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Highlights:  

1. The physiological arousal responses to perturbations in standing post-stroke were 

established. 

 

2. People post-stroke show higher physiological arousal when anticipating perturbations 

than controls. 

3. Habituation to self-triggered perturbations was present in controls, but not in people 

post-stroke.  
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Abstract 

Objective:  The purpose of this study was to examine simultaneously the level of 

physiological arousal and the postural response to external perturbations in people post-stroke 

compared to age-matched controls to build a more comprehensive understanding of the effect of 

stroke on postural control and balance self-efficacy. 

Methods: Participants stood with each foot on separate force platforms. Ten applications 

of loads of 2% body weight at the hips perturbed the participant anteriorly under two conditions: 

investigator-triggered or self-triggered (total 20). Electrodermal activity (EDA; measurement of 

physiological arousal), electromyography (EMG) of the ankle plantarflexor muscles and 

anterior-posterior center of pressure measurements were taken pre-perturbation (anticipatory) 

and post-perturbation (response) and compared between the initial (first two) and final (last two) 

perturbations.  

Results:  Participants post-stroke demonstrated significantly higher levels of anticipatory 

EDA and anticipatory paretic plantarflexor EMG during both self- and investigator-triggered 

conditions compared to controls. Anticipatory EDA levels were higher in the final perturbations 

in participants post-stroke in both conditions, but not in controls.  Habituation of the EDA 

responses post-perturbation was exhibited in the self-triggered perturbations in controls, but not 

in participants post-stroke.     

Conclusions:  Physiological arousal and postural control strategies of controls revealed 

habituation in response to self-triggered perturbations, whereas this was not seen in participants 

post-stroke. 

Significance: Understanding the physiological arousal response to challenges to standing 

balance post-stroke furthers our understanding of postural control mechanisms post-stroke. 
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Introduction   

Neuromuscular control of standing balance is known to be impaired after stroke (Garland 

et al. 2009). Response to surface translations have characterized the postural reactions of people 

post-stroke as being asymmetrical favoring the non-paretic leg (Marigold et al. 2004; van 

Asseldonk et al. 2006), accompanied by muscle activation which is delayed, and of decreased 

amplitude, in the paretic limb with poor intra-limb muscle coordination (Badke and Duncan 

1983; Marigold and Eng 2006). In particular, the plantarflexor muscles in people post-stroke 

demonstrate impaired responses to external perturbations (Pollock et al. 2014).  The impairment 

in standing balance following stroke has also been shown to result in increased attention to 

postural control, proposed to be related to decreased balance confidence (or balance self-

efficacy) (Brown et al. 2002; Orrell et al. 2009).   

Mounting evidence suggests that physiological arousal modulated by the autonomic 

nervous system (ANS) may influence postural control (Horslen and Carpenter 2011; Sibley et al. 

2014). Physiological arousal can be measured indirectly by electrodermal activation (EDA), a 

measurement of skin conductance. Measurements of EDA have been used to examine changes in 

physiological arousal associated with changes in level of attention, cognitive effort, and emotion 

during tasks (Critchley et al. 2000). Changes in the level of attention and/or emotion surrounding 

maintenance of standing balance following stroke may result in increased levels of physiological 

arousal during tasks that threaten balance. This is important to consider as increased levels of 

arousal in general have been shown to alter postural control in healthy subjects regardless of the 

nature of the associated emotion (Horslen and Carpenter 2011).  

Perturbation tasks that manipulate the perception of threat and the knowledge of timing 

of a perturbation have demonstrated modulation of physiological arousal levels both in 
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anticipation of a perturbation, and in response to perturbations (Sibley et al. 2008; Sibley et al. 

2010; Sibley et al. 2014).  Larger increases in physiological arousal in response to postural threat 

have been found in older adults than in young adults, which may be related to a change with 

aging in the perception of ability to recover from postural threat (Carpenter et al. 2006). 

Physiological arousal responses to perturbations have been shown to habituate in healthy 

subjects with repeated exposure to the same low-threat perturbation stimuli, whereas levels of 

arousal in anticipation of a perturbation remain stable (Sibley et al. 2010). Because the 

autonomic nervous system can be affected by stroke (Korpelainen et al. 1999), it is possible that 

attentional demands and emotional state may interact with balance-related neuromuscular 

impairments after stroke. Examining self-triggered versus investigator-triggered perturbations 

will uncover the effects of knowledge of and control over the timing of perturbation on both the 

physiological arousal and postural reaction to external perturbations following stroke. 

The relationship between the perception of threat to standing balance and the postural 

strategy (e.g. increased postural muscle activity resulting in limited movement of the centre of 

mass (COM) and the anterior-posterior centre of pressure (APCOP)), adopted during a standing 

balance task has been established in healthy individuals (Adkin et al. 2002; Brown and Frank 

1997; Carpenter et al. 2001; Carpenter et al. 2006; Sibley et al. 2008). During external 

perturbations, healthy individuals demonstrate a lower COM and reduced APCOP displacement 

and velocity when expected perturbations are introduced under conditions of perceived risk to 

standing balance (Brown and Frank 1997; Carpenter et al. 2001). These changes have been 

suggested to be secondary to a change in the postural control strategy in anticipation of a 

challenge to standing balance. Anticipatory postural strategies are associated with a tighter 

control of the COM and APCOP, which is suggested to ensure a more effective postural reaction 
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to a perturbation, such that there is less displacement of the COM within the base of support 

(BOS) and therefore less risk of a fall (Brown and Frank 1997; Horak et al. 1989; Horslen et al. 

2013; Santos et al. 2010a and 2010b).  Over a course of repeated perturbations, healthy subjects 

have been shown to demonstrate a habituated response to perturbation by the second trial 

whereas subjects with central nervous system impairment (Parkinson’s Disease) showed a 

delayed habituation which has contributed to a decreased efficiency of motor learning (Nanhoe-

Mahabier et al. 2012).  During conditions of increasing level of challenge to standing balance, 

anticipatory postural strategies that limited body movement in response to external perturbations 

have been found in people post-stroke at lower levels of challenge than healthy controls (Pollock 

et al. 2014).  How this postural strategy changes under conditions of perceived threat (external 

perturbations) and with repeated exposure is not known.   

