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Abstract 40 
Purpose 41 
The skeletal muscle is an integrated multi-component system with complex dynamics of continuous 42 
myoelectrical activation of various muscle types across timescales to facilitate muscle coordination 43 
among units and adaptation to physiological states. To understand the multi-scale dynamics of 44 
neuromuscular activity, we investigate spectral characteristics of different muscle types across 45 
timescales and their evolution with physiological states. We hypothesize that each muscle type is 46 
characterized by a specific spectral profile, reflecting muscle composition and function, that remains 47 
invariant over timescales and is universal across subjects. Further, we hypothesize that the myoelectrical 48 
activation and corresponding spectral profile during certain movements exhibit an evolution path in time 49 
that is unique for each muscle type, and reflects responses in muscle dynamics to exercise, fatigue, and 50 
aging.  51 
Methods  52 
To probe the multi-scale mechanism of neuromuscular regulation, we develop a novel protocol of 53 
repeated squat exercise segments, each performed until exhaustion, and we analyze differentiated 54 
spectral power responses over a range of frequency bands for leg and back muscle activation in young 55 
and old subjects.  56 
Results  57 
We find that leg and back muscle activation is characterized by muscle-specific spectral profiles, with 58 
differentiated frequency bands contribution, and a muscle-specific evolution path in response to fatigue and 59 
aging that is universal across subjects in each age group. 60 
Conclusion 61 
The uncovered universality among subjects in the spectral profile of each muscle at a given physiological 62 
state, as well as the robustness in the evolution of these profiles over a range of timescales and states, reveals 63 
a previously unrecognized multi-scale mechanism underlying the differentiated response of distinct muscle 64 
types to exercise-induced fatigue and aging. 65 
 66 
Keywords: muscle fibers, spectral power, time scales, fatigue, aging. 67 
 68 
 69 
 70 
 71 
 72 
 73 



Muscle spectral profiles and evolution across time scales 

 
3

 74 
 75 
 76 
 77 
 78 
New & Noteworthy 79 
To understand coordinated function of distinct fibers in a muscle, we investigate spectral dynamics of muscle 80 
activation during maximal exercise across a range of frequency bands and time scales of observation. We 81 
discover a spectral profile that is specific for each muscle type; robust at short, intermediate, and large time-82 
scales; universal across subjects, and characterized by muscle-specific evolution path with accumulation of 83 
fatigue and aging, indicating a previously unrecognized multi-scale mechanism of muscle tone regulation. 84 
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1. Introduction 113 

The skeletal muscle is a complex system composed of multiple muscle fibers, which respond 114 
individually and differently to a myriad of environmental influences (75). According to their specific myosin 115 
heavy chain expression, muscle fiber types range from slow/oxidative to fast/glycolytic (7, 8, 63) and present 116 
particular frequency profiles in response to fatigue. The literature on the use of frequency-domain parameters 117 
assessing skeletal muscle fatigue is extensive. However, there is limited research focusing on the evolution 118 
in time of the spectral power profile of frequency bands representing different muscle fibers activation, 119 
and the specific contribution of different muscle fibers frequency bands in response to exercise-induced 120 
fatigue and aging. Thus, the underlying multi-scale regulatory mechanism remains not understood.  121 

 Mean frequency and median (center) frequency are the traditionally utilized physiological measures to 122 
evaluate skeletal muscle fatigue in electromyographical EMG signals (12, 67). However, the lack of 123 
reproducibility of such frequency-domain measures, for different muscle groups, across subjects, and 124 
experimental protocols, raises questions regarding their clinical utility in assessing skeletal muscle function 125 
(10, 58, 80). Moreover, these traditional measures cannot provide complete information on how the spectral 126 
profiles of muscle activation are modulated as a consequence of fatigue. For instance, fatigue-related decrease 127 
in EMG center frequency could be provoked by an increase in low frequency power, a decrease in high 128 
frequency power, or a combination of both (3).  129 

An alternative method to assess muscle fatigue is to measure responses in the spectral power of different 130 
EMG frequency bands (10, 16, 23, 49, 65, 72, 77). Since muscle fatigue elicits specific changes in the spectral 131 
power for different EMG frequencies (15, 73), frequency band analyses enable more detailed characterization 132 
of the response of different muscle fibers in a given muscle, as well as of different muscle types. Investigating 133 
separately the spectral intensity of low- and high-frequency EMG components, has helped to determine the 134 
different contribution levels of slow- and fast-twitch muscle fibers (31), with recent applications to muscle 135 
fatigability (24, 26), diagnosis of patellofemoral pain syndrome (23), changes in voluntary effort (61), and 136 
joint positional variability (49). Further, EMG frequency content and related spectral power characteristics 137 
have been utilized to study age-associated changes in neuromuscular control and assess sarcopenic muscle 138 
function (10). 139 

