doi.org/10.1161/
STROKEAHA.110.606277 PMID: 21474808

Aben |, Verhey F, Lousberg R, Lodder J, Honig A. Validity of the beck depression inventory, hospital
anxiety and depression scale, SCL-90, and hamilton depression rating scale as screening instruments
for depression in stroke patients. Psychosomatics. 2002; 43(5):386—93. https://doi.org/10.1176/appi.
psy.43.5.386 PMID: 12297607

Kneebone Il, Fife-Schaw C, Lincoln NB, Harder H. A study of the validity and the reliability of the Geriat-
ric Anxiety Inventory in screening for anxiety after stroke in older inpatients. J Clinical Rehabilitation.
2016; 30(12):1220-8. https://doi.org/10.1177/0269215515619661 PMID: 26647422

Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The fatigue severity scale: application to patients
with multiple sclerosis and systemic lupus erythematosus. Archives of Neurology. 1989; 46(10):1121—
3. https://doi.org/10.1001/archneur.1989.00520460115022 PMID: 2803071

Nadarajah M, Mazlan M, Abdul-Latif L, Goh H-T. Test-retest reliability, internal consistency and concur-
rent validity of Fatigue Severity Scale in measuring post-stroke fatigue. European Journal of Physical
and Rehabilitation Medicine. 2017; 53(5):703-9. https://doi.org/10.23736/S1973-9087.16.04388-4
PMID: 27768012

Jazaeri SZ, Azad A, Mehdizadeh H, Habibi SA, Mandehgary Najafabadi M, Saberi ZS, et al. The effects
of anxiety and external attentional focus on postural control in patients with Parkinson’s disease. PloS
one. 2018; 13(2):e0192168. https://doi.org/10.1371/journal.pone.0192168 PMID: 29390029

Negahban H, Hadian MR, Salavati M, Mazaheri M, Talebian S, Jafari AH, et al. The effects of dual-task-
ing on postural control in people with unilateral anterior cruciate ligament injury. Gait & Posture. 2009;
30(4):477-81. https://doi.org/10.1016/j.gaitpost.2009.07.112 PMID: 19709885

Nagai K, Yamada M, Tanaka B, Uemura K, Mori S, Aoyama T, et al. Effects of balance training on mus-
cle coactivation during postural control in older adults: a randomized controlled trial. Journals of Geron-
tology Series A: Biomedical Sciences and Medical Sciences. 2012; 67(8):882-9.

Reid D, McNair PJ, Johnson S, Potts G, Witvrouw E, Mahieu N. Electromyographic analysis of an
eccentric calf muscle exercise in persons with and without Achilles tendinopathy. Physical Therapy in
Sport. 2012; 13(3):150-5. https://doi.org/10.1016/j.ptsp.2011.08.003 PMID: 22814448

Palmieri RM, Ingersoll CD, Stone MB, Krause BA. Center-of-pressure parameters used in the assess-
ment of postural control. Journal of Sport Rehabilitation. 2002; 11(1):51-66.

Iwamoto Y, Takahashi M, Shinkoda K. Differences of muscle co-contraction of the ankle joint between
young and elderly adults during dynamic postural control at different speeds. Journal of Physiological
Anthropology. 2017; 36(1):1-9.

Maktouf W, Boyas S, Beaune B, Durand S. Differences in lower extremity muscular coactivation during
postural control between healthy and obese adults. Gait & Posture. 2020; 81:197-204. https://doi.org/
10.1016/j.gaitpost.2020.07.068 PMID: 32795826

Donath L, Kurz E, Roth R, Zahner L, Faude O. Leg and trunk muscle coordination and postural sway
during increasingly difficult standing balance tasks in young and older adults. Maturitas. 2016; 91:60-8.
https://doi.org/10.1016/j.maturitas.2016.05.010 PMID: 27451322

Wouehr M, Brandt T, Schniepp R. Distracting attention in phobic postural vertigo normalizes leg muscle
activity and balance. Neurology. 2017; 88(3):284-8. https://doi.org/10.1212/WNL.0000000000003516
PMID: 27974646

Morasso PG, Sanguineti V. Ankle muscle stiffness alone cannot stabilize balance during quiet standing.
Journal of Neurophysiology. 2002; 88(4):2157—-62. https://doi.org/10.1152/jn.2002.88.4.2157 PMID:
12364538

MacDowall I, Sanzo P, Zerpa C. The effect of kinesio taping on vertical jump height and muscle electro-
myographic activity of the gastrocnemius and soleus in varsity athletes. Pain. 2015; 19(29):40.

