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Abstract

Real-time biofeedback is a promising post-stroke gait rehabilitation strategy that can target 

specific gait deficits preferentially in the paretic leg. Our previous work demonstrated that the use 

of an audiovisual biofeedback interface designed to increase paretic leg propulsion, measured via 

anterior ground reaction force (AGRF) generation during late stance phase of gait, can induce 

improvements in peak AGRF production of the targeted and paretic limb of able-bodied and post-

stroke individuals, respectively. However, whether different modes of biofeedback, such as visual, 

auditory, or a combination of both, have differential effects on AGRF generation is unknown. The 

present study investigated the effects of audio only, visual only, or audiovisual AGRF biofeedback 

in able-bodied and post-stroke individuals. Seven able-bodied (6 females, 27±2 years) and nine 

post-stroke individuals (6 females, 54±12 years, 42±26 months post-stroke) completed four 30-

second walking trials on a treadmill under 4 conditions: no biofeedback, audio biofeedback, visual 

biofeedback, or audiovisual biofeedback. Compared to walking without biofeedback, all three 

biofeedback modes significantly increased peak AGRF in the targeted and paretic leg. There was 

no significant difference in peak AGRF between the three biofeedback modes. Able-bodied 

individuals demonstrated greater feedback-induced increase in stride-to-stride variation of AGRF 

generation during audio biofeedback compared to visual biofeedback; however, similar results 

were not observed in the post-stroke group. The present findings may inform future development 

of real-time gait biofeedback interfaces for use in clinical or community environments.

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. https://www.springer.com/aam-
terms-v1

Corresponding Author: Trisha Kesar, 1441 Clifton Rd NE, Division of Physical Therapy, Department of Rehabilitation Medicine, 
Emory University, Atlanta, Georgia, USA 30322. tkesar@emory.edu. 

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

Conflict of Interest: The authors declare that they have no conflict of interest

HHS Public Access
Author manuscript
Appl Psychophysiol Biofeedback. Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Appl Psychophysiol Biofeedback. 2020 September ; 45(3): 211–220. doi:10.1007/s10484-020-09464-1.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.springer.com/aam-terms-v1
https://www.springer.com/aam-terms-v1


Keywords

biofeedback; gait biomechanics; post-stroke hemiparesis; gait training; paretic propulsion

Introduction

Hemiparesis following stroke results in biomechanical impairments to the paretic leg that 

disrupt walking ability, mobility, and community participation. Generation of propulsion is 

an important component of the normal gait cycle. During the double support phase of gait, 

propulsion generated by the trailing limb facilitates stance-to-swing and enables forward 

progression of the body’s center of mass. Reduced propulsive force generation by the paretic 

leg, measured as anteriorly-directed ground reaction forces (AGRF) from a force platform, is 

a common post-stroke deficit that is associated with reduced inter-limb symmetry, 

hemiparetic severity, and decreased walking speed (Balasubramanian et al. 2007; Bowden et 

al. 2006; Chen et al. 2005a; Mulroy et al.; Nadeau et al. 1999; Neptune et al. 2001). 

Underscoring the importance of paretic leg propulsion, rehabilitative efforts designed to 

improve paretic AGRF in post-stroke individuals have resulted in improvements to walking 

speed, long-distance walking function, and energy expenditure (Awad et al. 2015; Awad et 

al. 2014; Awad et al. 2016; Bowden et al. 2013; Hsiao et al. 2016).

Biofeedback can provide real-time information regarding physiological processes that may 

not be consciously perceptible to users, enabling awareness and self-correction of incorrect 

gait patterns (Stanton et al. 2017). Considerable progress has been made from the original 

use of EMG biofeedback of individual muscles to improve post stroke paretic gait (Binder et 

al. 1981; Wolf and Binder-MacLeod 1983). Recently, real-time biofeedback representative 

of limb positioning or force-generation during gait has shown promise as a post-stroke 

rehabilitation strategy that may preferentially target paretic leg deficits to improve gait 

function (Drużbicki et al. 2015; Drużbicki et al. 2016; Genthe et al. 2018; Ki et al. 2015). 