Previous works in the field have mainly focused on separate ‘snapshots-in-time’ to quantify spectral 140 
power characteristics of frequency bands, and did not investigate how spectral profiles of muscle activation in 141 
different muscle types evolve in time in response to fatigue and age-related neuromuscular degeneration. 142 
However, fatigue- and age-induced physiological adaptations of skeletal muscle and muscle fibers 143 
continuously evolve as a result of soft-assembled states dwelling at different time scales and levels of 144 
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biological system organization (36, 41, 81). Earlier studies have identified the presence of long-range power 145 
law correlations in wrist locomotion (37, 40), and gait dynamics (30) and related cardiovascular variables (44, 146 
86) with invariant behavior at different time scales, indicating the presence of multi-scale mechanisms 147 
underlying neural regulation of locomotion (1, 38). Therefore, since muscle activation is necessary for 148 
locomotion, and given that locomotion is characterized by scale-invariant characteristics over a broad range of 149 
time scales, we hypothesize that muscle activation will also exhibit scale-invariant profiles. More specifically, 150 
we hypothesize that: 1) there is a particular evolution process in time that underlies muscle activation and 151 
related spectral power characteristics; 2) each muscle type is characterized by a spectral profile hat exhibits a 152 
muscle-specific evolution of different frequency bands in response to exercise-induced fatigue; 3) different 153 
muscle fibers within a given muscle are associate with specific time evolution paths of their spectral profiles; 154 
4) spectral profiles of muscle activation exhibit similar characteristics across time scales; and 5) while the 155 
functional form of the spectral profile characterizing muscle activation maybe similar in young and old 156 
subjects, old subjects exhibit a different evolution path with less pronounced increase of spectral power in 157 
response to exercise and fatigue. Establishing consistency in the spectral power profiles of different muscle 158 
types and robust evolution path of these profiles over a range of time scales for all subjects in a given age 159 
group, would reveal a universal behavior related to a basic mechanism of muscle tone regulation in response 160 
to exercise-induced fatigue. 161 
 To test our hypotheses, we develop a protocol which allows us to identify and track simultaneously the 162 
evolution of the spectral power profiles of different muscle types, and to study the multi-scale mechanism 163 
underlying the differentiated response of different frequency bands to exercise-induced fatigue in young and 164 
old adults. Given that previous research on frequency banding mainly considered muscles in an isolated 165 
manner and by means of simple movements over short time segments, and because of the need to establish the 166 
relative contribution of trunk muscles together with leg muscles during more complex tasks and how it 167 
changes over prolonged periods of extended and repeated exercises (76), we use a protocol that includes 168 
repeated long squat exercise segments performed until exhaustion and interspersed by rest segments. The 169 
squat test can be considered as an administrable and reliable tool to simultaneously assess the activation of 170 
different muscles types and to measure the physical status in both young (5, 53) and old subjects (90). We 171 
collect EMG data from two different muscle types: the erector spinae back muscle composed of slow 172 
oxidative type I muscle fibers (9), and the vastus lateralis leg muscle composed of higher percentage of fast 173 
glycolytic type II muscle fibers (64, 83), both of which show high myoelectrical activity during squats but 174 
with different levels of activation and contribution to the exercise effort (46).  175 
 Accordingly, we investigate the leg (vastus lateralis, VL) and back (erector spinae, ES) muscle spectral 176 
power profiles and their time evolution during three consecutive squat tests performed until exhaustion and 177 
four interspersed rest segments, in healthy young and old adults. By quantifying the contribution of 178 
differentiated frequency bands to the spectral profile of the leg and back muscle, our study focuses on the 179 
evolution of these profiles in response to accumulated and residual fatigue over long, intermediate, and short 180 
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time scales, i.e., across consecutive exercise and rest segments, within exercise segments, and for a single 181 
squat movement. 182 
2. Methods 183 
2.1. Participants and inclusion criteria 184 
 To determine the sample size for this study a power analysis was conducted using G∗Power 3.1 (22). 185 
Previous research assessing fatigue effects on repeated exercise performed until exhaustion (25) have 186 
reported large effect sizes. Thus, using an effect size of d = 1.2, α < 0.05, power (1—β) = 0.80, we estimated 187 
a minimum sample size = 20. Accordingly, fourteen healthy young adults (six males and eight females; age 188 
22.19 ± 13.56 years, height 174.69 ± 10 cm, and mean body mass 66.81 ± 13.39 kg) and seven healthy old 189 
adults (three males and four females; age 56.2 ± 2.95 years, height 169 ± 11.93 cm, and mean body mass 190 
73.42 ± 11.09 kg), were recruited to participate in the study. With the aim of ensuring a homogenous sample, 191 
participants were strictly recruited according to the following inclusion criteria: a) aged 20-30 years (healthy 192 
young adults group) or 50-60 years (healthy old adults group), b) BMI (in kg/m2) > 18.5 and < 30, c) normal 193 
physical activity > 5 and < 10 h/week, but without sport specialization, and d) blood pressure < 140/90 194 
mmHg. Exclusion criteria consisted of: a) intake of prescribed drugs that could affect muscle strength, such 195 
as corticosteroids, b) current or previous injury, either during the previous period before testing or at any 196 
other moment, going against the study protocol, and c) any other condition that may have prevented the 197 
performance of an exercise protocol until exhaustion. The experiment was approved by the local ethical 198 
committee and carried out according to the Helsinki Declaration. Before taking part in the study, participants 199 
read the study description and risks and signed an informed consent (88).  200 
2.2. Study design and test protocol 201 

In our protocol the participants visit the laboratory for two different sessions, separated by a 2-day 202 
interval. During the first session (i.e., familiarization), participants practice the squat test until they are able to 203 
execute the movement according to the protocol (see study test protocol below). In the second session, 204 
participants perform the study test protocol. 205 

We specifically select the squat exercise because it demands the coordinated activity between lower 206 
back and leg muscles, and has been recognized as a functional and safe movement that closely resembles 207 
complex everyday tasks (14). Furthermore, the squat is one of the most traditional resistance exercises used to 208 
enhance performance in sports and in lower limb rehabilitation processes, as it develops powerful muscles 209 
that are activated during many functional tasks, such as running or jumping (21). Since the focus of our 210 
manuscript is to identify spectral profiles of muscle activation that are specific for each muscle type, and to 211 
track the evolution of this muscle-specific spectral profiles in response to exercise-induced fatigue, we utilize 212 
a maximal (i.e., squats performed until exhaustion) instead of a submaximal squat test. The use of a 213 
submaximal squat test would not provoke sufficiently high levels of muscle fatigue, necessary to investigate 214 
changes in the spectral profiles of leg and back muscle activation and how these profiles evolve in the process 215 
of exercise from short to large time scales. 216 
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The protocol is composed of the following consecutive segments: a) 10-minute rest period in supine 217 
position (Rest 1), b) squat test performed until exhaustion (Exercise 1), c) 10-minute rest period in supine 218 
position (Rest 2), d) squat test performed until exhaustion (Exercise 2), e) 10-minute rest period in supine 219 
position (Rest 3), f) squat test performed until exhaustion (Exercise 3), and g) 10-minute rest period in supine 220 
position (Rest 4). 221 

