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Abstract 

To avoid falling consequential to unexpected balance loss i.e., perturbation, requires 

people to readjust their footing rapidly and effectively (i.e., recovery stepping 

response). We aimed to investigate lower limb muscle activation and differences 

between ankle and knee muscle recruitment due to unexpected support-surface 

perturbations during walking. This was measured by frequency content changes of 

surface electromyography (sEMG). Twenty adults (27.00±2.79 years, 10 females) 

were exposed to perturbations while walking on a treadmill in virtual reality 

environment. Perturbations were applied randomly in different phases of gait in 4 

directions (i.e., anterior/posterior/right/left). sEMG signals from the tibialis anterior 

(TA) and vastus lateralis (VL) muscles were studied. sEMG total spectral power for 

all signal frequencies and for specific bands (40-150 Hz, 150-250 Hz, 250-400 Hz) 

were compared 4 seconds before perturbation (i.e., baseline) versus four seconds after 

perturbations. We found that compared to baseline there was a significant increase in 

the total spectral power of lower-extremity muscles at the first 3 seconds after 

perturbation, for all frequencies. TA had a significant differential change in frequency 

bands: 150-250Hz>40-150Hz, while VL demonstrated a different differential 

response in frequency bands 40-150Hz & 150-250Hz>250-400Hz. Both muscles 

showed an increase in total spectral power for the first second after perturbation 

followed by gradual decrease to baseline total spectral power subsiding after 3 

seconds. Our findings suggest that muscle operating frequency is modulated in real 

time to fit functional goal requirements such as a rapid change of footing in response 

to unexpected loss of balance. 

Key words: walking perturbations; spectral power; muscle fibers; muscle function; 

balance recovery 
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New & Noteworthy: To study muscle spectral profiles in response to loss of balance, 

we investigated the dynamics of muscle spectral power changes, across different 

frequency bands after unannounced physical perturbations during walking. Our 

analysis showed increased activation of high-frequency motor units of the lower-limb 

muscles, subsiding 3 seconds after perturbation. Differential power increase of 

specific frequency bands suggests that muscle activation is modulated in real time to 

fit functional goal requirements. 

 

Introduction 

Stability while walking is maintained by utilizing two mechanisms. The first is postural 

orientation: active body alignment with respect to gravity, the supporting surface, and 

visual environment. Postural orientation is achieved through integration of 

somatosensory, visual and vestibular information. Sensory information is reweighted 

constantly by the central nervous system (CNS) to maintain postural orientation by 

engaging anti-gravity muscles of the lower-limbs, trunk and even upper-limbs muscles. 

The second mechanism is termed postural equilibrium: active control over the 

placement of the body center of mass (CoM) commensurate with its velocity and within 

boundaries of its base of support (BoS) provided by the feet (17, 21). Thus, in response 

to external- or self-disturbances to stability, the CNS utilizes these mechanisms, by 

means of coordinating movement between arms, trunk and lower-limb muscles, to 

maintain equilibrium (2, 21, 41).  

In laboratory settings, unexpected external perturbations are introduced in different 

phases of the gait cycle to provoke postural disturbances. To avoid falling, individuals 

make rapid, reflex-like reactive balance responses to modulate their BoS (i.e., footing) 

by stepping in the direction of the CoM velocity (4, 20). This reactive balance 
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response (i.e., compensatory stepping response) was reported to be under spinal, 

supraspinal and cortical control (4, 24). It is characterized by sequences of movement 

strategies (e.g., outward & inward stepping) and muscle activity can be measured 

using surface electromyography (sEMG) to describe muscle recruitment patterns and 

synergies (2, 6, 18–20, 41).  

In the last two decades studies have started to investigate the effect of concurrent 

cognitive task (i.e., a cognitive dual task) on balance reactive performance to 

perturbations while standing and walking (43). These studies suggest that balance 

control during standing and walking requires cognitive resources. Effectively the dual 

task delayed reaction times to perturbations, as was measured by sEMG, and changed 

the activity in motor and sensory brain regions (3, 28, 30, 31, 33, 36). Hof et al. (20) 

demonstrated that in response to medio-lateral perturbations, when the CoM is pushed 

inward in relation to the stepping limb, an outward stepping strategy is performed. 