The purpose of this study was to examine simultaneously the level of physiological 

arousal and the postural response to external perturbations in people post-stroke compared to 

age-matched controls to build a more comprehensive understanding of the effect of stroke on 

postural control and balance self-efficacy.  We hypothesized that: (1) people post-stroke would 

demonstrate higher levels of physiological arousal, as measured by electrodermal activation, and 

heightened ankle plantarflexor muscle activity than age-matched controls in anticipation of 

external perturbations; (2) physiological arousal and plantarflexor muscle activation would be 

less when both people post-stroke and healthy participants control the timing of the perturbation 

(self-triggered) vs. investigator-triggered perturbations of uncertain timing; (3) the anticipatory 

postural strategies used in participants post-stroke would result in less COM and APCOP 

displacement and velocity in response to perturbations compared to controls and; (4) repeated 

exposure to perturbations would result in habituation of levels of physiological arousal, COM 
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and APCOP displacement and velocity, and plantarflexor muscle activity during self-triggered 

external perturbations in people post-stroke, whereas healthy controls would demonstrate 

habituation of postural reactions during both conditions.  

 

Methods  

Ten people with chronic stroke (>1 year post-stroke) and ten age-matched controls 

provided written informed consent to participate in this study. Participants post-stroke were 

recruited from local community stroke groups and controls were recruited from the university 

community, including a healthy aging fitness program (non-structured, self-directed activity 

levels). Individuals with hemiparesis post-stroke were included if they were ambulatory, with or 

without a walking aid, and could stand independently for a minimum of five minutes. Individuals 

were excluded if in addition to stroke, they had any health conditions that negatively impacted 

balance. Controls were included if they were free from neurological or musculoskeletal 

impairment which resulted in decreased balance. The study conformed to the standards set by the 

latest revision of the Declaration of Helsinki and was approved by the University of British 

Columbia Clinical Research Ethics Board.  

The severity of motor impairment following stroke was measured at the foot and ankle 

using the Chedoke-McMaster Stroke Assessment (CMSA, (Gowland et al., 1993).  The CMSA 

describes seven stages of motor recovery; 0/7 refers to flaccid paralysis and 7/7 refers to 

movement equated to a "normal" sensory-perceptual-motor system (Gowland et al., 1995).  Both 

participants post-stroke and controls were assessed for ambulatory balance with the Community 

Balance and Mobility Scale (CB&M, /96; Howe et al. 2006; Knorr et al. 2010), and for balance 
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related self-efficacy using the Activities-specific Balance Confidence Scale (ABC, /100; Botner 

et al. 2005; Myers et al. 1996).  

Experimental protocol  

Participants stood with their arms at their sides, barefoot with their feet shoulder-width 

apart, with each foot on a separate floor-mounted force platform (AMTI OR6-6, Advanced 

Mechanical Technology, Watertown, MA). Baseline quiet standing data were collected for 30 

seconds and served as a comparator for changes in anticipation of a perturbation.  

A belt was secured around the pelvis of each participant and was attached to a horizontal 

cable in front of the participant. External loads were applied via a cable-pulley system attached 

to the front of the belt (Fig.1). The EDA and postural responses were examined by repetition of 

the same stimulus (load drop) with only the knowledge of stimulus timing being altered. Postural 

control research paradigms can manipulate attentional demands by providing knowledge of the 

timing of impending postural disturbances (Badke et al. 1987; Sibley et al. 2008). All 

participants were exposed to 5 unexpected load drops prior to data collection for familiarization. 

During data collection, participants remained standing in comfortable stance and external loads 

were applied through the belt by dropping loads of 2% body mass (BM) into a basket from a 

height of 40 cm. The load was maintained in the basket for 10 seconds and then removed. This 

was repeated ten times, with 15-30 s (random timing) of quiet standing between perturbations. 

Load drops were either self-triggered by participants or investigator-triggered using a button 

which initiated the release of the load suspended by an electromagnet. A screen in front of the 

participants prevented them from seeing when the loads were dropped which was of importance 

particularly during the investigator-triggered condition in which the exact timing of the load drop 

was not known. Half of the participants experienced the self-triggered prior to investigator-
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triggered perturbations and the other half had the opposite order. In the self-triggered condition, 

participants were instructed to regain comfortable stance once the load was removed and to press 

the button when they felt ready for the next perturbation. The exact timing of the load application 

was detected by a force transducer in-line with the cable (Fig. 1). During the investigator-

triggered perturbations, loads were dropped once the APCOP position (monitored by the 

researcher in real-time) returned to that during quiet stance. In some instances, participants did 

not return to this position; therefore the load drop was triggered once their COP position 

appeared stable on visual inspection on the computer monitor (no longer than 20 seconds). Rest 

was provided for participants as required. 

Electrodermal activation  

EDA was measured using electrodes affixed to the palmer surface of the right hand in 

controls and the non-paretic hand of participants post-stroke (Sibley et al. 2014) because the 

EDA response has been shown to be suppressed on the paretic side (Muslumanoglu et al. 2002). 

Electrodes were placed on the hypothenar and thenar eminences. A 50 mV current was applied 

between the two electrodes and the skin conductance was measured as an estimate of 

physiological arousal of the participant. EDA signal was collected at a sampling frequency of 

2048 Hz. The EDA was measured for 30 s in standing, prior to participants donning the hip belt 

described above, and this represented a baseline level of physiological arousal during standing. 

During the perturbation trials, the mean EDA was measured 1 second prior to the perturbation. 

The change in EDA amplitude from the baseline quiet stance trial was calculated. The peak EDA 

directly following the perturbation was measured and the change from the pre-perturbation level 

was calculated.  

Kinetic and kinematic data  
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Kinetic data were collected using two floor-mounted force platforms (detailed above), 

sampled at 2048 Hz. Mean APCOP displacement and velocity were calculated one second prior 

to the perturbation and peak values were measured one second immediately following load drop. 