Following two weeks of treadmill training with visual biofeedback displaying step length, 

post-stroke individuals demonstrated improvements in step length symmetry post-training 

and at 6-month follow-up (Drużbicki et al. 2015; Drużbicki et al. 2016). Ki et al. 

demonstrated significant improvements in paretic leg single limb stance duration following 

weight-bearing biofeedback during gait in post-stroke individuals (Ki et al. 2015). Recently, 

our study on post-stroke individuals demonstrated that the use of audiovisual biofeedback 

displaying real-time paretic AGRF generation can induce significant improvements to 

paretic leg peak AGRF without changes to non-paretic leg AGRFs (Genthe et al. 2018).

While the use of real-time biofeedback may improve specific paretic leg gait deficits in 

individuals post-stroke, several questions remain unanswered regarding the most effective 

biofeedback modes, as well as strategies to enhance gait performance and learning. 

Biofeedback can be delivered through various senses, such as visual, auditory, tactile, or a 

combination of different modes. Different modes of biofeedback may differentially affect 

performance and learning of a motor skill (Molier et al. 2010; Sigrist et al. 2013). For 

example, Hasegawa et al. demonstrated that able-bodied individuals decreased spatial and 

temporal variability during a dynamic postural control task following auditory but not visual 
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biofeedback (Hasegawa et al. 2017). Thus, there is a need to compare the effects of different 

modes or interfaces for providing biofeedback regarding targeted gait parameters during 

post-stroke gait training.

The present study assessed the immediate effects of real-time audio only, visual only, and 

audiovisual AGRF biofeedback on propulsive force generation in able-bodied and post-

stroke individuals. We hypothesized that walking with any biofeedback mode would 

increase peak AGRF in the targeted and paretic leg, but that the greatest feedback-induced 

increases in gait performance would be observed during the audiovisual biofeedback trial 

rather than with either visual or auditory biofeedback. Moreover, we hypothesized that 

compared to the visual and combined audiovisual biofeedback trials, participants would 

increase stride-to-stride variability of peak AGRF during the audio biofeedback trial when a 

visual display to guide propulsive force generation is absent.

Methods

Seven neurologically unimpaired (6 females, 27±2 years) and nine post-stroke (6 females, 

54±12 years, 42±26 months post-stroke) individuals participated in one session of treadmill 

walking. All participants provided informed consent and the study was approved by the 

Institutional Human Individuals Review Board. Inclusion criteria for post-stroke individuals 

included: >6 months post-stroke, ability to walk on a treadmill continuously for 6-minutes, 

and ability to communicate with investigators. Exclusion criteria included neurologic 

diagnosis other than stroke, hemineglect, orthopedic conditions limiting walking, and 

cerebellar dysfunction.

Determination of self-selected gait speed

Self-selected gait speeds were determined individually for each participant by increasing the 

treadmill speed in 0.1 m/s increments until participants reported that the treadmill speed 

matched their comfortable walking speed (Fig. 1). All subsequent gait trials were performed 

at this self-selected speed. Participants walked on a dual belt treadmill with force platforms 

embedded under each belt (Bertec Corporation, Ohio, USA), with one foot on each belt to 

allow for collection of ground reaction force (GRF) data from each leg. The force platforms 

measured 3 components of GRF – vertical, medio-lateral, and antero-posterior; of these, the 

antero-posterior component was used to derive AGRF, the primary variable in our current 

study. All participants used a handrail for safety during all gait trials and were instructed to 

maintain consistent handrail grip throughout all trials. We visually monitored handrail grip 

and excessive trunk lean, and stopped and redid a gait trial if we observed excessive trunk 

lean or reliance on the handrail.

Determination of target AGRF for biofeedback trials

For able-bodied individuals, a 15-s walking trial was used to calculate the average peak 

AGRF produced by the right (targeted) leg. This peak AGRF baseline was increased by 20% 

to calculate the target AGRF (Schenck and Kesar 2017).

For post-stroke individuals, the target AGRF calculation employed methods similar to those 

in our recent study (Genthe et al. 2018). Using paretic and non-paretic leg peak AGRFs 
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measured during a 30-s walking trial, five AGRF targets were calculated (see equation 

below) to determine a challenging individualized AGRF target for each post-stroke 

participant that was a greater than baseline peak AGRF by a specific magnitude or 

percentage (n=0.2, 0.4, etc.).

Target AGRF = Paretic AGRF + n Non‐pareic AGRF−Paretic AGRF
n = 0.2, 0.4, 0.6, 0.8, 1.0

After calculating the five target AGRFs, stroke participants completed five 30-s trials with 

audiovisual AGRF biofeedback at each target value in a sequential order from lowest to 

highest. The AGRF target selected for all subsequent biofeedback trials corresponded to the 

gait trial with the largest AGRF target during which the participant achieved the target for 

≥50% gait cycles.