Rest segments. During Rest 1, 2, 3, and 4, participants lay down in a supine position on a massage 222 
table. With the aim of avoiding joint compression and facilitating relaxation, we place a pillow under the 223 
participants’ knees. Furthermore, we locate another pillow under the back to avoid contact between the back 224 
electrodes and the table. 225 

Exercise segments. During Exercise 1, 2, and 3, participants perform a squat test until exhaustion. The 226 
squat tests are performed according to the following instructions: “Place feet a little wider than shoulder-227 
width apart. Extend the arms out straight. Initiate movement by inhaling and unlocking the hips, slightly 228 
bringing them back. Keep sending hips backward as the knees begin to flex. Squat down until touching the 229 
rope. Return to standing position. Repeat until exhaustion.” The rope is adjusted to a height where the 230 
participants’ thighs are parallel to the ground at the bottom of their squat. Participants are instructed to keep 231 
their chest up, weight over the heels and not to allow their knees to fall into a valgus position. (5,53,78). 232 
Given that the back squat is used much more commonly compared to its front squat variation (89), and since 233 
the front squat requires higher ankle mobility (loss of ankle dorsiflexion is a common feature in young and 234 
old population; 69), the back squat has been selected for the current study. The pace of the squat is controlled 235 
by means of a metronome (MetroTimer version 3.3.2, ONYX Apps), using a 3:3 tempo (three seconds down 236 
and 3 seconds up, so one single squat lasts 6 seconds). The squat test finishes when participants are not able to 237 
squat down/up anymore or, alternatively, when they cannot maintain the prescribed squat tempo. 238 

The repetition of three consecutive squat tests performed until exhaustion, allows us to identify the 239 
effects of acute fatigue on the leg and back spectral power profiles, and to track the evolution of the spectral 240 
power profiles with gradual accumulation of fatigue within each exercise segment. The short 10-min resting 241 
periods in our protocol lead to only a partial recovery after a maximal squat test, and allow to quantify the 242 
effects of residual fatigue reflected on spectral power profiles of leg and back muscle activation across 243 
consecutive exercise segments. While acute fatigue occurs when the energy consumption exceeds the muscle 244 
aerobic capacity and a large fraction of the required energy has to come from anaerobic metabolism (11), 245 
residual fatigue is characterized by neuro-mechanical and biochemical alterations (e.g., decrease in maximal 246 
force) provoked by previous exercise (29).  247 
2.3. Electromyography (EMG) acquisition 248 

Participants are asked to wear appropriate clothing for access to the EMG electrode placement sites. 249 
Before the mounting of the EMG electrodes, the participants’ skin is shaved and cleaned using alcohol, and 250 
left to dry for 60s to reduce the myoelectrical impedance, according to the SENIAM guidelines (33). The 251 
following muscles are investigated simultaneously during the whole study test protocol: left and right vastus 252 
lateralis (VL-L, VL-R), and left and right erector spinae (longissimus; ES-L, ES-R). The placement of the 253 
surface electrodes (Ag / AgCl bipolar surface electrodes, Sorimex, Toruń, Poland) is also carried out 254 
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according to the recommendations of SENIAM organization and the Cram Guidelines (13). More specifically, 255 
vastus lateralis electrodes are placed at 2/3 on the line from the anterior spina iliaca superior to the lateral side 256 
of the patella, and the erector spinae electrodes are located at a 2-finger width lateral from the proc. spin. of 257 
vertebra L1. After the electrodes are secured, a quality check is performed to ensure EMG signal validity. The 258 
aforementioned muscles have been selected since they present the highest myoelectrical activity during 259 
bodyweight squat (46).  260 
2.4. EMG signal processing and data analysis 261 

We record data using Biopac MP36 (Biopac Systems Inc, Goleta, CA, USA) and process them by 262 
means of Matlab (Mathworks, Natik, MA, USA). Raw data is recorded at a sample frequency of 500 Hz and 263 
filtered online using a 5–250 Hz band-pass filter. Furthermore, we use a notch filter with a width of 1 Hz at 264 
the frequency of 50 Hz (i.e., 49.5 – 50.5 Hz) to remove line interference. 265 

The procedure we follow to process the data for the current research is composed of three main steps, 266 
over longer to shorter time scales. While the first step focuses on the overall spectral power changes across 267 
the whole study test protocol (i.e, larger time scale), the second and third steps aim at performing a more in-268 
depth analysis on the changes within exercise segments (i.e., shorter time scales). All the analyses are carried 269 
out separately for both young and old groups. 270 

The first step is to study spectral power S(f) distribution profile for both leg and back muscles and its 271 
evolution across different Rest and Exercise segments (i.e., large time scales). We extract spectral power for 272 
each muscle (i.e., VL-L, VL-R, ES-L, and ES-R) and segment (i.e., Rest 1, 2, 3, 4, and Exercise 1, 2, 3), 273 
considering a 2-second time window with an overlap of 1 second. For each time window, we compute 274 
spectral power across all frequencies. Given that no remarkable differences are observed between left and 275 
right leg and back in the current study, we only show the results for VL-R and ES-R. Next, in order to 276 
quantify the results observed in the spectral power distribution curves (Figs. 2 and 3), we compute the total 277 
spectral power 𝑆(𝑓) for each muscle and exercise-rest segment (Fig.4), summing up the power across all 278 
frequencies: 279 

𝑆(𝑓): = 𝑆(𝑓 ) 

where 𝑓  are all frequencies considered in our spectral analysis. We obtain a value for the spectral power for 280 
each 0.5 Hz in the [5-250 Hz] range, therefore 𝑁 =  500. Furthermore, to elucidate the contribution of 281 
different frequencies, we then subdivide the spectrum of frequencies in the following bands: [5-25 Hz], [25-282 
50 Hz], [50-150 Hz], [150-250 Hz], and take the average spectral power corresponding to the frequency bins 283 
of 0.5 Hz in each frequency band (Fig. 5): 284 