Percentage weight-bearing through the paretic leg for participants post-stroke and the right leg 

for controls was calculated from the vertical component of the ground reaction force of the each 

limb divided by the total vertical ground reaction force from both platforms, multiplied by 100.  

Twenty two passive reflective markers were affixed to participants according to a 

modified Helen Hayes marker set (Kadaba et al. 1989). Eight high-speed digital cameras 

(Raptor-E, Motion Analysis Corp, Santa Rosa, CA, USA) sampled the movement of the 

reflective markers at 120 Hz. Kinematic data were analyzed with a custom-written program in 

MATLAB (The Mathworks Inc., Natick, MA, USA) that was used in a previous study to 

quantify kinematics during movement (Pollock et al. 2012). COM was calculated from marker 

coordinate data and using published anthropometric values (Dempster and Gaughran 1967). 

COM velocity was calculated as the derivative of COM displacement. Mean anterior-posterior 

COM displacement and COM velocity were calculated one second prior to the perturbation and 

peak values were measured one second following load drop.  

Surface EMG recordings  

Skin over the plantarflexor muscles was shaved and cleaned with a mild abrasive prior to 

placement of electrode grids.  High-density surface electromyography (HDsEMG) data from the 

soleus (SOL) (24 electrode grid, 2 cm interelectrode distance), medial (MG) and lateral 

gastrocnemius (LG) (20 electrode grids each, 1.5 cm interelectrode distance) were collected 

bilaterally (OT Bioelettronica, Turin, Italy) at 2048 Hz. HDsEMG signals were analyzed in 

bipolar configurations resulting in 18 EMG signals from the SOL muscle and 16 from each of 
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the MG and LG muscles.  The EMG signal amplitude was normalized to baseline quiet stance 

(QS). All three plantarflexor muscles have been shown to be active during quiet standing (Loram 

et al. 2005; Vieira et al. 2012).  In the current study, the amplifier used to collect EMG had a 

noise level of 0.8µV while the average signal of the plantarflexor muscles during baseline QS 

were 5.0-20.0µV, consistent with reports in the literature (Vieira et al. 2016).  The normalization 

of EMG signal amplitude to QS when there was absolutely no threat of a perturbation was 

intended to reveal any anticipatory strategy that participants might use prior to experiencing the 

external perturbations. Root mean square (RMS) amplitude of each bipolar EMG configuration 

was measured for one second prior to the perturbation and one second immediately following the 

load drop. The median RMS amplitude was calculated across the bipolar signals for each 

plantarflexor muscle before and after the perturbation. 

Statistical analysis 

The performance of right and left legs of controls were first compared using paired t-

tests. As there were no significant differences between the right and left legs of controls for all 

outcomes, data from the right leg were considered for the control group.  Next, the three ankle 

plantarflexor muscle amplitudes were compared within each leg using three-way ANOVAs, 

including factors of experience with repeated perturbations (average of last two perturbations 

(final) compared to average of first two perturbations (initial)), condition (investigator- compared 

to self-triggered perturbations), and muscle (MG, LG, SOL).  As there was no difference 

between MG and LG in any group, we chose to report only MG findings.  Pre-perturbation RMS 

EMG amplitudes from MG and SOL were compared to that during the baseline quiet stance trial 

(when there was no possibility of a perturbation) using paired t-tests.  Parameters derived from 

APCOP and RMS EMG amplitude of MG and SOL muscles were compared using mixed model 
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three-way ANOVAs with Bonferroni post-hoc analysis, including two within-subject factors of 

experience and condition, and one between-group factor of control (C), paretic (P) and non-

paretic (NP) leg comparisons.  EDA and COM parameters were compared using similar mixed 

model ANOVAs with Bonferroni correction for the within-subject factors of experience and 

condition, and a between-group factor (stroke and control).  Data were analyzed separately in 

two time periods: pre-perturbation and post-perturbation to capture anticipatory preparation for, 

and response to, perturbation.  When between-factor interactions were evident, post-hoc pairwise 

comparisons revealed the nature of the interaction.  Significance was set at an alpha of 0.05. 

 

Results  

Participants  

Table 1 shows the characteristics of participants post-stroke and controls.  Age was not 

significantly different between groups (p = 0.65). The participants post-stoke had achieved 

independent ambulation (with or without walking aid) post-stroke.  All participants with stroke 

were engaged in, at minimum, a walking exercise program.  Motor recovery following stroke as 

measured with the CMSA, showed scores of the foot and ankle of participants post-stroke 

showed with an IQR of 3-6 out of 7.  A CMSA score of 3/7 reflects a motor control impairment 

which can be described as: marked spasticity present, some voluntary movement, synergistic 

patterns with inability to move quickly between plantarflexion and dorsiflexion.  A motor control 

impairment scored as CMSA 5/7 can be described as: waning spasticity, increased range of 

voluntary movement, synergistic patterns less evident (Gowland et al., 1995). None of the 

participants in the study were currently receiving any therapy addressing strength, balance or 

mobility.   
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 Participants post-stroke scored significantly lower than controls in ambulatory balance as 

measured by the CB&M (p < 0.01).  A lower score is indicative of decreased ambulatory balance 

at the level of independent walking in the community.  The difference in balance self-efficacy, as 

measured by the ABC, a clinical measure of an individual’s confidence in performing functional 

standing and walking tasks in the community, between participants post-stroke and controls did 

not reach significance (p = 0.14). 

Pre-perturbation 

Electrodermal activation 

Participants post-stroke demonstrated significantly higher levels of electrodermal level 

pre-perturbation EDA than controls in both perturbation conditions (Fig. 2A, p = 0.04).  There 

was a significant group x experience interaction (p = 0.01) in electrodermal level pre-

perturbation EDA with participants post-stroke showing an increase in electrodermal level pre-

perturbation EDA levels with experience in both conditions (Fig. 2A, p<0.01), whereas the EDA 

did not change in controls in either condition. 