Methodology for AGRF gait biofeedback

Participants were provided with three modes or types of biofeedback during the session: 

audio, visual, and audiovisual. Audio feedback consisted of an audible cue or beep that 

emitted a sound when the participant’s current AGRF was within a 6-Newton range of the 

target AGRF (Fig. 1). The audible beep indicated that the participant had successfully 

reached their target AGRF for the preceding gait cycle. The visual feedback display 

consisted of a horizontal line graph with a moveable cursor that represented the current 

measured AGRF of the targeted leg (MotionMonitor, Illinois, USA). Audiovisual 

biofeedback comprised both the visual display (similar to the visual biofeedback condition) 

and audio beep (similar to the audio biofeedback condition) (Fig. 1). A speaker and 

projector screen connected to the MotionMonitor biofeedback interface was placed in front 

of the treadmill to provide audio and visual feedback, respectively (Fig. 1).

Control and biofeedback gait trials

After determining the self-selected walking speed and target AGRF for biofeedback trials, 

participants completed a 30-s control trial without biofeedback, during which participants 

were instructed to walk normally and AGRF data were collected (Fig. 1). Next, three 30-s 

walking trials were collected in an order randomized across participants: audio, visual, and 

audiovisual biofeedback. Before each trial, participants received verbal instruction regarding 

the type of biofeedback provided and their goals during the subsequent trial. A 2-minute 

standing break was provided between gait trials.

Control trial: No biofeedback was provided to participants during the control trial.

Audio biofeedback: Participants were instructed to “push back into the ground harder 

until a beep sounded”, signaling that their current AGRF had reached their target AGRF. No 

visual biofeedback was provided during this trial.

Visual biofeedback: Participants were shown a cursor that represented the current 

measured AGRF from the targeted (able-bodied) or paretic (stroke) leg. Participants were 
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instructed to “push back into the ground harder until their cursor reached the target AGRF.” 

No audio biofeedback was provided during this trial.

Audiovisual biofeedback: Participants were provided with both audio and visual 

biofeedback during this trial (Fig. 1).

Dependent Variables & Data Analysis

The primary dependent variables were peak AGRF of the targeted (right) leg and the paretic 

leg for able-bodied and post-stroke individuals, respectively. Secondary variables included 

the stride-to-stride coefficient of variance (CV) of peak AGRF for the targeted/paretic leg, 

peak AGRF for the non-targeted/non-paretic leg, and absolute percent error in peak AGRF 

production in the targeted/paretic leg with respect to the target AGRF. Additionally, a change 

score was calculated to evaluate the feedback-induced change in peak AGRF and CV of 

peak AGRF for the targeted (able-bodied) and paretic (post-stroke) leg.

The peak AGRF was calculated as the maximal value of anteriorly directed GRFs during the 

terminal double support phase of the leg, averaged across all gait cycles during the 30-s gait 

trials (Fig. 2c). The CV of peak AGRF was calculated by dividing the standard deviation of 

peak AGRF across all gait cycles by the average peak AGRF during a 30-s trial, providing a 

measure of stride-to-stride variability or consistency of AGRF generation. The absolute 

percent error was calculated as the absolute percent difference of the average generated peak 

AGRF minus the AGRF target. The change scores of peak AGRF and CV of peak AGRF 

were calculated as the difference between the peak AGRF during each of the three 

biofeedback trials with respect to the control trial without biofeedback.

Statistical analyses

A 2-way repeated measures ANOVA was conducted to evaluate the effect of group (stroke, 

able-bodied) and biofeedback mode (control, audio, visual, and audiovisual) on each 

dependent variable. If a main effect of feedback type was found, a 1-way repeated measures 

ANOVA was conducted for each group. Additionally, three Bonferroni-corrected planned 

post-hoc paired comparisons were conducted to evaluate differences between control and 

audio biofeedback, control and visual biofeedback, and control and audiovisual biofeedback 

trials. To evaluate differences in feedback-induced change scores for AGRF and CV for the 

targeted and paretic leg between the three biofeedback modes, three paired t-tests were 

conducted to compare audio and visual, audio and audiovisual, and visual and audiovisual 

biofeedback change scores. Significance level was set at α≤0.05 for all tests. Additionally, 

effect sizes (Cohen’s d) were calculated for selected pairwise comparisons.