< 𝑆(𝑓) >∶=  𝑆(𝑓 ) 𝑀 

where  𝑓  are all the frequencies in each frequency band binned in bins of 0.5 Hz. Note that because the 285 
frequency bands have different width, we use the average spectral power < 𝑆(𝑓) > instead of the sum. The 286 
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aforementioned frequency bands were selected according to the shape of the empirical spectral power 287 
distribution observed in Figs. 2 and 3, and relates to earlier studies of different muscle fiber types (31). 288 
 The second step of our analysis is to study the spectral power profile evolution within Exercise 289 
segments (i.e., intermediate time scales) by means of a spectrogram (Fig. 6). With the aim of further 290 
clarifying the contribution of different frequencies, we consider in this case 10 x 10 Hz frequency bands, from 291 
5 to 200 Hz. The 200-250 Hz range was removed given the lack of activity observed in the previous figures. 292 
As in the previous step, we consider a 2-second time window with 1-second overlap. For each time window 293 
and frequency band, and calculate the sum 𝑆(𝑓) of all the power across all frequencies within that frequency 294 
band. Each node in Fig. 6 is assigned a color and represent the power inside the corresponding time window 295 
and frequency band. To facilitate visual comparison among exercise segments and between age groups, the 296 
same color bar ranges are used in the different subplots. The maximal power in the color bar corresponds to 297 
the highest power value obtained during the three exercise segments. In order to quantify the results shown in 298 
Fig. 6, we specifically compare the Beginning versus the End of each exercise segment. To this end, we 299 
consider 1-minute segment after the first 30 seconds (i.e., Beginning), and 1-minute segment before the very 300 
last 12 seconds (i.e., End) of each Exercise segment. The first 30 seconds (i.e., five squats) are not considered 301 
since participants needed an average of two or three repetitions to get synchronized with the metronome. The 302 
last 12 seconds (i.e., 2 squats) are also not considered given the high instability that typically characterizes the 303 
very last squats of the exercise segments due to exhaustion. We compute spectral power using a 2-second 304 
time window with an overlap of 1 second, for both Beginning and End. We consider three of the four 305 
original frequency bands (i.e., [5-25 Hz], [25-50 Hz], and [50-150 Hz]). The [150-250 Hz] band was 306 
removed from the analysis given its reduced activity in previous steps. We consider the average <S(f)> of 307 
the spectral power of all frequencies inside each frequency band (Figs. 7 to 10, right panel). To probe 308 
detailed characteristics of the spectral power profiles and the specific contribution of different muscle fibers in 309 
response to fatigue and aging, we also consider 34 frequency bands each with width of 4 Hz (from 4-44 Hz 310 
and from 56-152 Hz) for both Beginning and End of each exercise segment. The 44-56 Hz range is not 311 
included because of the notch filter at 50 Hz, which modifies the EMG signal, altering the spectral 312 
power of frequencies around 50 Hz (i.e., 49.5 – 50.5 Hz). Since the detailed frequency bands have the 313 
same width of 4 Hz, we next calculate the sum of the spectral power 𝑆(f) for all frequency bins of 0.5 Hz 314 
inside each frequency band (Figs. 7-10, left panels). Note that, given the lack of remarkable differences 315 
between Exercise 2 and 3, Exercise 2 is not shown from Fig. 6 onwards. 316 
 The last step of our analysis is to identify the spectral power profiles during single squat movements 317 
(i.e., short time scales), and analyze the evolution of these profiles from Beginning to End of the Exercise 318 
segments. Thus, we take five squats from the Beginning (i.e., squat 6 to 10) and five squats from the End 319 
(i.e., the last five squats, without considering the very last two squats) of Exercise 1. We next divide 320 
each squat into two parts: Down (3 seconds; lengthening contraction) and Up (3 seconds; shortening 321 
contraction). Then, we compute the spectral power for both Down and Up (Beginning and End), 322 
considering a 1-second time window with an overlap of 0.5 seconds. Similar to the previous step, we 323 
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consider both the three original frequency bands ([5-25 Hz], [25-50 Hz], and [50-150 Hz]) and the 34 324 
frequency bands (from 4 to 44 Hz and from 56 to 152 Hz, each 4 Hz). We next compute the sum 𝑆(f) (34 325 
frequency bands; Figs. 11 and 12) or the average <S(f)> (4 original frequency bands; Figs. 13a,b and 326 
14a,b) of the power across all frequencies inside each frequency band. Finally, in order to study the 327 
evolution of lengthening and shortening contractions from Beginning to End, we obtain the ratios 328 
<S(f)>End/<S(f)>Begin (Figs. 11c and 12c). The ratios are obtained dividing Down phase Beginning by Down 329 
phase End, and Up phase Beginning by Up phase End values of the averaged spectral power for each 330 
frequency band. 331 
 The selection of short 1-min time period (Figs. 7-10; intermediate time scales) or 5 squats (Figs. 332 
11-14; short time scales) at the Beginning and End of each exercise segment, allows for more accurate 333 
quantification of the spectral profiles of the leg and back muscle activation for different physiological 334 
states within exercise segments: absence of fatigue at Beginning of Exercise 1, residual fatigue at 335 
Beginning of Exercise 2 and 3, and maximal level of fatigue accumulation at End of each exercise 336 
segment. Selection of longer time periods within exercise segments would lead to reduced accuracy in 337 
the analysis to quantify association of distinct physiological states with the spectral power profiles of 338 
muscle activation for different muscle types and age groups - absence of fatigue can be accurately tested 339 
only at the Beginning of Exercise 1, residual fatigue only at the Beginning of Exercise 2 and 3, and 340 
maximum level of accumulation of fatigue only at the End of Exercise 3. Alternatively, a choice of 341 
shorter time periods to quantify these physiological states would not provide sufficient data to perform 342 
reliable analyses. 343 
2.5. Statistical tests 344 
  Statistical analyses are performed using SPSS (v.23, SPSS Inc., USA). All data are tested for 345 
normality by using a Shapiro-Wilk test. To analyze the spectral power frequency bands evolution across 346 
Exercise 1, 2, and 3 (Figs. 4 and 5), we perform a repeated measures ANOVA with Bonferroni post-hoc 347 
correction separately for each muscle. To assess the changes within exercise segments (i.e., Beginning 348 
vs End; Figs.7-10) and during a single squat movement (Down vs Up squat phase; Figs. 11-14) we use a 349 
Student-t test. The between-group comparison (young vs old) is computed by means of an independent 350 
Student-t test. Alternatively, in case of non-Gaussian distribution, we use a Friedman ANOVA (across 351 
exercise segments), a Wilcoxon matched pairs test (within exercise segments and during a single squat 352 
movement), or a Mann-Whitney U matched pair test (between age groups). We use an alpha level of 0.05 353 
for all statistical tests.  354 
3. Results 355 
3.1. Performance 356 
 The number of squats significantly decreases across the three exercise segments, in both the young 357 
(123.50 ± 41.73, 53.64 ± 19.95, and 47.54 ± 23.39 in Exercise 1, 2, and 3, respectively; Friedman ANOVA 358 
test; χ2 = 22.29; df = 2;  p < 0.001) and the old group (65.23 ± 36.82, 39.51 ± 24.02, and 32.00 ± 20.85, in 359 
Exercise 1, 2, and 3, respectively; Friedman ANOVA test; χ2 = 14.00; df = 2; p = 0.001). Specifically, the 360 
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number of squats is significantly reduced from Exercise 1 to Exercise 2 (Wilcoxon matched pairs test; Z = 361 
3.29; p = 0.01 for the young and Z = 2.36 p = 0.01 for the old group. In the between-group comparison, the 362 
young subjects perform significantly more squats than the old group only in the Exercise 1 (Mann Whitney U 363 
test; U = 13.00; p = 0.006). 364 
3.2 Spectral power distribution of leg- and back-muscle activation for consecutive rest and exercise 365 