Electromyography 

Pre-perturbation, RMS EMG amplitude was significantly higher than quiet stance in the 

paretic medial gastrocnemius and soleus muscles of participants post-stroke during both self- and 

investigator-triggered perturbations (Fig. 3A, p<0.05).  This was not significant amongst the 

ankle plantarflexors of the control or non-paretic legs.  Representative data from the paretic leg 

of a participant post-stroke and a healthy control during self-triggered perturbations (Fig. 4) 

show the pre-perturbation activation of the paretic plantarflexors is heightened compared to that 

of controls. 
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Pre-perturbation muscle activation of the control leg demonstrated modulation with 

condition.  There was a significant group x condition interaction in the pre-perturbation 

activation of the medial gastrocnemius muscle (p = 0.05).  That is, the control leg demonstrated 

significantly higher levels of pre-perturbation medial gastrocnemius activity during investigator-

triggered than self-triggered perturbations (Fig. 3A, p = 0.05). This was not seen in the paretic or 

non-paretic legs of participants post-stroke.  

There was a significant group x condition x experience interaction in the pre-perturbation 

activation of the soleus muscle (p = 0.01). Control participants had significant increases in the 

pre-perturbation soleus activity with experience during investigator-triggered perturbations (Fig. 

3A, p = 0.04).  

 

Post-perturbation responses 

Electrodermal activation 

Although there was a trend towards a group x condition x experience interaction for the 

EDA electrodermal response to perturbation (p = 0.09), pairwise comparisons revealed the EDA 

electrodermal response to perturbation was higher in participants post-stroke compared to 

controls during self-triggered perturbations (Fig. 2B, p = 0.03).  Also during self-triggered 

perturbations, the EDA electrodermal response in controls tended to decrease in amplitude with 

experience (Fig. 2B, p = 0.11).  Participants post-stroke demonstrated no change in the EDA 

electrodermal response to perturbation during either condition. 

Electromyography 

There were significant leg x condition x experience interactions for the post-perturbation 

responses in the medial gastrocnemius (p = 0.02) and soleus muscles (p = 0.02).  In the paretic 
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MG response to perturbations, there was no significant difference between conditions during the 

initial perturbations, however, the paretic MG response was larger during final perturbations in 

the investigator-triggered compared to the self-triggered conditions (p = 0.02).  There were no 

differences between conditions or with experience in the control and non-paretic MG muscles.  

The soleus response to perturbation in controls demonstrated a significant reduction in EMG 

during the investigator-triggered condition only (p = 0.03).  The non-paretic soleus muscle 

response was higher during initial perturbations in the self- compared to the investigator-

triggered conditions (p = 0.05), but was not significantly different between conditions during 

final perturbations.   

Kinematics and kinetics 

There was a main effect of condition on the peak COM displacement, with greater COM 

displacement observed during self-triggered compared to investigator-triggered conditions in 

both groups (p = 0.04) (Fig. 5A).  This difference was not related to the pre-perturbation COM 

position as this was not significantly different between the self- and investigator-triggered 

conditions (p = 0.60).  Independent of condition, controls demonstrated a faster peak COM 

velocity with experience (Fig. 5B, p = 0.02), which was not seen in participants post-stroke.  

Although the peak APCOP displacement demonstrated a trend towards a leg x condition 

x experience interaction (p = 0.10), the peak APCOP displacement of the paretic leg was 

significantly lower than controls in both conditions (Fig. 6A, p <0.05). During self-triggered 

perturbations, controls significantly increased the peak APCOP displacement with experience of 

repeated perturbations (p = 0.02), however, there was no significant difference between 

conditions or with experience in the peak APCOP displacement in the paretic and non-paretic 

legs.   
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There was a significant leg x condition x experience interaction in peak APCOP velocity 

(p = 0.05).  The peak APCOP velocity of the paretic leg was slower compared to controls and the 

non-paretic leg (Fig. 6B, p<0.01) during the self-triggered condition.  In controls, the peak 

APCOP velocity in response to initial perturbations was significantly faster during investigator-

triggered perturbations (p<0.01), but there was no significant difference between conditions in 

the final perturbations.  In contrast, the APCOP velocity in the non-paretic leg showed no 

difference between conditions in response to initial perturbations, however, during final 

perturbations the APCOP velocity response was faster in the investigator-triggered than in the 

self-triggered condition (p = 0.02).  In the paretic leg, final perturbations showed faster APCOP 

velocity in response to investigator-triggered compared to self-triggered conditions (p = 0.02).  

The observations of APCOP displacement and velocity are not explained by the percent weight-

bearing prior to perturbation as post-hoc analysis revealed no significant differences for 

participants post-stroke (self-triggered, 54.0 ± 5.3%, investigator-triggered, 51.6 ± 5.0%) or 

controls (self-triggered, 46.0 ± 2.7%, investigator-triggered, 49.8 ± 2.2%, p = 0.82). 

 

Discussion 

This study compared the level of physiological arousal and the postural control strategy 

adopted by participants post-stroke and age-matched controls during conditions of repeated self-

triggered and investigator-triggered external perturbations. Regardless of condition, participants 

post-stroke demonstrated higher anticipatory levels of physiological arousal than controls.  In 

both conditions, levels of physiological arousal in anticipation of the perturbation increased with 

experience of repeated trials in participants post-stroke, whereas controls demonstrated low 

levels of anticipatory arousal that did not change with experience.  In contrast, knowledge of the 
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perturbation timing resulted in a decrease in peak physiological arousal response to perturbations 

over repeated trials in controls whereas there was no change in participants post-stroke.  Controls 

demonstrated increased APCOP displacement with repeated trials in the self-triggered condition 

whereas participants post-stroke did not. Examination of levels of physiological arousal and 

postural control strategies of controls revealed evidence of habituation in response to self-

triggered perturbations, whereas this was not seen in participants post-stroke.   