Results

Peak AGRF of the targeted and paretic leg

The 2-way repeated-measures ANOVA evaluating the effect of group (able-bodied, stroke) 

and biofeedback mode (audio, visual, audiovisual) on targeted peak AGRF showed a 

significant main effect of group (p<0.001) and biofeedback mode (p=0.003), and no 

significant interaction effect (p=0.990) (Fig. 2a).
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The 1-way repeated measures ANOVA showed a significant main effect of biofeedback 

mode on peak AGRF of the targeted (right) leg for able-bodied participants (p=0.000, 

F=52.392) (Fig. 2a). Bonferroni-corrected post hoc paired comparisons showed a 

significantly greater targeted peak AGRF for audio (p<0.001, Cohen’s d= 1.71), visual 

(p=0.001, Cohen’s d= 1.78), audiovisual (p<0.001, Cohen’s d= 2.05) compared to that of the 

control.

The 1-way repeated measures ANOVA showed a significant main effect of biofeedback 

mode on peak AGRF of the paretic leg for stroke participants (p=<0.001, F=59.631) (Fig. 

2a). Bonferroni-corrected post hoc paired comparisons revealed a significantly greater 

paretic peak AGRF for audio (p<0.001, Cohen’s d=0.962), visual (p<0.001, Cohen’s 

d=1.07), audiovisual (p<0.001, Cohen’s d=1.06) compared to that of the control.

Peak AGRF of the non-targeted and non-paretic leg

The 2-way repeated measures ANOVA evaluating the effect of group (able-bodied, stroke) 

and biofeedback mode (audio, visual, audiovisual) on non-targeted or non-paretic peak 

AGRF showed a significant main effect of group (p=0.001), no significant main effect on 

biofeedback mode (p=0.984), and no significant interaction effect (p=0.961) (Fig. 2b).

Feedback-induced change in peak AGRF for the targeted/paretic leg

In able-bodied individuals, the paired t-test evaluating feedback-induced change of peak 

AGRF in the targeted leg revealed no significant difference between audio and visual 

(p=0.906, Cohen’s d=0.067), audio and audiovisual (p=0.246, Cohen’s d= 0.516), and visual 

and audiovisual (p=0.210, Cohen’s d=0.381) biofeedback (Fig. 3a).

In post-stroke individuals, the paired t-test evaluating feedback-induced change of paretic 

leg peak AGRF revealed a trend of a larger change score during visual compared to audio 

biofeedback (p=0.0832, Cohen’s d=0.356) (Fig. 3b), but no significant differences in paretic 

leg peak AGRF change score between audio and audiovisual biofeedback (p=0.329, Cohen’s 

d=0.146) and visual and audiovisual biofeedback (p=0.208, Cohen’s d=0.222).

Stride-to-stride CV of peak AGRF

The 2-way repeated measures ANOVA evaluating the effect of group (able-bodied, stroke) 

and biofeedback mode (audio, visual, audiovisual) on stride-to-stride coefficient of variation 

(CV) of peak AGRF showed a significant main effect of group (p<0.001), but no significant 

main effect on biofeedback mode (p=0.770), and no significant interaction effect (p=0.309) 

(Fig. 4a).

Feedback-induced change in CV of peak AGRF for the targeted/paretic leg

In able-bodied individuals, the paired t-test evaluating feedback-induced change in targeted 

leg CV of peak AGRF showed a significantly larger change score during audio compared to 

visual biofeedback (p=0.021, Cohen’s d=0.951) (Fig. 4b). A statistical trend for an increase 

in CV of peak AGRF was found during audio biofeedback compared to audiovisual 

biofeedback (p=0.067, Cohen’s d=0.688). No significant difference in CV of peak AGRF 
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change score was found between the visual and audiovisual biofeedback conditions 

(p=0.569, Cohen’s d=0.2).

In post-stroke individuals, the paired t-tests evaluating feedback-induced change in paretic 

leg CV of peak AGRF found no significant differences between audio and visual (p=0.138, 

Cohen’s d= 0.388), audio and audiovisual (p=0.676, Cohen’s d= 0.148), and visual and 

audiovisual (p=0.480, Cohen’s d= 0.191) biofeedback (Fig. 4c).