segments 366 
 The leg and back muscles show different EMG amplitude profiles at both large and intermediate, and 367 
short time scales (Fig. 1). Within and across exercise segments, there is a progressive increment in the EMG 368 
amplitude of leg, reflecting the effect of fatigue, in contrast to the back muscle where the EMG amplitude 369 
does not remarkably change. Note also the higher initial EMG amplitude at the Beginning of Exercise 2 and 3 370 
compared to Exercise 1 for the leg muscle indicating residual fatigue – an effect that is not present for the 371 
back muscle (Fig. 1a). The leg and back muscles also show markedly distinct EMG amplitude profiles at 372 
short time scales of a few seconds, associated with individual squats. While the leg muscle presents a bimodal 373 
profile with two phases corresponding to the down (smaller amplitudes) and up (larger amplitude) squat 374 
movements, the back muscle shows a unimodal EMG profile (Fig. 1b). The observed differences at both short 375 
and large time scales between the leg and back muscles in the EMG amplitude profiles and its evolution with 376 
fatigue, indicate different muscle fiber structure and role during the squat. These empirical observations 377 
motivate our hypothesis that distinct muscles have specific spectral power profiles, with different contribution 378 
of muscle fibers to the spectral power of high- and low- frequency components, and muscle-specific spectral 379 
power evolution profiles across short and large time scales in response to exercise-induced fatigue and aging. 380 
 To test our hypothesis, we first obtain the spectral power distribution for the leg and back muscles, 381 
during rest and exercise, and for both young and old subjects. Our analysis shows that the leg and back 382 
muscles have different spectral power profiles, according to their specific histochemical properties and 383 
distinct role during the squat movement (Fig. 2). Specifically, while both leg and back spectral profiles 384 
exhibits a major contribution of low frequencies, the leg spectral profile is also characterized by a more 385 
remarkable contribution of higher frequencies compared to the back muscle. These muscle spectral profiles 386 
are also different during rest and exercise, indicating specific muscle fiber contribution during different 387 
physiological states (rest vs. exercise). Note also that both leg and back spectral profiles are preserved in the 388 
old group, however, with a reduced total power with age, reflecting the typical decline in muscle mass 389 
(sarcopenia) and strength in old adults (91). 390 
3.3. Leg- and back-muscle spectral power profiles and their evolution at large time scales across 391 

consecutive rest and exercise segments  392 
 We next ask the question whether the spectral power profiles of the leg and back muscles evolve and 393 
change at large time scales across consecutive rest and exercise segments. We remarkably find that the shape 394 
of the spectral profiles does not change across rest (Fig. 2a,b) and exercise segments (Fig. 2c,d), however, 395 
there is a marked vertical shift to higher spectral power across exercise and rest segments. According to the 396 
performance results (Methods 3.1.), this S(f) vertical shift present in both leg and back muscle, is more 397 
pronounced between Exercise 1 and 2 than from Exercise 2 to 3, and reflects the response to residual fatigue. 398 
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Moreover, we investigate whether the observed spectral profiles in the leg and back muscle and their 399 
evolution with aging is different (Fig. 3). We observe that young and old subjects show similar evolution in 400 
the leg and back muscle spectral profiles. These observations indicate that the spectral power profiles for both 401 
leg and back muscle are robust as they are consistently reproduced at a given physiological state (rest - 402 
exercise) and muscle (leg - back) and are preserved across rest and exercise segments. 403 
  Rest segments. To quantify the results observed in Fig.1 and Fig. 2, we compute the total spectral 404 
power for each muscle during the four rest segments (Fig. 4a,b). A significant effect of accumulated fatigue 405 
is only observed on the right back muscle total power, in both young (ANOVA repeated measures; F= 406 
3.98; df = 3;  p = 0.02; Exc. 1 vs Exc. 2 p = 0.02) and old (F = 5.92; df = 3; p = 0.005; Exc. 1 vs Exc. 2 p 407 
= 0.03) groups. Further, to elucidate the contribution of low-and high-frequency components to the total 408 
spectral power, we quantify the power in the following frequency bands: [5-25 Hz], [25-50 Hz], [50-150 409 
Hz], and [150-250 Hz], and their evolution across rest segments (Fig. 5a). A significant effect of 410 
accumulated fatigue is mainly shown in the low frequency [5-25 Hz] band (F = 3.47; df = 3; p < 0.02), 411 
indicating a clear dominance of the low frequencies during the four rest periods. Note that the other 412 
frequency bands were mostly absent in both the right leg (vastus lateralis, VL-R) and right back (erector 413 
spinae, ES-R) muscles. According to the size principle of motor recruitment (32,56), type I muscle fibers 414 
are recruited at rest and during light exercise, provoking a clear dominance of low frequencies during 415 
rest segments. As shown in Fig. 5a, the [5-25 Hz] band is about 102 times higher in the ES-R compared 416 
to the VL-R. A feasible explanation could be related to the different fiber composition in VL and ES 417 
muscles; while ES is a postural muscle mainly composed of type I fibers (9), VL has a higher percentage 418 
of type II fibers (64,83). This means that the ES might present higher muscle tone at rest, provoking an 419 
increased spectral power, specifically at low frequencies. When comparing between age groups, the [5-420 
25 Hz] band is significantly higher in the young group during the four Rest segments, specifically in the 421 
ES-R (Fig. 5a; t = 1.72; p = 0.04). No significant differences are shown between age groups regarding 422 
the VL-R. 423 