Physiological arousal while experiencing perturbations 

This study is the first to show that physiological arousal during external perturbations is 

heightened following stroke and demonstrates a lack of habituation of heightened anticipatory 

arousal with experience of repeated perturbations, even when the timing of the perturbation is 

known.  In this paradigm, the magnitude and direction of the perturbation were known and 

therefore were predictable (only the exact timing of the investigator-triggered perturbations was 

not known).  Knowledge of the timing of the perturbation has been shown to inform the postural 

strategy adopted during perturbations (Badke et al. 1987; Cordo and Nashner 1982; Santos et al. 

2010a and 2010b). We anticipated that the arousal of participants post-stroke would be higher 

than controls. However, we also anticipated the arousal associated with certainty of the timing of 

the perturbation would be less during self-triggered perturbations with evidence of habituation in 

both groups, as has previously been shown in healthy subjects (Sibley et al. 2008; Sibley et al. 

2010). Our results show that, despite having knowledge of the perturbation characteristics 

(direction and magnitude) and the additional control of timing, participants post-stroke 

demonstrated higher levels of physiological arousal than controls in both conditions, and a lack 

of habituation over repeated trials.  This suggests that participants with stroke do not exhibit the same 

learning response as controls do with the self-triggered repeated external perturbations used during this 

experiment.  This may be related to participants’ post-stroke perception of threat to balance, regardless 
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of being able to control the timing of the perturbation. In contrast, the physiological arousal in 

response to perturbation depended on the knowledge of perturbation timing only in controls.  

During the self-triggered condition only, a habituation of the physiological arousal response to 

perturbation was observed in control participants but not in participants post-stroke.  These 

findings of modulation of the physiological arousal in controls are in agreement with previous 

observations in healthy subjects demonstrating habituation of physiological arousal response 

during conditions of minimal threat (perturbations experienced while standing on a low-height 

platform), but not during higher-threat conditions of perturbations experienced while standing on 

an elevated platform (Sibley et al. 2010). 

Postural control of external perturbations 

Examination of postural control surrounding the initial perturbations, specifically, 

revealed that the anticipatory plantarflexor muscle activation in participants post-stroke (in either 

leg) was not significantly different whether the external perturbation is self-triggered or 

investigator-triggered, whereas, there was suggestion of modulation of levels of pre-perturbation 

muscle activation in controls depending on the trigger condition.  This suggests that participants 

post-stroke had an increased perception of postural threat more so than controls, in anticipation 

of the external perturbation, regardless of trigger-condition, used in this paradigm. 

The movement of the APCOP of both the paretic and the non-paretic leg in response to 

repeated perturbations is not indicative of habituation with repeated perturbations when timing of 

the perturbation is self-triggered.  There is a suggestion that with increased experience, the non-

paretic soleus muscle demonstrated increased levels of anticipatory muscle activation regardless 

of condition and that repeated exposure to self-triggered perturbations tended to result in higher 

levels of pre-perturbation muscle activation in both paretic plantarflexor muscles.  In contrast to 
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participants post-stroke, control subjects demonstrated a decrease in anticipatory plantarflexor 

muscle activity together with an increase in peak APCOP forward displacement with repeated 

perturbations during the self-triggered condition only.  This habituation to self-triggered 

perturbations suggests that control participants became more comfortable with the addition of 

knowledge of timing of the perturbation, consistent with the reduction in EDA electrodermal 

response (Figure 2B).  Anticipatory increases in activation of muscles which are able to dampen 

the displacement effect of an expected perturbation are scaled to an individual's perception of 

their ability to withstand the perturbation (Brown and Frank 1997; Horak et al. 1989; Jacobs and 

Horak 2007; Santos et al. 2010a).  This may further reflect an increased perception of threat to 

standing balance during external perturbations in participants post-stroke more so than age-

matched controls and additionally suggests that control and knowledge of timing of perturbations 

in participants post-stroke further facilitates the use of anticipatory paretic muscle activation.  

Participants post-stroke have been shown previously to use a co-contraction strategy about the 

ankle to maintain standing balance when anticipating external perturbations (Pollock et al., 

2015).  Measurement of other postural muscles which would be able to resist an anterior 

perturbation (e.g. hip extensors) may further contribute to understanding of the use of 

anticipatory postural control strategies in people post-stroke.   

In the paretic and non-paretic leg of participants post-stroke, a decreased APCOP 

velocity in response to perturbation was evident during self-triggered perturbations compared to 

investigator-triggered perturbations.  This decrease in APCOP velocity with the addition of 

knowledge of timing is suggestive of an increase in anticipatory muscle activation associated 

with this condition.  Particularly with increased experience, the paretic leg demonstrates a 

tendency towards increased levels of activation of the plantarflexor muscles in anticipation of 
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self-triggered perturbations. Interestingly, there is some suggestion that as participants post-

stroke tended to employ a strategy of increased anticipatory muscle activation with increased 

knowledge of anticipated perturbations, there was a decrease in the reliance on the reactionary 

aspect of the postural strategy used. Prior knowledge of direction and timing of a perturbation 

has also been shown to improve the timing of gastrocnemius muscle burst onset and temporal 

coordination with other muscles of the paretic leg during anteriorly-directed perturbations 

(Badke et al. 1987), suggesting that attentional variables may be a critical source of information 

for preprogrammed postural reactions.  In the current study, it is possible that improved timing 

and coordination of lower extremity muscle activation associated with increased control of 

timing in participants post-stroke may have resulted in decreased overall amplitude of muscle 

activation required to respond to the perturbation. 