Absolute percent error in peak AGRF of targeted or paretic leg with respect to target AGRF

The 2-way repeated measures ANOVA evaluating the effect of group (able-bodied, stroke) 

and biofeedback mode (audio, visual, audiovisual) on absolute percent error in peak AGRF 

of the targeted/paretic leg with respect to the target AGRF showed a significant main effect 

of group (p<0.001), no significant effect of biofeedback mode (p=0.765), and no significant 

interaction effect (p=0.791) (Fig. 5).

DISCUSSION

The present study investigated the effects of three different modes of real-time AGRF 

biofeedback (audio, visual, audiovisual) on propulsive force generation during the terminal 

stance phase of gait in able-bodied and post-stroke individuals. During short-duration gait 

trials comprising exposure to audio, visual, or audiovisual AGRF biofeedback, both able-

bodied and post-stroke individuals demonstrated a significant increase (with large effect size 

magnitudes, Cohen’s d > 0.9) in the targeted/paretic limb peak AGRF compared to control 

gait trials without biofeedback (Fig. 2a). Interestingly, we failed to find a significant 

difference in the feedback-induced change in targeted and paretic leg peak AGRF among the 

three modes of biofeedback. However, post-stroke participants demonstrated a trend towards 

a larger feedback-induced change score, with a small magnitude of effect (Cohen’s d=0.36) 

for paretic leg peak AGRF during the visual compared to audio biofeedback trial (Fig. 3b). 

In able-bodied subjects, while the peak AGRF change scores were not different between the 

audio and visual biofeedback trials, there was a significantly larger change score for CV of 

peak AGRF, with a large effect size (Cohen’s d>0.9), during the audio compared to visual 

biofeedback trial. Moreover, able-bodied participants demonstrated a statistical trend (with a 

medium effect size) towards a larger change score for CV of peak AGRF during the audio 

compared to audiovisual biofeedback trial (Fig. 4b). In other words, when visual information 

is removed, able-bodied individuals showed significantly greater stride-to-stride variability 

of peak AGRF generation, compared to when visual information was present. Post-stroke 

individuals did not demonstrate any significant differences in CV of peak AGRF change 

score between the three biofeedback modes, suggesting that regardless of mode of 

biofeedback provided, post-stroke participants did not significantly alter the stride-to-stride 

variability of peak AGRF generation (Fig. 4c). Absolute percent error of peak AGRF with 

respect to the AGRF target was not significantly different among the three biofeedback 

modes (Fig. 5). For both able-bodied and post-stroke individuals, no significant differences 

in non-targeted/non-paretic leg peak AGRF were observed between the control trial and the 

three biofeedback trials (Fig 2b). The lack of feedback-induced change in the non-targeted 

leg further confirms our recent findings (Genthe et al. 2018; Schenck and Kesar 2017), and 
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showcases the advantage of biofeedback for specifically and preferentially targeting the 

paretic leg gait parameters in people with unilateral gait deficits such as post-stroke 

hemiparesis.

Our present findings align with results from previous studies that have demonstrated 

increased targeted leg AGRF in able-bodied individuals or paretic leg AGRF in post-stroke 

individuals in response to real-time audiovisual AGRF gait biofeedback (Genthe et al. 2018; 

Schenck and Kesar 2017). Surprisingly, the mode of biofeedback provided to participants, 

whether audio only, visual only, or both audio and visual, did not differentially affect 

feedback-induced changes in peak AGRF of the targeted and paretic leg (all pairwise 

comparison effect sizes < 0.5) (Fig. 2a and 2b). Our results may have important clinical 

implications given the varied feasibility of introducing different modes of biofeedback into 

clinical or community environments. Given that audio feedback requires only speakers or 

earphones and no visual display interface, audio biofeedback may be more feasible for 

overground gait training, and more readily applicable in clinical or community 

environments. In contrast, visual and audiovisual feedback require a visual display interface 

(screen or head-mounted headsets), which may limit their application during overground gait 

training. The use of visual biofeedback during overground gait training may also be 

challenging because overground walking presents more visual distractions and obstacles for 

participants. Our results suggest that for both able-bodied and post-stroke individuals, audio 

biofeedback may hold promise for use in clinical environments without sacrificing the 

beneficial effects of biofeedback on gait propulsion. Future studies, however, are needed to 

investigate the effects of audio, visual, and audiovisual AGRF biofeedback in a clinical or 

overground setting.