Likewise, when the CoM is pushed outward in relation to the stepping limb, an inward 

stepping strategy is performed. At the extreme of the inward stepping strategy is the 

cross-over stepping strategy (see Fig. S1 at 

https://doi.org/10.6084/m9.figshare.13562789.v1). These reactions (i.e., changes to the 

regular footing) are scaled in relation to CoM displacement and velocity magnitudes.  

sEMG measurements literature shows that compensatory stepping responses are 

accompanied by elevated sEMG activity of the distal (32, 41) and proximal (41) lower 

limb muscles (e.g., see Fig. 1). Additional studies show increased ankle muscle 

activation (i.e., tibialis anterior, soleus, peroneus longus) of the limb in stance (6, 19). 

The CNS has two general means to control the force exerted by skeletal muscles: alter 

the number of active motor units, called recruitment; and modulate the rate of action-

potential impulses (i.e., frequency) driving motor units, called rate coding. Motor units 
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are recruited by size (i.e., the size principle) from those that produce the smallest forces 

to those that exert the largest forces (11, 15, 34, 46). Both animal and human studies 

indicate that frequency content of muscle sEMG signals are related to muscle fiber type 

and cross-sectional area ratio (i.e., the ratio between different muscle fiber types in each 

cross-sectional area of the muscle) (27, 42). In humans, lower frequencies, i.e, 40-60 

Hz are attributed to the activity of small alpha-motoneurons and related type I fibers, 

60-120 Hz frequencies are attributed to medium alpha-motoneurons and related type 

IIa fibers (oxidative fibers) and the higher frequencies,170-220 Hz, are attributed to the 

large alpha-motoneurons and their related type IIb fibers (glycolytic fibers) (42). sEMG 

spectral density is analogous to a non-invasive "electrical biopsy". It can be used to 

estimate fiber type cross-sectional area in muscles, or to identify pathological and age-

related changes in fiber-type cross-sectional area (7). Two main sEMG signals’ 

properties, that affect the frequency spectrum, are the firing behavior of the motor units 

(i.e., synchronization and clustering), and the shape of the motor unit action potential 

(1, 10, 44). In recent years, there has been growing interest in muscle activation 

frequency while walking (5, 23, 38, 47). To the best of our knowledge, no research to 

date has examined muscle spectral power density in response to unexpected loss of 

balance during walking, and subsequent balance recovery steps.  

Here we aimed to investigate the progression of lower limb activation pattern after 

unannounced perturbations while walking as measured by sEMG. We examined 

whether sEMG frequencies change in response to unannounced loss of balance (i.e., 

perturbations) and how muscle signature frequencies change over time in both ankle 

and knee muscles. Three hypotheses drive the present work: (1) Total spectral power 

for all frequencies would increase due to unannounced support-surface perturbations, 

then gradually decrease;  (2) Total spectral power of higher sEMG frequencies will 
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increase more rapidly than the increase seen in the lower frequencies, due to the rapid 

footing correction to maintain balance (i.e., rapid force exertion) (9, 40) ; (3) As TA 

muscles are strongly implicated in balance recovery while walking (20), and perform 

finer movements than VL (i.e., shifting the pressure under the foot to contain the body 

CoM) we hypothesized that the TA muscle will demonstrate greater change in high 

frequency bands compared to the VL muscle, similar to the results found by Seki and 

Narusawa (40) for hand muscles. 

 

Methods 

Participants 

Twenty healthy adults participated in this study (Table 1). Exclusion criteria were: 

obesity (i.e., body mass index [kg/m2] > 30) (25); orthopedic conditions affecting gait 

and balance (e.g., total knee replacement, total hip replacement, ankle sprain, limb 

fracture); cognitive loss or psychiatric conditions; cardiac conditions (e.g., non-stable 

ischemic heart disease, congestive heart failure); chronic obstructive pulmonary 

disease; and neurological diseases associated with loss of balance (e.g., multiple 

sclerosis, myelopathy). The study protocol was approved by the Institutional Review 

Board of Sheba Medical Center). All participants provided written informed consent 

prior to entering the study. Part of the cohort was used for a different data set (39). 

 

Table 1: Demographic and physical characteristics (Mean ±SD) 

 
 Participants (N = 20) 

Age (years) 27.00 ±2.79 

Sex (F/M) 10/10 

Height (m) 1.67 ±0.08 
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Weight (Kg) 62.54 ±10.65 

BMI (kg/m2) 22.22 ±2.63 

Years of 

education 

15.35 ±2.16 

 

Abbreviations: SD=Standard Deviation; BMI=Body Mass Index 

 

Apparatus and settings  

Set-up for the experiment is described elsewhere in detail (39). Briefly, participants 

walked in the CAREN High-End (Motek Medical B.V., Amsterdam, Netherlands) 

virtual reality system, equipped with a split-belt treadmill mounted on a platform that 

can be moved in six degrees of freedom. The platform is positioned in the center of a 

360 dome-shaped screen.  