Exercise segments. With the aim of quantifying the leg and back spectral power evolution across 424 
exercise segments observed in Fig. 2, we next compute the total spectral power for each muscle during 425 
the three consecutive exercise segments (Fig. 4c,d). With transition from rest to exercise, both the right 426 
leg (vastus lateralis, VL-R) and the right back (erector spinae, ES-R) total spectral power increase 102 to 427 
103 times, in young and old subjects. The VL-R activation in both age groups shows significant effect of 428 
accumulated fatigue with 36% increase in spectral power for young (ANOVA repeated measures; F = 429 
9.78; df = 2; p = 0.001; Exc. 1 vs Exc. 2 p = 0.01) and 40% increase for old subjects from Exercise 1 to 430 
Exercise 2 (F = 9.06; df = 2; p = 0.004; Exc. 1 vs Exc. 2 p = 0.04). In contrast, the ES-R exhibits 431 
significant evolution in spectral power across exercise segments with 23% increase from Exercise 1 to 432 
Exercise 2, only for the young subjects (ANOVA repeated measures; F = 4.72; df = 2; p = 0.03; Exc. 1 433 
vs Exc. 2 p = 0.04). No significant differences are observed for the total spectral power of the VL-R 434 
activation between young and old subjects during exercise. However, the ES-R total power is 435 
significantly higher in young than old subjects (Student t-test p < 0.01). The reduced ES-R power 436 
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evolution in the old group might be explained by the typical decline in lumbar extensors strength, which 437 
has been observed from the third to sixth decade of life (20,77).  Given the usual higher myoelectrical 438 
activity (i.e., higher contribution) of VL compared to ES muscle during squats (46), total power is 100% 439 
higher in the VL-R compared to the ES-R, in both young and old groups. 440 

As for the previous subsection (Rest segments), we also identify the specific contribution of 441 
different frequency bands to the VL-R and ES-R total power (shown in Fig. 4c,d) for consecutive 442 
exercise segments (Fig. 5b). Spectral power increases (~30%) proportionally for all frequency bands, in both 443 
young and old groups, reflecting common response across the entire frequency range. Specifically, a 444 
significant effect of accumulated fatigue on VL-R is observed in all frequency bands in the young group 445 
(ANOVA repeated measures; df = 2; p < 0.03), and only in the [5-25 Hz] and [25-50 Hz] bands in the 446 
old group (ANOVA repeated measures; F= 7.11; df = 2; p = 0.09 and F = 5.35; df = 2; p = 0.02, 447 
respectively). In contrast to the VL-R, a significant effect of accumulated fatigue on the ES-R is 448 
observed in [5-25 Hz] and [25-50 Hz] bands (ANOVA repeated measures; F = 4.57; df = 2; p = 0.02 and 449 
F = 4.52; df = 2; p = 0.02, respectively) for the young subjects, and only in [5-25 Hz] band for the old 450 
subjects (ANOVA repeated measures; F = 4.72; df = 2; p = 0.04). According to the size principle of 451 
motor recruitment (32,56), during exercise segments both the [5-25 Hz] and [25-50 Hz] bands dominate 452 
and the [50-150 Hz] band is remarkably present, indicating the recruitment of faster motor neurons with 453 
higher excitation thresholds (84), compared to the rest segments. Furthermore, given the distinct muscle 454 
fiber composition of VL and ES muscles, a significant reduction in spectral contribution in the intermediate 455 
[25-50Hz] frequency band compared to the low frequency [5-25Hz] band is observed in the ES-R for the thee 456 
exercise segments (Student t-test; t = 5.04;  p < 0.001; t = 3.95; p = 0.002, and t = 4.02; p = 001), an effect 457 
which is not observed for the VL-R. As shown in previous studies, the high- and low-frequency contents 458 
within the EMG seem to be associated with the recruitment of fast and slow motor units, respectively (4, 459 
34, 68, 85). More specifically, the shape and conduction velocity of the motor unit action potentials, are 460 
determined by the intrinsic attributes of muscles fibers (6,84) that make up each motor unit, forming the 461 
basis for the spectral properties in the EMG. Thus, since ES is mainly composed of type I fibers (9), 462 
which seem to be recruited below 40-50 Hz (17,87), there is a less pronounced response in the [25-50 463 
Hz] band and no evolution is observed in the [50-150 Hz] and [150-250 Hz] bands.  464 