Houdijk H, ter Hoeve N, Nooijen C, Rijntjes D, Tolsma M, Lamoth C. Energy expenditure of stroke
patients during postural control tasks. Gait & posture. 2010; 32(3):321-6. https://doi.org/10.1016/j.
gaitpost.2010.05.016 PMID: 20573510

Ahmad N, Taha Z, Eu P. Energetic requirement, muscle fatigue, and musculoskeletal risk of prolonged
standing on female Malaysian operators in the electronic industries: influence of age. Engineering e-
Transaction. 2006; 1(2):47-58.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252131  July 22, 2021 16/17


https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
http://www.ncbi.nlm.nih.gov/pubmed/6880820
https://doi.org/10.1161/STROKEAHA.110.606277
https://doi.org/10.1161/STROKEAHA.110.606277
http://www.ncbi.nlm.nih.gov/pubmed/21474808
https://doi.org/10.1176/appi.psy.43.5.386
https://doi.org/10.1176/appi.psy.43.5.386
http://www.ncbi.nlm.nih.gov/pubmed/12297607
https://doi.org/10.1177/0269215515619661
http://www.ncbi.nlm.nih.gov/pubmed/26647422
https://doi.org/10.1001/archneur.1989.00520460115022
http://www.ncbi.nlm.nih.gov/pubmed/2803071
https://doi.org/10.23736/S1973-9087.16.04388-4
http://www.ncbi.nlm.nih.gov/pubmed/27768012
https://doi.org/10.1371/journal.pone.0192168
http://www.ncbi.nlm.nih.gov/pubmed/29390029
https://doi.org/10.1016/j.gaitpost.2009.07.112
http://www.ncbi.nlm.nih.gov/pubmed/19709885
https://doi.org/10.1016/j.ptsp.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22814448
https://doi.org/10.1016/j.gaitpost.2020.07.068
https://doi.org/10.1016/j.gaitpost.2020.07.068
http://www.ncbi.nlm.nih.gov/pubmed/32795826
https://doi.org/10.1016/j.maturitas.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/27451322
https://doi.org/10.1212/WNL.0000000000003516
http://www.ncbi.nlm.nih.gov/pubmed/27974646
https://doi.org/10.1152/jn.2002.88.4.2157
http://www.ncbi.nlm.nih.gov/pubmed/12364538
https://doi.org/10.1016/j.gaitpost.2010.05.016
https://doi.org/10.1016/j.gaitpost.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20573510
https://doi.org/10.1371/journal.pone.0252131

PLOS ONE

Anxiety and postural control in chronic stroke survivors

59.

60.

61.

62.

63.

64.

65.

66.

Huffman JL, Horslen B, Carpenter M, Adkin AL. Does increased postural threat lead to more conscious
control of posture? Gait & Posture. 2009; 30(4):528-32. https://doi.org/10.1016/j.gaitpost.2009.08.001
PMID: 19729308

Wulf G, McNevin N, Shea CH. The automaticity of complex motor skill learning as a function of atten-
tional focus. The Quarterly Journal of Experimental Psychology Section A. 2001; 54(4):1143-54.
https://doi.org/10.1080/713756012 PMID: 11765737

Dault MC, Yardley L, Frank JS. Does articulation contribute to modifications of postural control during
dual-task paradigms? Cognitive Brain Research. 2003; 16(3):434—40. https://doi.org/10.1016/s0926-
6410(03)00058-2 PMID: 12706223

Yardley L, Gardner M, Leadbetter A, Lavie N. Effect of articulatory and mental tasks on postural control.
Neuroreport. 1999; 10(2):215-9. https://doi.org/10.1097/00001756-199902050-00003 PMID:
10203311

Al-Yahya E, Dawes H, Smith L, Dennis A, Howells K, Cockburn J. Cognitive motor interference while
walking: a systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews. 2011; 35
(3):715-28. https://doi.org/10.1016/j.neubiorev.2010.08.008 PMID: 20833198

Bisson EJ, McEwen D, Lajoie Y, Bilodeau M. Effects of ankle and hip muscle fatigue on postural sway
and attentional demands during unipedal stance. Gait & Posture. 2011; 33(1):83—7. Epub 2010/11/06.
https://doi.org/10.1016/j.gaitpost.2010.10.001 PMID: 21050763.

Blenkinsop GM, Pain MTG, Hiley MJ. Balance control strategies during perturbed and unperturbed bal-
ance in standing and handstand. Royal Society Open Science. 2017; 4(7):161018. Epub 2017/08/10.
https://doi.org/10.1098/rs0s.161018 PMID: 28791131; PubMed Central PMCID: PMC5541526.

McGeehan MA, Woollacott MH, Dalton BH. Vestibular control of standing balance is enhanced with
increased cognitive load. Experimental Brain Research. 2017; 235(4):1031-40. Epub 2016/12/30.
https://doi.org/10.1007/s00221-016-4858-3 PMID: 28032141.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252131  July 22, 2021 17/17


https://doi.org/10.1016/j.gaitpost.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19729308
https://doi.org/10.1080/713756012
http://www.ncbi.nlm.nih.gov/pubmed/11765737
https://doi.org/10.1016/s0926-6410%2803%2900058-2
https://doi.org/10.1016/s0926-6410%2803%2900058-2
http://www.ncbi.nlm.nih.gov/pubmed/12706223
https://doi.org/10.1097/00001756-199902050-00003
http://www.ncbi.nlm.nih.gov/pubmed/10203311
https://doi.org/10.1016/j.neubiorev.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20833198
https://doi.org/10.1016/j.gaitpost.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21050763
https://doi.org/10.1098/rsos.161018
http://www.ncbi.nlm.nih.gov/pubmed/28791131
https://doi.org/10.1007/s00221-016-4858-3
http://www.ncbi.nlm.nih.gov/pubmed/28032141
https://doi.org/10.1371/journal.pone.0252131