Unannounced support-surface perturbations along the anterior-posterior plane 

occurred by reducing the speed of one belt (split-belt treadmill) by 1.2 m/s with a 

deceleration of 5 m/s2. Right-left unannounced support-surface perturbations occurred 

by shifting the platform 15cm for 0.92 seconds, either left or right. Eighteen Vicon 

(Vicon Motion Systems, Oxford, UK) motion capture cameras placed around the 

dome’s circumference along with force plates under the treadmill’s belts, allowed for 

continuous recording of kinetic (ground reaction forces) and kinematic (motion) data 

for real-time/post-hoc gait phase detection. Perturbation control and data recording 

were done by two computers that integrated kinetic, kinematic and perturbation data. 

 

sEMG recording 

 sEMG data were collected from vastus lateralis (VL) and tibialis anterior (TA) 

muscles, known to take part in postural orientation and equilibrium (5, 19, 32, 35, 41). 
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sEMG signals were recorded using bipolar hydrogel surface electrodes, 10mm in 

diameter, 24mm apart, placed parallel to muscle fibers, consistent with SENIAM 

guidelines (16). The ground electrode was placed on spinous process of C7. Before 

electrode application, participants’ skin was shaved and cleaned with an abrasive pad 

and alcohol to reduce skin impedance. Finally, electrodes and cables were secured to 

the skin with tape to reduce moving artifacts.  

sEMG signals were tested for specific movements to control for crosstalk effects. 

Raw sEMG signals were recorded on a tablet computer (Lenovo ThinkPad) at 2048 

Hz using an Eego referential amplifier (eemagine Medical Imaging Solutions GmbH, 

Berlin, Germany), with an input impedance (referential) >1GΩ, and weight < 500g. 

 

Protocol 

Participants first acclimated to walking in virtual reality (see (39) for more details). 

They walked at a comfortable, self-selected speed (using the system’s self-paced 

mode (37) while subjected to random, unannounced perturbations at different phases 

of the gait cycle. Perturbations varied in direction (anterior-posterior/right-left) and 

gait cycle phase presentation (double support/single support). The experimental set-up 

minimized anticipation reactions to perturbation. Trials were conducted under two 

conditions: single task (i.e., only walking with perturbations) and dual task, during 

which the participants were asked to perform arithmetic calculations while walking 

with perturbations. Our experimental design minimized anticipatory responses by 

randomly varying perturbations across different gait phases to be more ecologically 

valid. Time intervals between consecutive perturbations also randomly varied to 

minimize anticipation effect.  Experiments consisted of 4 perturbation trials with 2 

min recesses between them to minimize fatigue (see Fig. 1 for illustration). Two trials 
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were performed in single task condition and two in dual task condition (24 

perturbations in every condition). The cognitive dual task consisted of a concurrent 

arithmetic calculation, based on a paced auditory serial addition test (14). Participants 

could rest at any time (39).   

Fig.1: Filtered surface electrophysiological, sEMG. Data for 2 

exemplary, consecutive trials (A) and for one specific perturbation in a 

window of 4 seconds before and after the perturbation (B), of left and 

right tibialis anterior (TA) and vastus lateralis (VL). From the traces we 

can see that TA activity is greater than VL activity for the whole 2 trials 

and in the specific perturbation. Worth noting that the signals in panel A 

maintain relatively constant amplitude throughout the trials, indicating 

no effects of fatigue. Additionally, in panel B we can see the muscle 

response very evident in the first 2 seconds after perturbation onset 

(black vertical line) after which it gradually returns to pre-perturbation 

values. 

 

sEMG data handling, processing, and analyses 

sEMG data were preprocessed and analyzed across frequency domains using 

customized scripts written in MATLAB version R2019b (Mathworks, Nathick USA). 

Raw sEMG signals were first band-pass filtered (40–1000 Hz) (35) with a 500th order 

Butterworth filter. Filtered sEMG signals were sliced in 1-minute windows around 

perturbation events (i.e., 30 sec. prior to 30 sec. after) and grouped as baseline data, 

average of four seconds of undisturbed walking segment prior to the perturbation, and 

4 seconds of balance and walking recovery after perturbation (Time1-4, respectively). 