The consistency of the spectral power profiles among subjects from a given group (young - old), at a 465 
given physiological state (rest - exercise) and muscle (leg – back), and the robustness of these profiles at large 466 
time scales for repeated rest and exercise segments, indicate a universal behavior related to a basic mechanism 467 
of muscle tone regulation.  468 
3.4. Leg- and back-muscle spectral profiles and their evolution at intermediate time scales within a 469 

single exercise segment   470 
Further, we ask the question whether the robustness of the leg and back spectral profiles observed at 471 

large time scales in both young and old groups (Fig. 4 and Fig. 5), is preserved at intermediate time scales 472 
during Exercise 1 with accumulation of fatigue (Figs. 7a, 8a, 9a, 10a). Moreover, we test how residual fatigue 473 
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from Exercise 1 and Exercise 2 affects the shape and evolution of such spectral profiles during Exercise 3 474 
(Fig. 7b, 8b, 9b, 10b). 475 
 Leg muscle spectral power evolution with accumulation of fatigue. With progression of the 476 
exercise in the young group, there is a clear evolution in the leg muscle (vastus lateralis, VL-R) spectral 477 
profile from fewer active frequency bands (mainly low frequencies, below 50 Hz) with relatively lower 478 
spectral power at the Beginning of Exercise 1, to a broader range of frequency bands (both low and high 479 
frequencies, above 50 Hz) at higher level when approaching exhaustion at the End of the exercise (Fig. 6a). 480 
As stated by previous authors (56), motor units are recruited from smallest to largest. This means 481 
that performing submaximal squat contractions results mainly in the recruitment of lower threshold 482 
motor units that innervate type I fibers, but increasing fatigue leads to the recruitment of higher threshold 483 
motor units that innervate type II muscle fibers. Accordingly, VL-R spectral profiles in the young group are 484 
characterized by two separate Regimes with different response to accumulating fatigue in the course of 485 
exercise (Fig. 7a, left panel). Regime 1, containing low [5-25 Hz] and intermediate [25-50 Hz] frequency 486 
bands, increases dramatically up to 200% from the Beginning to End of exercise (Wilcoxon matched pairs 487 
test; Z = 3.30; p = 0.001 and Z = 2.93; p = 0.003). Regime 2, which includes high frequency bands [50-150 488 
Hz], shows a less pronounced increase in spectral power at the End of exercise (approximately 100%; 489 
Wilcoxon matched pairs test; Z = 3.29, p = 0.001). Thus, a clear dominance of lower frequencies as the 490 
muscle becomes fatigued can be observed. According to previous research, the main factor leading to the 491 
low-frequency dominance profile are the changes in the shapes of the motor unit action potentials, which 492 
are caused primarily by a reduction in the conduction velocities of the active fibers (3, 62). In turn, the 493 
conduction velocities are largely influenced by intracellular pH (56) and acidosis developed during high-494 
intensity exercise. The maximal squat test is a highly demanding exercise, in which elevated levels of 495 
acidosis are accumulated when approaching exhaustion (42). 496 
 Regarding the VL-R spectral power evolution within Exercise 1 in the old group (Figure 9a), a 497 
very similar S(f) profile and evolution from Beginning to End of the exercise (in both individual subject 498 
and group average) can be observed, compared to the young group (Figure 7a). The spectral power 499 
profile also exhibits two distinct regimes of frequency bands (Figure 9a, left panel), with (i) different 500 
starting levels of power at the Beginning of exercise and (ii) distinct response to accumulation of fatigue 501 
with progression of exercise. Concretely, there is a more pronounced increase in the low [5-25 Hz] and 502 
intermediate [25-50 Hz] bands in Regime 1 (Wilcoxon matched pairs test; Z = 2.02; p = 0.04 and Z = 503 
2.12; p = 0.03) compared to high frequencies [50-150 Hz] in Regime 2 (Z = 1.63; p = 0.04). The 504 
observed leg muscle spectral power profile and its evolution with fatigue in the old group (Fig. 9a) is 505 
consistent with the leg muscle spectral response of young subjects in Fig. 7a, indicating universality in 506 
myoelectrical activation during exercise. However, in contrast to the young group, the spectral power of 507 
low and intermediate frequency bands (Regime 1) in old subjects starts at significantly higher levels at 508 
the Beginning of Exercise 1 (with approximately 30%; Mann Whitney U test; U = 51.00; p = 0.04), 509 
indicating a reduced frequency range response during exercise. Furthermore, while the increase in 510 
Regime 1 at the End of exercise is less pronounced (50% for [5-25 Hz] and 50% for [25-50 Hz] in old, 511 
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vs. 220% and 110% respectively in young subjects), the increase in high frequencies [50-150 Hz] in 512 
Regime 2 is completely absent in the old group. The overall reduced spectral power and the lack of 513 
activity at higher frequencies in the old compared to the young group, might be explained by the 514 
reduction in the discharge rate of motor neurons in old adults (48), and by sarcopenia, the normal decline 515 
of skeletal muscle and strength during aging (2, 91). Sarcopenia involves primarily type II muscle fibers, 516 
which motor units seem to fire above 50 Hz and up to 100-140 Hz (28,87).  517 

Leg muscle spectral power response to residual fatigue. A very similar spectral profile is 518 
observed for the leg muscle (vastus lateralis, VL-R) in the young group within Exercise 3 (Fig. 7b), 519 
compared to Exercise 1 (Fig. 7a). However, the existent significantly elevated spectral power in Regimes 520 
1 and 2 at the Beginning of Exercise 3 compared to Exercise 1 (Wilcoxon matched pairs test; Z = 2.90; p 521 
= 0.04), indicates the presence of residual fatigue from Exercise 1 and 2. This residual fatigue effect 522 
leads to a reduced response to accumulated fatigue during Exercise 3 compared to Exercise 1 in young 523 
subjects: approximately 50% increase for the [5-25 Hz] and [25-50 Hz] bands for Exercise 3 (Wilcoxon 524 
matched pairs test; Z = 3.15; p = 0.002 and Z = 3.17; p = 0.001) compared to 240% and 170% 525 
respectively for Exercise 1 (Fig. 7). Note also that the level of power response in the Regime 1 526 
frequency bands at the End of Exercise 3, corresponding to the maximum leg muscle capacity is similar 527 
than in Exercise 1. In contrast to Regime 1, no significant increments from Beginning to End during 528 
Exercise 3 are detected in the high frequencies [50-150 Hz] band in Regime 2 in young subjects. The 529 
lack of increment at high frequencies in Exercise 3 might be related to the greater fatigability 530 
characterizing type II fibers (11,63).  531 