Our study did reveal a trend, with a small-to-medium effect size, towards a larger feedback-

induced improvement in peak AGRF during the visual compared to audio biofeedback trial 

in post-stroke individuals (Fig 2b). While audio or visual biofeedback alone may be 

sufficient for inducing a significant increase in paretic leg peak AGRF, for post stroke 

individuals, visual biofeedback may be better than audio biofeedback to induce 

improvements in peak AGRF. Sigrist et al. suggested that visual biofeedback may be more 

effective at increasing task performance and retention when utilized during complex 

compared to simpler tasks (Sigrist et al. 2013).Walking is generally considered a simple and 

automated task for able-bodied individuals, but may be considerably more challenging for 

some individuals with post-stroke hemiparesis. Our results indicate that post-stroke 

individuals may benefit more from visual compared to audio biofeedback during a 

propulsive force generation walking task. Eventually, however, the goal of post-stroke gait 

retraining is for walking to become more automated (Canning et al. 2006); a visual cue may 

potentially disrupt this automaticity of gait. Future work can investigate how incorporating 

different modes of biofeedback during different stages of learning can best enhance gait 

propulsion. For example, subsequent studies could explore biofeedback protocols that 

transition post-stroke individuals from audiovisual to audio to no AGRF biofeedback over 

the course of multiple training sessions.

In the able-bodied individuals, our results demonstrated that the feedback-induced change in 

stride-to-stride CV of peak AGRF was significantly larger, with a large magnitude of effect 
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(Cohen’s d>0.9) during the audio compared to visual biofeedback trial (Fig. 3b). The CV 

(coefficient of variation) of AGRF, similar to the CV or variance of other gait performance 

variables such as step length or kinematics, provides a measure of the variability of gait the 

parameter from one step to another. During walking, a higher magnitude of CV may show 

up as greater variability or lack of consistency in an individual’s walking patterns. Our 

current findings suggest that depriving able-bodied subjects of visual information regarding 

their targeted AGRF with respect to their ongoing force generation may lead to increased 

stride-to-stride variability. A visual target may increase the likelihood of aiming for the 

target AGRF more consistently with every gait cycle, thus reducing the CV of peak AGRF. 

Our results also reveal that, as expected, individuals post-stroke walk with significantly 

larger stride-to-stride CV of peak AGRF compared to able-bodied young adults. This finding 

is consistent with other studies that have reported increased variability in spatiotemporal 

variables such as step length, stride length, and swing time in post-stroke compared to able-

bodied individuals (Balasubramanian et al. 2009). Surprisingly, post-stroke individuals did 

not demonstrate a significant difference in the feedback-induced change in paretic leg CV of 

peak AGRF between the three biofeedback modes (Fig. 3c). Our results failed to confirm our 

hypothesis that CV of peak AGRF would decrease with the addition of biofeedback, and that 

the feedback-induced change would be the greatest during the visual and audiovisual 

biofeedback conditions. One potential explanation may be that the biofeedback task in the 

current study comprised a short duration of walking and/or did not demand accuracy. The 

criteria for success during gait biofeedback trials did not require participants to bring their 

AGRF within a certain range of peak AGRF, but rather to simply reach or exceed the target 

AGRF; that is, classical “shaping” was not emphasized in this training paradigm. Thus, 

participants may have used the strategy of overshooting with respect to the target AGRF 

range rather than consistently meeting the exact target AGRF. Because the biofeedback task 

was setup to reward generation of AGRF at or above target as “success” without the need to 

accomplish “accuracy” of AGRF generation through gradations within a specified range, the 

visual and audiovisual biofeedback conditions may have failed to improve gait variability 

more than audio biofeedback alone.

We did not observe a significant main effect of biofeedback mode on absolute percent error 

of peak AGRF with respect to the AGRF target (Fig. 5). Our results were contrary to our 

hypothesis that individuals would demonstrate a greater percent error of peak AGRF during 

the audio condition compared to the visual and audiovisual condition. We had predicted that 

biofeedback trials with visual information, (i.e. audiovisual and visual alone trials) would 

show improved percent error or accuracy compared to biofeedback trials without visual 

information (audio only). However, as noted previously, the lack of significant difference 

between the audio and visual modes may be explained by the fact that the participants 

adopted the strategy of overshooting the target AGRF to accomplish success. For our 

biofeedback system, the criterion for success was generation of AGRF equal to or exceeding 

the target. A pertinent question related to the future development of gait biofeedback 

training paradigms is whether gait tasks, such as increasing paretic push-off force generation 

during terminal stance require accuracy. We posit that push-off generation during gait is not 

a skilled, accuracy-based task, and that the goal of improving gait for individuals post-stroke 

is to simply increase the push-off force generation in the paretic leg, without precision 
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requirements with regards to remaining within a prescribed or constrained AGRF target 

range. However, the temporal aspects of propulsive force generation during late stance phase 

may be a biofeedback variable that requires accuracy during gait (Turns et al. 2007), and 

warrant future investigation.