These segments were selected consistent with existing research from our group, 

examining recovery of step length and width in response to unexpected walking 

perturbations (39). Perturbations were classified according to the compensatory 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 15, 2021. ; https://doi.org/10.1101/2021.01.13.426393doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.13.426393
http://creativecommons.org/licenses/by-nc-nd/4.0/


stepping responses they elicit (i.e., inward or outward first step after perturbation) and 

analyzed separately, both left and right.  

sEMG data processing consisted of two main steps following the procedures 

described by Garcia-Retortillo et al. (12). In the first step, we quantified total spectral 

power, S(f), for averaged activity at baseline and Time1-4, for each muscle (i.e., right 

and left TA, and VL,), by calculating the area under curves in Fig.2. We used the 

‘pwelch’ built-in MATLAB function to extract spectral power for each muscle and for 

every walking segment (i.e., baseline & Time1-4), using a time window of 100ms, 

with an overlap of 50ms. For each time window, we calculated total spectral power 

(S(f)) across all frequencies (12): 

(Eq.1) 

S(𝑓) = ∑ 𝑆(𝑓𝑖)

𝑁

𝑖=1

 

Where fi are all frequencies in the analysis, and N is the number of discrete frequency 

values for each segment. 

To quantify differences in spectral power between segments, we calculated median 

total spectral power for each muscle, by calculating the area under the curves of Fig. 

2. In the second step, we measured the sequence in total spectral power over time 

from baseline to Time4 for each segment (see Figs. 2 and 3). We then examined the 

frequency spectrum of each segment in the following bands: 40-150Hz, 150-250Hz, 

250-400Hz, 400-800Hz, and 800-1000Hz, based on (12) and our data, presented in 

Fig. 2 and the progression of each frequency band in time (from baseline to Time4). 

Average spectral power (due to the different frequency band width) for every 

frequency band, in every segment was calculated using the following (12): 

(Eq.2) 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 15, 2021. ; https://doi.org/10.1101/2021.01.13.426393doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.13.426393
http://creativecommons.org/licenses/by-nc-nd/4.0/


< 𝑆(𝑓) >= ∑ 𝑆(𝑓𝑖)/𝑀

𝑀

𝑖=1

 

Where fi are all frequencies in every frequency band, and M is the number of 

spectral power values in that frequency band. To specifically measure rate and 

magnitude of change across different frequency bands over time, we calculated 

change from baseline, for every frequency band, in every segment where, fb is the 

frequency band in every segment x (Time1-4) and bl is for the baseline segment: 

(Eq.3)  

∆ 𝑟𝑎𝑡𝑖𝑜 = (𝑆(𝑓𝑏)𝑥 − 𝑆(𝑓𝑏)𝑏𝑙)/𝑆(𝑓𝑏)𝑏𝑙 

 

For this study, we examined results for the left TA (ankle stabilizing muscle of the 

non-dominant limb) and the left VL (anti-gravity muscle of the non-dominant limb), 

in response to right platform translation during stance of the left leg i.e., before right 

foot initial contact. Results are similar for all muscles across different perturbation 

types. Research examining muscle synergy activated in response to perturbations 

while walking in self-paced mode show the TA and VL participate in all synergies. 

(6). 

Fig. 2: Progression of total spectral power 

(mV2/Hz) over time in response to 

unexpected perturbations eliciting an 

inward stepping response with the right 

leg. Ankle left tibialis anterior (TA) muscle 

and knee, left vastus lateralis (VL) muscle 

(A, B and C, D, respectively) are depicted 

under concurrent cognitive task (dual task) 

and without (single task). Traces represent 

grand averages across all participants 

(n=20). For both muscles the total spectral 

power peaks in the 1st second after perturbation (Time1, red trace), decrease dramatically in Time2 (yellow trace) and then 
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gradually returns to baseline (baseline) levels after ~3 seconds (magenta trace). Please note that the Time3 and Time4 traces almost 

completely overlap with the baseline trace, indicating return to baseline. Surface electromyographic (sEMG) spectral power profiles 

are similar in shape but differ in magnitude between ankle and knee muscles, in baseline as well as in the four seconds after 

perturbation (Time1-4, see key); The spectral power of left TA is higher than left VL throughout, indicating a relationship between 

muscle function and spectral power.  