Clinical relevance 

As decreased balance confidence has been suggested to influence the risk of falls more so 

than many physical measures of balance post-stroke (Pang and Eng 2008; Salbach et al. 2006; 

Schmid et al. 2012), it is tempting to suggest that the heightened level of physiological arousal 

noted in participants post-stroke in the current study which lacks modulation between conditions 

is a result of decreased balance confidence in participants post-stroke specifically.  However, the 

differences in arousal behaviour between participants following stroke and controls were seen 

despite relatively small differences in balance confidence measured by the ABC scale in each 

group.  This finding suggests the need to use a separate measure of state-related changes in 

arousal such as EDA to detect these changes with stroke as physiological arousal may be 

influenced by a variety of factors including a range of emotional and attentional demands.  
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Changes in attention, cognitive effort, or emotional arousal have been shown to influence 

physiological arousal levels (Critchley et al. 2000).  It has also been shown that regardless of the 

nature of the stimuli (valence) physiological arousal can modulate postural control (Horslen and 

Carpenter 2011).  In the current study, although anticipatory level of physiological arousal did 

not significantly differentiate between trigger conditions with experience in participants post-

stroke, levels of anticipatory and reactive muscle activation may suggest an influence of the 

trigger condition on adaptation of the postural strategy to repeated external perturbations.  The 

addition of self-initiated external perturbations has been shown to result in a gradual increase in 

negative cortical potentials prior to perturbations (suggested to indicate a change in postural 

central set) and lessened the peak amplitude of negative cortical potentials post-perturbation 

(suggested to be associated with postural error detection) (Mochizuki et al. 2008).  Within the 

brain, control of predictable threatening stimuli has been shown to decrease levels of activity in 

the ventromedial prefrontal cortex and hippocampus, areas of a neural circuit important in 

modulation of emotional reaction, however, the modulation of physiological arousal that 

occurred with control of predictable threatening stimuli in the same study was similar to that of 

additional areas of the prefrontal cortex (Wood et al. 2015).  In the current study, it is possible 

that heightened physiological arousal, associated with established perceptions of balance ability 

in participants post-stroke, exerts an initial influence on the general tonic state of postural muscle 

activation (including postural muscles about the hip and knee not measured within the current 

study) as is suggested by the limited movement of the APCOP of the paretic leg specifically.  

However, the rise in physiological arousal with continued exposure to perturbations may be more 

reflective of heightened attentional focus or vigilance with experience of repeated perturbations 

and the continued effort of the participant post-stroke to adapt their postural control (anticipatory 
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versus reactive postural strategy) appropriately to the trigger-condition.  The findings of the 

current study suggest that although physiological arousal likely influences the tonic components 

of postural control (Horlsen and Carpenter 2011), further conscious or sub-conscious processing 

of conditions surrounding the anticipated perturbation may influence the postural strategy 

adopted by people with stroke over continued exposure.  This suggests a further component of 

complexity to the influence of physiological arousal and cortical control on postural reactions 

during external perturbations which pose a threat to standing balance.  

Importantly, although with experience there was some suggestion of an altered motor 

control strategy employed between conditions in participants post-stroke, the increasing level of 

anticipatory physiological arousal that lacked modulation between conditions, may have 

influenced the overall lack of habituation noted in the APCOP response to the external stimuli 

even under conditions of self-triggered perturbations.  Further understanding of this relationship 

may prove important to the retraining of postural reactions to external perturbations in people 

following stroke as evidence of habituation is commonly an indicator of motor skill acquisition 

and may require longer to obtain or be demonstrated differently following stroke. 

Detailed understanding of autonomic dysfunction secondary to stroke is limited by a lack 

of neuroimaging of structures such as the supranuclear autonomic nuclei.  Therefore, we cannot 

comment on the effects of stroke on this central pathway.  Instead, we may be showing the 

effects of stroke on the individual’s perception of threat imposed by the external perturbations, 

thereby impacting levels of physiological arousal.  

 

Conclusion  
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This is the first report offering insight into the ANS responses accompanying postural control 

responses to external perturbations in people post-stroke.  Participants post-stroke demonstrated 

increased physiological arousal in anticipation of a perturbation regardless of experiencing 

repeated self- or investigator-triggered perturbations.  The postural control strategy, as described 

by the APCOP displacement and velocity and the plantarflexor muscle activity, together with the 

EDA electrodermal response to perturbations, is suggestive of habituation to self-triggered 

perturbations in controls but not in participants post-stroke.  However, the postural strategy of 

participants post-stroke demonstrated modulation of APCOP parameters and plantarflexor 

muscles between conditions after experiencing repeated perturbations, which suggests an 

influence of the addition of knowledge of timing on the adaptation of the postural strategy. 

 

Acknowledgements 

This work was supported in part by grants from the Canadian Stroke Network (SJG), Natural 

Sciences and Engineering Research Council of Canada (SJG) and Canadian Institutes of Health 

Research (scholarship to CLP).  Passages of text of this manuscript are also contained in the 

doctoral thesis of CLP, DOI 10.14288/1.0135638. 

 

 

  



24 
 

Reference List 

Adkin AL, Frank JS, Carpenter MG and Peysar GW. Fear of falling modifies anticipatory 

postural control. Exp Brain Res 2002; 143: 160-170. 

Badke MB and Duncan PW. Patterns of rapid motor responses during postural adjustments when 

standing in healthy subjects and hemiplegic patients. Phys Ther 1983; 63: 13-20. 

Badke MB, Duncan PW and Di Fabio RP. Influence of prior knowledge on automatic and 

voluntary postural adjustments in healthy and hemiplegic subjects. Phys Ther 1987; 67:1495-

1500. 

Botner EM, Miller WC and Eng JJ. Measurement properties of the Activities-specific Balance 

Confidence Scale among individuals with stroke. Disabil Rehabil  2005; 27: 156-163. 

Brown LA and Frank JS. Postural compensations to the potential consequences of instability: 

kinematics. Gait Posture 1997; 6: 89-97. 

Brown LA, Sleik RJ and Winder TR. Attentional demands for static postural control after stroke. 

Arch Phys Med Rehabil 2002; 83: 1732-1735. 

Carpenter MG, Adkin AL, Brawley LR and Frank JS. Postural, physiological and psychological 

reactions to challenging balance: does age make a difference? Age Ageing 2006; 35: 298-303. 

Carpenter MG, Frank JS, Silcher CP and Peysar GW. The influence of postural threat on the 

control of upright stance. Exp Brain Res 2001; 138: 210-218. 

Cordo PJ and Nashner LM. Properties of postural adjustments associated with rapid arm 

movements. J Neurophysiol 1982; 47: 287-302. 

Critchley HD, Elliott R, Mathias CJ and Dolan RJ. Neural activity relating to generation and 

representation of galvanic skin conductance responses: a functional magnetic resonance 

imaging study. J Neurosci 2000;20: 3033-3040. 