Compared to the control gait trial without biofeedback, there was no significant main effect 

of biofeedback type on peak AGRF in the non-targeted or non-paretic leg in either able-

bodied or post-stroke individuals (Fig. 2b). Our findings regarding lack of change in the non-

targeted leg during biofeedback support our previous work that used audiovisual gait AGRF 

biofeedback (Genthe et al. 2018; Schenck and Kesar 2017) and also suggest that peak AGRF 

in the non-targeted/non-paretic leg does not change during walking with other modes of 

biofeedback, such as audio alone or visual alone. These findings support the notion that real-

time gait biofeedback, regardless of the mode of delivery, provides a promising gait training 

technique to unilaterally target propulsive force deficits in the paretic limb of post-stroke 

individuals, without inducing concomitant compensatory changes in gait parameters in the 

non-paretic limb.

In addition to differences between biofeedback modes within the able-bodied and post-

stroke groups, our results also show significant differences in propulsion between able-

bodied and post-stroke participants. As expected, compared to the targeted leg of able-

bodied individuals, post-stroke individuals demonstrate significantly reduced peak AGRF in 

the paretic leg (Fig. 2a). The statistical tests also found a significant main effect of group for 

non-paretic and non-targeted leg peak AGRF, revealing that post-stroke participants even 

demonstrate significantly less AGRF in their non-affected limb compared to the non-targeted 

limb of young, able-bodied individuals (Fig. 2b). The difference in non-paretic and non-

targeted leg peak AGRF is likely because our able-bodied group consisted of younger 

individuals compared to the older individuals in the post-stroke group. Our findings are in 

agreement with previous studies showing that older individuals walk with less propulsion 

compared to healthy younger adults (Franz 2016; Kerrigan et al. 1998). Our results also 

revealed that individuals post-stroke walk with larger stride-to-stride CV of peak AGRF 

compared to able-bodied young adults, which is consistent with previous reports of 

increased variability in post-stroke gait parameters (Balasubramanian et al. 2009). Our 

analyses also revealed greater absolute percent error with respect to the biofeedback target 

AGRF in post-stroke compared to able-bodied participants, which may reflect post-stroke 

motor control deficits.

There are several limitations in our present study. First, the duration of gait trials with 

biofeedback was short (30-second), and potentially, differences between the 3 modes of 

biofeedback may emerge during longer-duration walking bouts (e.g. 6 minutes) or a 

complete training session (e.g. a 30-minute session comprising six 5-minute bouts). Second, 

although the order of biofeedback trials was randomized across all participants, all post-

stroke participants were initially exposed to audiovisual biofeedback during the AGRF target 

determination trials. This methodological choice was related to ensuring stroke participant 

safety. We could not feasibly and safely find an appropriate AGRF target for post-stroke 

individuals without first exposing individuals to a range of AGRF targets in a sequential 

manner. The initial exposure to audiovisual biofeedback (during target AGRF determination) 
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before all other gait biofeedback trials may contribute to the lack of significant differences 

between the three biofeedback modes in post-stroke individuals. Third, both able-bodied and 

post-stroke participants were allowed to use a light-touch on the handrail during all gait 

trials, which may have resulted in reliance on the handrail as a compensatory mechanism to 

increase AGRF production. However, to prevent the effects of variable handrail grip from 

influencing study results, participants were reminded throughout the study to maintain a 

consistent magnitude of handrail grip force and a light fingertip touch on the handrail during 

walking.