 

Statistical analyses 

To test our first hypothesis (between-segment spectral power comparisons, across 

frequencies), we computed mixed-effect models with repeated measures to account 

for dependence of observations within participants. Since data did not distribute 

normally values were Ln transformed to fit a normal distribution.  The transformed 

change was used as independent variables while time segments, muscles and 

condition (i.e., single/dual task) along with the interactions of muscles X time 

segment, time segments X condition, and muscles X condition and time segment X 

muscles X condition functioned as within-subject variables. Least significant 

difference was applied to account for multiple post-hoc comparisons. To test our 

second and third hypotheses (differences in change in frequency bands across 

segments over time, TA muscle will demonstrate greater change in high frequency 

bands compared to the VL muscle) and to analyze total spectral power progression 

across frequency bands, we computed mixed-effect models with repeated measures to 

account for dependence of observations within participants. In each frequency band, 

we calculated change in total spectral power over time. Since data did not distribute 

normally and it had negative values, they were shifted by 2 and Ln transformed to fit a 

Gamma distribution. The transformed change was used as independent variables 

while time segments, frequency bands, muscles and condition along with the 

interactions of muscles X frequency band, time segments X condition, and muscles X 

time segments X frequency band functioned as within-subject variables in mixed-
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effect models. Least significant difference was applied to account for multiple post-

hoc comparisons. Statistical significance was set a priori at p<0.05. Data were 

analyzed using MATLAB version R2019b and SPSS version 23 (IBM Inc., Chicago, 

IL). 

Results 

Spectral power distribution at baseline and four seconds after perturbation for all 

frequencies 

Spectral power distribution for the left TA and VL before and after perturbations are 

presented in Fig. 2. S(f) (i.e., area under curve of profiles in Fig.2) is presented in Fig.3. 

The mixed-effect model showed significant main effect for time segment (F[4,2180] = 

57.98, p<0.001) and muscle (F[1,2180] = 1275.20, p<0.001) and no significant main affect 

for condition (F[1,2180] = 2.30, p=0.13). More specifically, there was a significant 

increase in muscle activation for all frequencies in Time1 & Time2, as compared to 

baseline (p<0.001). S(f) increased rapidly in Time1 and then gradually and significantly 

diminishes during every consecutive second (not including Time4) for both left TA and 

VL muscles (p<0.001), see Fig.3 and Table 2. We found significantly higher S(f) for 

left TA muscle than left VL muscle in all time segments (i.e., baseline-Time4, p<0.001). 

Although no main effect was found for condition we did find an interaction effect 

between condition and muscle (F[1,2180] = 5.30, p=0.02). Post-hoc analysis showed that 

the left VL muscle drives the interaction (F[1,2180] = 7.29, p=0.007) with higher S(f) for 

dual task condition compared to single task condition  (p=0.007). 
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Fig3: Group medians (black horizontal 

lines) for every time segment, and mean 

value for every participant (circles in every 

time segment, n=20) at baseline (4 seconds 

prior to perturbation) and for the 4 seconds 

after perturbation in bins of one second 

(Time1-4), for all frequencies. Values were 

calculated from the area under the spectral 

power profiles in Fig. 2 (Colors are 

consistent with Fig. 2.). (A) left tibialis 

anterior (TA) muscle in single task 

condition; (B) left TA in dual task 

condition; (C) left vastus lateralis (VL) muscle in single task condition; (D) left VL muscle in dual task condition. Panel (A): TA 

increase total power by 132% in Time1, then decrease total power in 32% in Time2 and Time3, and 14% in Time4. Panel (B): TA 

increase total power by 166% in Time1, then decrease total power in 38% in Time2, 42% in Time3, and 7% in Time4. Panel (C): 

left VL increase total spectral power by 70% in Time1, then decrease total spectral power by 17% in Time2, 28% in Time3, and 

0% in Time4. Panel (D): left VL increase total spectral power by 152% in Time1, then decrease total spectral power by 22% in 

Time2, 42% in Time3, and 19% in Time4. See text for interpretation of findings. The percentages indicate the relative change from 

second to second for the entire cohort (n=20).   

*** p<0.001 

 

Table2:  total spectral power (µV2/Hz) for left tibialis anterior (TA) and left vastus 

lateralis (VL) over timea,b,c 

 Baseline Time1 Time2 Time3 Time4 

TA 22414±17482d 

(2291-125977) 

69526±46020d,e,f,g,h 

(2232-920650) 

42352±53646d,e,g,h 

(1579-581471) 

30918±71305d 

(1226-1014129) 

21170±17606d 

(929-104664) 

VL 7690±18213 

(375-162224) 

25188±79512e,f,g,h 

(349-950522) 

17307±55667e,g,h 

(168-617012) 

8941±23348 

(130-201554) 

8122±19952 

(114-161384) 

a, Values are Mean ±SD (Range). 

b, n=220 for every time segment. 

c, Within each muscle, Time1 & Time2 > baseline and Time1>Time2>Time3 

significantly. 