Dempster WT and Gaughran GRL. Properties of body segments based on size and weight. Am J 

Anat 1967; 120: 22. 

Garland SJ, Gray VL and Knorr S. Muscle activation patterns and postural control following 

stroke. Motor Control 2009; 13: 387-411. 

Gowland C, Stratford P, Ward M, Moreland J, Torresin W, Van HS, Sanford J, Barreca S, 

Vanspall B and Plews N. Measuring physical impairment and disability with the Chedoke-

McMaster Stroke Assessment. Stroke 1993; 24: 58-63. 

Horak FB, Diener HC and Nashner LM. Influence of central set on human postural responses. J 

Neurophysiol 1989; 62: 841-853. 



25 
 

Horslen BC and Carpenter MG. Arousal, valence and their relative effects on postural control. 

Exp Brain Res 2011; 215: 27-34. 

Horslen BC, Murnaghan CD, Inglis JT, Chua R and Carpenter MG. Effects of postural threat on 

spinal stretch reflexes: evidence for increased muscle spindle sensitivity? J Neurophysiol 2013; 

110: 899-906. 

Howe JA, Inness EL, Venturini A, Williams JI and Verrier MC. The Community Balance and 

Mobility Scale--a balance measure for individuals with traumatic brain injury. Clin Rehabil 

2006; 20: 885-895. 

Jacobs JV and Horak FB. Cortical control of postural responses. J Neural Transm 2007; 114: 

1339-1348. 

Kadaba MP, Ramakrishnan HK, Wootten ME, Gainey J, Gorton G and Cochran GV. 

Repeatability of kinematic, kinetic, and electromyographic data in normal adult gait. J Orthop 

Res 1989; 7: 849-860. 

Knorr S, Brouwer B and Garland SJ. Validity of the Community Balance and Mobility Scale in 

community-dwelling persons after stroke. Arch Phys Med Rehabil 2010; 91: 890-896. 

Korpelainen JT, Sotaniemi KA and Myllyla VV. Autonomic nervous system disorders in stroke. 

Clin Auton Res 1999; 9: 325-333. 

Loram ID, Maganaris CN and Lakie M. Human postural sway results from frequent, ballistic 

bias impulses by soleus and gastrocnemius. J Physiol 2005; 564(Pt 1):295-311. 

Marigold DS and Eng JJ. Altered timing of postural reflexes contributes to falling in persons 

with chronic stroke. Exp Brain Res 2006; 171: 459-468. 

Marigold DS, Eng JJ and Timothy IJ. Modulation of ankle muscle postural reflexes in stroke: 

influence of weight-bearing load. Clin Neurophysiol 2004; 115: 2789-2797. 

Mochizuki G, Sibley KM, Esposito JG, Camilleri JM and McIlroy WE.Cortical responses 

associated with the preparation and reaction to full-body perturbations to upright stability. Clin 

Neurophysiol 2008; 119:1626-1637.  

Muslumanoglu L, Akyuz G, Aki S, Karsidag S and Us O. Evaluation of autonomic nervous 

system functions in post-stroke patients. Am J Phys Med Rehabil 2002; 81: 721-725. 

Myers AM, Powell LE, Maki BE, Holliday PJ, Brawley LR, and Sherk W. Psychological 

indicators of balance confidence: relationship to actual and perceived abilities. J Gerontol A 

Biol Sci Med Sci 1996; 51:M37-43. 



26 
 

Nanhoe-Mahabier W, Allum JHJ, Overeem S, Borm GF, Oude Nijhuis LB and Bloem BR.  First 

trial reactions and habituation rates over successive balance perturbations in parkinson’s 

disease.  Neuroscience 2012; 217: 123-129. 

Orrell AJ, Masters RS and Eves FF. Reinvestment and movement disruption following stroke. 

Neurorehabil Neural Repair 2009; 23: 177-183. 

Pang MY and Eng JJ. Fall-related self-efficacy, not balance and mobility performance, is related 

to accidental falls in chronic stroke survivors with low bone mineral density. Osteoporos Int 

2008; 19: 919-927. 

Pollock CL, Ivanova TD, Hunt MA and Garland SJ. Behaviour of medial gastrocnemius motor 

units during postural reactions to external perturbations after stroke.  Clin Neurophysiol 2015; 

126:1951-1958. 

Pollock CL, Jones IC, Jenkyn TR, Ivanova TD and Garland SJ. Changes in kinematics and trunk 

electromyography during a 2000 m race simulation in elite female rowers. Scand J Med Sci 

Sports 2012; 22: 478-487. 

Salbach NM, Mayo NE, Robichaud-Ekstrand S, Hanley JA, Richards CL and Wood-Dauphinee 

S. Balance self-efficacy and its relevance to physical function and perceived health status after 

stroke. Arch Phys Med Rehabil 2006; 87: 364-370. 

Santos MJ, Kanekar N and Aruin AS. The role of anticipatory postural adjustments in 

compensatory control of posture: 1. Electromyographic analysis. J Electromyogr Kinesiol 

2010a; 20: 388-397. 

Santos MJ, Kanekar N and Aruin AS. The role of anticipatory postural adjustments in 

compensatory control of posture: 2. Biomechanical analysis. J Electromyogr Kinesiol 2010b; 

20: 398-405. 

Schmid AA, Van PM, Altenburger PA, Dierks TA, Miller KK, Damush TM and Williams LS. 

Balance and balance self-efficacy are associated with activity and participation after stroke: a 

cross-sectional study in people with chronic stroke. Arch Phys Med Rehabil 2012; 93: 1101-

1107. 

Sibley KM, Mochizuki G, Esposito JG, Camilleri JM and McIlroy WE. Phasic electrodermal 

responses associated with whole-body instability: presence and influence of expectation. Brain 

Res 2008; 1216: 38-45. 

Sibley KM, Mochizuki G, Frank JS and McIlroy WE. The relationship between physiological 

arousal and cortical and autonomic responses to postural instability. Exp Brain Res 2010; 203: 

533-540. 