In summary, we found that audio, visual, and audiovisual modes of AGRF biofeedback 

significantly increased peak AGRF in the targeted and paretic legs of able-bodied and post-

stroke individuals, respectively. However, no significant differences in targeted and paretic 

leg peak AGRF were observed among the three biofeedback modes. Our findings may hold 

implications for the use of different gait biofeedback modes in the clinical and community 

environments, given the feasibility of audio biofeedback in non-laboratory settings. Future 

studies are needed to compare the longer-term effects and carry-over to overground for 

audio, visual, and audiovisual AGRF gait biofeedback. Our study results provide insights 

that can inform the future development of effective biofeedback rehabilitative strategies to 

improve post-stroke gait function.
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Fig. 1. Experimental protocol.
Verbal instructions regarding the mode of biofeedback and the goal for the subsequent trial 

were provided before each trial. For the audio biofeedback trial, the speaker symbol denotes 

that participants heard an audible beep when their current AGRF reached or exceeded their 

target AGRF. For the visual and audiovisual biofeedback trials, the visual display shown 

here was projected and displayed on a screen in front of the participant. The X cursor 

denotes the current measured AGRF during the stride cycle, and the black bar indicates the 

target AGRF

Liu et al. Page 14

Appl Psychophysiol Biofeedback. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Peak AGRF of the (a) targeted (right) and paretic leg and (b) non-targeted and non-
paretic leg for able-bodied (N=7, filled symbols) and post-stroke (N=9, unfilled symbols) 
individuals during the control and biofeedback (audio, visual, audiovisual) gait trials.
The 2-way repeated measures ANOVA detected a significant main effect of group (p<0.001, 

# symbol). The symbol * indicates a significant main effect (p<0.05) of biofeedback mode 

detected by the 1-way repeated measures ANOVA. The symbol ** indicates a significant 

difference (p<0.05) compared to the control trial, detected by Bonferroni-corrected post-hoc 

paired comparisons. Error bars represent standard error. (c) Raw antero-posterior GRF data 

during the control and biofeedback trials are shown for two representative stroke individuals. 

Solid black lines indicate the GRF profiles throughout the gait cycle (x-axis is normalized to 

the gait cycle) averaged over multiple strides during the trial. Light grey lines indicate GRFs 

for individual gait cycles. The dotted black line in the biofeedback trials (audio, visual, 

audiovisual) displays the average AGRF during the control trial (for comparison). Note that 

both representative stroke individuals significantly increased peak AGRF during each of the 

three biofeedback gait trials compared to the control trial
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Fig. 3. The feedback-induced change in peak AGRF for the (a) targeted leg in able-bodied 
individuals, and (b) the paretic leg in post-stroke individuals during the audio, visual, and 
audiovisual biofeedback trials.
Change was calculated as the difference in peak AGRF between each biofeedback mode 

(audio, visual, audiovisual) and control. Open circles represent individual subject data. No 

significant differences in feedback-induced change of peak AGRF were observed in the 

targeted leg of able-bodied individuals. Paired t-test revealed a trend (p<0.1, ‡ symbol) 

towards a greater feedback-induced change during visual compared to audio biofeedback in 

post-stroke individuals. Error bars indicate standard error
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Fig. 4. (a) Stride-to-stride coefficient of variation (CV) of peak targeted AGRF in able-bodied 
(N=7, filled symbols) and paretic legs of post-stroke (N=9, open symbols) participants, 
respectively.
The 2-way repeated measures ANOVA found a significant main effect of group (p<0.001, # 

symbol), but no significant main effect of biofeedback mode. (b, c) The feedback-induced 

change in targeted or paretic leg CV of peak AGRF (with respect to the control trial without 

biofeedback) during the audio, visual, and audiovisual biofeedback trials for (b) able-bodied 

individuals and (c) post-stroke individuals. Feedback-induced changes were calculated as the 

difference in CV of peak AGRF between the biofeedback (audio, visual, audiovisual) and 

control trials. Open circles represent individual subject data. Able-bodied individuals 

demonstrated a significantly larger feedback-induced change in targeted CV of peak AGRF 

during the audio compared to visual biofeedback trial (p=0.021, * symbol), as well as a 

trend towards a larger feedback-induced change during the audio compared to audiovisual 

biofeedback trial (p=0.067, ‡ symbol). Post-stroke individuals did not demonstrate a 

significant difference in feedback-induced change in paretic leg CV of peak AGRF among 

the three biofeedback trials. Error bars indicate standard error
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Fig. 5. Average absolute percent error of the targeted (able-bodied) and paretic (stroke) peak 
AGRF with respect to the target AGRF during biofeedback.
Compared to able-bodied individuals, post-stroke individuals demonstrated significantly 

greater absolute percent error in paretic peak AGRF with respect to the AGRF target, 

detected by the 2-way repeated measures ANOVA (p<0.001, # symbol). Absolute percent 

error did not significantly change between the biofeedback conditions in either able-bodied 

or post-stroke individuals. Open circles represent individual subject data. Errors bars 

indicate standard error
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