The least significant difference adjusted significance level is 0.05 (see text for 

full report on statistical results). 

d, significantly larger than left VL. 
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Leg 

muscles frequency band Change relative to baseline in response to unexpected 

perturbations and progression over time 

Because frequencies greater than 400 Hz contributed less than 1% to total spectral 

power of all frequencies, the analyses were restricted to frequencies less than 400 Hz 

(see Fig. S2 at https://doi.org/10.6084/m9.figshare.13562807.v1). The mixed-effect 

model (F[47,5232] = 21.72, p<0.001) shows a significant main effects for time (F[3,5232] = 

298.53, p<0.001). Significant change in total spectral power from baseline from largest 

to smallest was Time1>Time2>Time3, (p<0.014; see Table 3), showing the result in 

the first model is robust. We also found a significant main effect for frequency band 

(F[2,5232]= 14.69, p<0.001). Changes in 40-150 Hz & 150-250 Hz > 250-400 Hz bands 

(p<0.028). Finally, we found a main effect for condition (F[1,5232]= 24.42, p<0.001). 

Specifically, under dual task condition there was a greater change in S(f) from baseline 

compared to single task.  

A significant interaction was found between muscle and frequency band (F[2,5232]= 

12.76, p<0.001, see results in table 4). Also significant interaction between time 

segment and condition was found (F[3,5232] = 6.86, p<0.001, see results in table 5). 

Finally, a significant interaction effect between time, frequency band and muscle was 

found (F[6,5232] = 2.15, p=0.045, Fig. 4). Post-hoc analyses revealed significantly greater 

change in 150-250 Hz band than 40-150 Hz band immediately post perturbation, at 

Time1, for TA (p=0.047). The change for 150-250Hz was significantly greater for TA 

than VL in Time1 (p=0.046). For VL we found significantly greater change in 40-150 

Hz & 150-250 Hz bands than 250-400 Hz band immediately post perturbation, at Time1 

(p<0.032), and 40-150 Hz > 250-400 Hz band in Time2 (p=0.029). The change for 40-

e, significantly larger than corresponding value for baseline. 

f, significantly larger than corresponding value for Time2. 

g, significantly larger than corresponding value for Time3. 

h, significantly larger than corresponding value for Time4. 
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150 Hz was significantly greater for VL than TA in Time1 (p=0.035). We did not find 

a significant interaction effect for condition and muscle and time segment and band 

(p=0.99).  

Table 3: Change in total spectral power for left tibialis anterior (TA) and left vastus 

lateralis (VL) over timea,b,c. 

 Time1 Time2 Time3 Time4 

TA 3.34±7.47 

(-0.88-100.59) 

1.18±2.25 

(-0.90-22.84) 

0.40±1.39 

(-0.97-20.82) 

0.29±1.48 

(-0.95-16.91) 

VL 4.71±24.19 

(-0.95-451.68) 

2.15±12.64 

(-0.96-248.32) 

0.37±1.16 

(-0.97-12.73) 

0.76±7.89 

(-0.98-164.02) 

a, Values are Mean ±SD (Range). 

b, n=620 for each muscle at every time segment. 

c, Within each muscle, Time1>Time2>Time3 significantly. No differences were found in the change 

of total spectral power from baseline between the muscles. 

The least significant difference adjusted significance level is 0.05 (see text for full report on 

statistical results). 
 

 

 

 

 

Table 4: Change in total spectral power for left tibialis anterior (TA) and left vastus 

lateralis (VL) by frequency banda,b,c. 

 40-150 Hz 150-250 Hz 250-400 Hz 

TA 1.08±3.68d 

(-0.94-82.04) 

1.65±5.64 

(-0.97-100.59) 

1.18±3.11 

(-0.97-29.44) 

VL 2.90±18.27e 

(-0.97-451.68) 

1.91±12.73e 

(-0.98-339.29) 

1.18±10.86 

(-0.98-248.32) 

a, Values are Mean ±SD (Range) 

b, n=880 for each muscle in every frequency band. 

c, For left VL, 40-150 Hz & 150-250 Hz > 250-400 Hz band. 

d, significantly smaller than left VL. 

e, significantly larger than corresponding value for 250-400 Hz band. 

The least significant difference adjusted significance level is 0.05 (see text for full report on 

statistical results). 
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Table 5: Change in total spectral power for single task (ST) and dual task (DT) 

conditions over timea,b,c. 