27 
 

Sibley KM, Mochizuki G, Lakhani B and McIlroy WE. Autonomic contributions in postural 

control: a review of the evidence. Rev Neurosci 2014; 25:687-697. 

van Asseldonk EH, Buurke JH, Bloem BR, Renzenbrink GJ, Nene AV, van der Helm FC and 

van der Kooij H. Disentangling the contribution of the paretic and non-paretic ankle to balance 

control in stroke patients. Exp Neurol 2006; 201: 441-451. 

Vieira TM, Baudry S, Botter A. Young, healthy subjects can reduce the activity of calf muscles 

when provided with EMG biofeedback in upright stance. Front Physiol. 2016 Apr 29;7:158. 

doi: 10.3389/fphys.2016.00158.  

Vieira TMM, Loram ID, Muceli S, Merletti R and Farina D. Recruitment of motor units in the 

medial gastrocnemius muscle during human quiet standing: is recruitment intermittent? What 

triggers recruitment? J Neurophysiol 2012; 107: 666-676. 

Wood KH, Wheelock MD, Shumen JR, Bowen KH, Ver Hoef LW and Knight DC. 

Controllability Modulates the Neural Response to Predictable but not Unpredictable Threat in 

Humans. NeuroImage 2015; doi: 10.1016/j.neuroimage.2015.06.086. 

 



28 
 

Table 1 Participant characteristics 

 Age  
(yrs) 

Sex  
(m/f) 

Post onset 
(yrs) 

Paretic side 
(R/L) 

CMSA * 
(0-7) 

CB&M  
(0-96) 

ABC 
(100%) 

Stroke 66.2 ± 9.2 8m /2f 6.6 ± 3.6 5 R / 5L 3(IQR 3-6) 31.9 ± 23.8 83.0 ± 17.6 

Control 68.0 ± 8.2 7m / 3f n/a n/a n/a 80.9 ± 7.8 93.0 ± 6.7 

*Chedoke McMaster Stroke Assessment (CMSA) reported as median and interquartile range.  

Note:  Community Balance & Mobility Scale (CB&M), Activities-specific Balance Confidence 

Scale (ABC). 
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Figure 1. Experimental set-up. Participants stood with each foot on a separate force platform. 

Anteriorly-directed external loads of 2% body mass were dropped by a cable and pulley system 

attached to a belt around the participants’ pelvis. Ten loads were released with investigator-

triggered behind the screen or self-triggered with an electromagnet suspending the load. 
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Figure 2. Electrodermal activation (EDA) prior to perturbation (A) and following perturbation 

(B) during self- (circles) and investigator-triggered (triangles) external perturbations in 

participants post-stroke (closed symbols) and controls (open symbols).  In the right panels, the 

means of the first two (Initial) and the last two perturbations (Final) for each curve on the left are 

presented.  In pre-perturbation (A), participants post-stroke demonstrated both significantly 

higher overall levels of EDA than controls (p=0.04) and an increase in the EDA with experience 

in both perturbation conditions.  Post-perturbation (B), the EDA was lower with experience in 

controls only during self-triggered perturbations (p=0.03). 

*p<0.05 and †p=0.11 denote EDA changes with experience of repeated perturbations for 

participants post-stroke and controls, respectively.  Data are mean ± SE. 
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Figure 3. RMS EMG amplitude of the medial gastrocnemius (MG) and soleus (SOL) muscles 

for control (open symbols), paretic (black symbols) and non-paretic (grey symbols) legs during 

self-triggered (circles) and investigator-triggered perturbations (triangles) with experience of 

repeated perturbations (initial (I), final (F)).  A) Pre-perturbation represented as a change from 

baseline quiet stance prior to any perturbations (dotted horizontal line).  B) Post-perturbation 

represented as a change of RMS EMG amplitude from pre- to post-perturbation.  

*p<0.05 and †p<0.1 denote significant comparisons.  Symbols placed above or below the initial 

perturbation are for I vs. F comparison in each condition (self- or investigator triggered). 

Brackets with symbols are for comparisons between conditions at each time point (initial or 

final). Data are mean ± SE. 
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Figure 4. Responses to a single self-triggered perturbation in a participant post-stroke (paretic 

leg, gray) and a control subject (black).  From top:  force, representing application of load drop, 

anterior-posterior centre of pressure (APCOP) displacement, muscle activation amplitude, 

normalized to baseline quiet stance (QS) for medial and lateral gastrocnemius (MG, LG) and 

soleus (SOL).  Note the higher pre-perturbation muscle activation and the smaller peak APCOP 

displacement in the paretic leg than control leg. 

 

Figure 5. Peak centre of mass (COM) forward displacement (A) and velocity (B) during self-

triggered (left) and investigator-triggered (right) external perturbations in participants post-stroke 
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and controls with open bars being initial responses and filled bars being final responses.  

Independent of group and experience, the COM displacement in response to the perturbation was 

significantly higher during self-triggered perturbations than investigator-triggered perturbations 

and tended to increase with experience.  Independent of condition, controls demonstrated a faster 

peak COM velocity with experience. 

*p<0.05 and †p<0.1 denote changes in COM displacement and velocity with experience of 

repeated perturbations or between conditions where comparisons pairs are indicated with 

brackets. Data are mean ± SE.   

 

 

Figure 6. Anterior-posterior centre of pressure (APCOP) forward displacement (top) and 

velocity (bottom) for control (open symbols), paretic (black symbols) and non-paretic (grey 

symbols)  legs during self-triggered (circles) and investigator-triggered perturbations (triangles) 

with experience of repeated perturbations (initial (I), final (F)). The paretic leg has less APCOP 

displacement and slower APCOP velocity than control (during both conditions) and non-paretic 

legs (during self-triggered condition). 



34 
 

*p<0.05 denotes significant comparison.  Symbol placed below the initial perturbation is for I vs. 

F comparison in self-triggered condition. Brackets with symbols are for comparisons between 

conditions at each time point (initial or final). Data are mean ± SE. 

 