 Time1 Time2 Time3 Time4 

ST 2.65±7.59d,e,f 

(-0.95-118.47) 

1.05±3.80 e,f 

(-0.96-85.88) 

0.37±1.49 

(-0.97-20.82) 

0.32±1.45 

(-0.95-16.91) 

DT 5.47±24.40d,e,f,g 

(-0.78-451.68) 

2.31±12.41d,e,f,g 

(-0.90-248.32) 

0.40±1.02 

(-0.93-8.99) 

0.74±8.00 

(-0.98-164.02) 

a, Values are Mean ±SD (Range). 

b, n=678 for each muscle at every time segment. 

c, Within each muscle, Time1>Time2>Time3 significantly. No differences were found in the change 

of total spectral power from baseline between the conditions.  

d, significantly larger than corresponding value for Time2. 
e, significantly larger than corresponding value for Time3. 

f, significantly larger than corresponding value for Time4. 

g, significantly larger than ST. 
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The least significant difference adjusted significance level is 0.05. 

 

Fig. 4: Mean change (whiskers represent 95%CI of the mean) comparisons for interaction effect 

between muscle (i.e., left tibialis anterior; TA – panel A, and left vastus lateralis; VL – panel B) time 

(i.e., 1-4 seconds after perturbation onset; Time1-4) and frequency band (black circle = 40-150 Hz, red 

triangle = 150-250 Hz, and green pentagons = 250-400 Hz) on change in total spectral power calculated 

using Eq.3, see METHODS (n=5280).  

* The least significant difference adjusted significance level < 0.05. 

 

Discussion  
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The results of the present study support our hypothesis that the total spectral power 

for all frequencies increased due to loss of balance i.e., unannounced support-surface 

perturbations, then gradually decrease after 1 second. A significant increase was 

found in the total spectral power in all frequencies in TA and VL immediately after 

perturbation followed by gradual decrease (Fig. 3). Our second hypothesis was 

partially confirmed, the second mixed-effects model showed an increase in total 

spectral power in the 150-400 Hz frequency bands immediately after perturbation 

(i.e., Time1) for the ankle, TA muscle and in 40-250 Hz for the VL muscle. We posit 

that these results are related to engagement of muscle fiber sub-types, fiber sub-types 

cross sectional area (i.e., muscle architecture), and force control strategies (9, 26, 40, 

46) amongst other biological characteristics (13).  

Spectral power distribution and change over time for all frequencies 

An increase in total spectral power for all frequencies in the first second after 

unannounced perturbations are in accordance with previous research(6, 20, 42). The 

increase in total spectral power for all frequencies was followed by a gradual, yet 

significant, decrease compared to the total spectral power at baseline, ending after 3 

seconds. The relatively prolonged elevated spectral power suggests the recovery 

process, which continues past the initial balance recovery response after perturbation 

(i.e., first 2-3 steps after perturbation (20, 29, 45)), is accompanied by increased 

muscle activation. The fact that the recovery process lasts several seconds beyond the 

initial response is collaborated when observing kinematic outcomes (i.e., step length 

and width) as was described previously in details (39) . 

The role of muscle fibers sub types in Responses to perturbations 
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Muscle activation spectral power signatures provide information on the muscles’ 

functional roles in locomotion (i.e., baseline walking in our study) and during 

recovery processes. Our non-invasive "electrical biopsy" (i.e., sEMG) results confirm 

that there is a modulation of fiber type activation of muscles in response to 

unannounced perturbations while walking. Type II muscle fibers of the left TA and 

VL muscles were engaged as part of the rapid balance recovery response. This is 

expressed by the elevation in the higher frequencies (i.e., 60-400 Hz) in response to 

the perturbations.  However, for TA the response was (Type IIb, glycolytic fibers) 

oriented (i.e., higher increase in 250-400 Hz) while VL displayed a mixed, Type I and 

Type II fibers orientation (i.e., higher increase in 40-150 Hz).  

 Differential effect between muscles 

At the physiological level, the engagement of muscle activation for balance recovery 

was relatively greater for TA than VL (see Table 2 and Fig 3). We postulate that the 

muscles’ size difference along with their required function while walking and in 

response to perturbation explains this difference. The TA muscle fiber size is much 

smaller than VL, as a result during dynamic movement such as walking and balance 

reactions to perturbations the extra load on the joints drives it to exert higher total 

spectral power. In response to unannounced perturbations, VL must maintain postural 

orientation, preventing the knee joint from collapsing under the body weight. The 

ankle muscles are mainly utilized for postural equilibrium, controlling ankle joint 

movements to redistribute ground pressure under the sole of the foot, effectively 

shifting the BoS and reducing the magnitude of a balance recovery step (20). The TA 

specifically assists in stabilizing the ankle by putting it in closed pack position (i.e., 

The joint position in which articulating bones have their maximum area of contact 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 15, 2021. ; https://doi.org/10.1101/2021.01.13.426393doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.13.426393
http://creativecommons.org/licenses/by-nc-nd/4.0/


with each other), effectively reducing the degrees of freedom the CNS must account 

for.  

The effect of frequency bands on total spectral power change and progression over 

time 

Our results indicate that each frequency band, 40-150 Hz & 150-250 Hz, associated 

with type I and mixed type I and II muscle fibers, contribute more than 250-400 Hz 

band (associated with Type II glycolytic muscle fibers) to total spectral power. This 

result is in accordance with previous literature describing the size principal (11, 35). 

We found that for frequency band effect on total spectral power change, for all 

segments, higher frequencies (associated with muscle fibers type IIb) change more than 

lower frequencies compared to baseline (i.e., 150-250 Hz >40-150 Hz) for the left TA 

but not the left VL, where 40-150 Hz & 150-250Hz>250-400Hz. The interaction 

between time frequency band and muscle indicates that this behavior is significant in 

the first second after perturbation for the left TA. For left VL in the first second after 

perturbation (Time1), 40-150 Hz & 150-250Hz > 250-400Hz and for Time2, 40-150 

Hz>250-400Hz. This suggests that the firing rate of TA, relatively small muscle fibers 

with fine motor function in balance recovery process, motoneurons increase more than 

the VL’s during balance recovery following unannounced perturbations. Therefore, our 

results suggest that the rate coding strategy is the main mechanism used to increase 

muscle force in the TA.  The VL exhibits a significant increase at lower (40-150 Hz) 

and middle (150-250 Hz) frequencies suggesting a mixed mechanism for force control 

combining rate coding and recruitment strategies. Other studies (e.g., (40)) found 

similar results for isometric contractions in different muscles with varying force.  
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When exploring the cross-sectional area of type I and II muscle fibers of the TA 

and VL, Gregory et al. (13) showed the cross-sectional area of type I muscle fibers were 

smaller and type II muscle fibers larger than for the VL, resulting in a larger type II: 

type I-muscle fiber cross-sectional area in the TA. This could provide another 

explanation of different patterns of frequency activation between TA and VL found in 

our study. In response to a perturbation requiring a rapid response, the larger type II: 

type I-muscle fibers cross-sectional area of the TA is expressed in higher frequency 

compared to VL.  

Cognitive load effect on muscle activation in response to unannounced 

perturbations while walking 

Our results indicate that the first 2 seconds after unannounced perturbation are 

prone to be affected by cognitive dual task, expressed in higher change in total 

spectral power from baseline in the dual task condition (see Table 5). This result is in 

agreement with earlier studies that suggested that balance control during standing and 

walking requires cognitive resources of attention. These showed that performing a 

concurrent cognitive task while maintaining balance in response to perturbations 

delayed reaction times to perturbations, as was measured by sEMG, and changed the 

activity in motor and sensory brain regions (3, 28, 30, 31, 33, 36). 

Findings described herein should be considered in the context of several 

limitations. First, results based on a relatively small number of healthy young adults 

(n=20). But, since participants were exposed to 46 perturbations on average, the 

protocol provided hundreds of perturbations, necessary to perform reliable analyses of 

the total spectral power profiles and its progression over time. Furthermore, sEMG 

signals are sensitive to movement artifacts caused by: (a) the muscle movement 
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underneath the skin, and (b) when a force impulse travels through the muscle and skin 

underlying the sensor causing a movement at the electrode-skin interface (8, 22). 

These effect mainly the lower frequency domain < 20 Hz (8). The amplifier technical 

specifications (input impedance >1GΩ ) and filtering method of using a bandpass 

filter of 40-1000 Hz as recommended for walking (35) are sufficient to remove 

movement artifacts leaving a ‘clean’  sEMG signal in our range of interest. Finally, 

since only young adults were examined the results may not be generalizable to 

middle-aged or older populations. Thus, future study should be conducted to 

characterize the time-frequency domain of sEMG signals as well as the contribution 

of muscle fiber composition in relation to responding to unexpected walking 

perturbations in other populations (e.g., older adults, CVA, Parkinson’s disease). 

In summary, we were able to provide evidence for changes in total spectral power 

in lower limb muscles and different muscle activation patterns in response to 

unannounced perturbations during walking. Results suggest different force generation 

mechanisms for the TA and VL. This is likely due to the muscle architecture and 

functional demands. In addition, it supports the notion that muscle fibers type IIa and 

IIb are required for rapid and effective balance recovery. As well as the notion that 

balance recovery processes extend past the first 2-3 steps. In terms of clinical 

rehabilitation, speed development and plyometric training is required for effective 

balance recovery. 
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