The aforementioned behavior in Regime 1 and Regime 2 for young subjects, in response to 532 
accumulated fatigue during Exercise 3 and in response to residual fatigue is consistently observed in the 533 
old group (Fig. 9b). As in the young group, the power at the Beginning of Exercise 3 (Fig. 9b) is 534 
increased about 50% compared to Exercise 1 (Fig. 9a). However, the increase from Beginning to End of 535 
Exercise 3 is less pronounced in the old group (30% increase for [5-25 Hz] and 20% for [25-40 Hz] 536 
bands; Wilcoxon matched pairs test; Z = 2.37; p = 0.02 and Z = 2.21; p = 0.03) compared to young 537 
subjects, indicating a reduced response of VL-R activation during Exercise 3. 538 

Note that the observed evolution in the VL-R spectral profile at intermediate time scales during 539 
exercise (Figs. 6, 7, and 9) in response to accumulated fatigue, is consistent with the results shown for 540 
the change in the VL-R spectral power at large time scales across consecutive exercise segments (Figs. 541 
4c,d and 5b), where the power increases from Exercise 1 to Exercise 2, but does not change from 542 
Exercise 2 Exercise 3 due to effects of residual fatigue.  543 

Back muscle spectral power evolution with accumulation of fatigue. As for the leg muscle (VL-544 
R), the back muscle (erector spinae, ES-R) spectral profile is also characterized by two distinct frequency 545 
regimes with different response to accumulating fatigue in the course of exercise (Fig. 8a). However, in 546 
contrast to the leg muscle, ES-R spectral power in high frequency bands (above 55 Hz) does not increase 547 
during exercise, and response to fatigue with widening range of active frequency bands and increased 548 
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power is observed only for low and intermediate frequencies (Fig. 6a). Specifically, a significant effect 549 
of accumulated fatigue from Beginning to End in the young group is only observed on Regime 1 – 140% 550 
increase in S(f) in the low [5-25 Hz] and 70% in the intermediate [25-50 Hz] band (Wilcoxon matched 551 
pairs test; Z = 3.05; p = 0.02 and Z = 2.42; p = 0.01) (Figure 8a). The lack of changes on the high 552 
frequencies [50-150 Hz] in Regime 2 for the back spectral profile, show a remarkable dissociation in 553 
response to fatigue of back muscle fibers represented by different frequency bands, given the specific 554 
back muscle fiber composition (9). 555 

The spectral power profile of the back muscle and its evolution with fatigue in the old group (Fig. 556 
10a) are consistent with the young subjects in Fig. 8a, indicating universality in myoelectrical activation 557 
during exercise. However, there is an overall remarkable reduction (10 times lower) compared to the 558 
young group, and the S(f) evolution in spectrogram characteristics with accumulation of fatigue is 559 
mostly absent. As shown in Figure 10a, S(f) only increases from Beginning to End are only observed in 560 
the [5-25 Hz] band (70% increase; Student-t test; t = 3.51; p = 0.01), reflecting reduced response of back 561 
muscle activation in old subjects with accumulation of fatigue at intermediate time scales. These results 562 
are in agreement with previous research (49), where an inability to activate tibialis anterior from 30 to 60 563 
Hz was found in old, compared to young adults. As the erector spinae, tibialis anterior is mainly 564 
composed by type I fibers (43). As explained in previous sections, lumbar muscle degeneration and the 565 
reduced force levels in the elderly (54) might be responsible for these results. 566 

Back muscle spectral power response to residual fatigue. A very similar spectral profile for the 567 
back muscle (erector spinae, ES) is observed in Exercise 3 (Fig. 8b), compared to Exercise 1 (Fig. 8a). 568 
However, starting spectral power at the Beginning of Exercise 3 is higher compared to Exercise 1 for 569 
low frequencies [5-25 Hz] (100% increase) and intermediate frequencies [25-50 Hz] (60% increase) in 570 
Regime 1, due to residual fatigue from previous exercise segments. Accordingly, ES-R spectral power 571 
increase from Beginning to End of Exercise 3 is less pronounced than in Exercise 1 (80% increase in the 572 
low [5-25 Hz] and 40% in the intermediate [25-50 Hz] bands in Regime 1; Wilcoxon matched pairs test; 573 
Z = 2.73; p = 0.006 and Z = 2.01; p = 0.004) (Fig. 8b). No changes are observed in the high [50-150 Hz] 574 
band in Regime 2. 575 

Regarding the old group (Fig. 10b), the 65% elevation in spectral power of Regime 1 due to 576 
residual fatigue at the Beginning of Exercise 3, compared to the Beginning of Exercise 1, is less 577 
pronounced than for the young subjects (100% increase; right panel in Fig. 8b). Furthermore, similarly 578 
to Exercise 1, there is a markedly different response of Regime 1 and Regime 2 to accumulation of 579 
fatigue during Exercise 3 in the old group. However, the increase in Regime 1 power during Exercise 3 580 
is less pronounced compared to Exercise 1 (50% in the [5-25 Hz] p = 0.04; and 20% in the [25-50 Hz] 581 
bands; right panels in a and b), indicating reduced back muscle response to accumulation of fatigue 582 
during Exercise 3 due to the existing residual fatigue from Exercise 1 and 2. 583 

Notably, the evolution of the ES-R spectral profile with accumulated fatigue at intermediate time 584 
scales within an exercise (Figs. 6, 8, and 10), is remarkably consistent with the observed spectral power 585 
evolution at large time scales of consecutive exercise segments (Figure 5b). Specifically, the changes on 586 



Muscle spectral profiles and evolution across time scales 

 
17

the ES-R power are mainly concentrated in the low [5-25 Hz] and intermediate [25-50 Hz] bands in 587 
Region 1, while the evolution of high frequency [50-150 Hz] band in Regime 2 is completely absent.  588 
3.5. Leg- and back-muscle myoelectrical activity and spectral power profiles at short time scales of a 589 

single squat movement 590 
 In previous sections we demonstrate that the leg and back spectral profiles in both young and old 591 
groups are robust as are consistently reproduced at large (Fig. 4 and Fig. 5) and intermediate time scales (Fig. 592 
6 to Fig. 10). Finally, we test the robustness of such spectral profiles at short time scales of a single squat 593 
movement and their response to accumulated fatigue during Exercise 1 (Fig. 11 to Fig. 14). Specifically, we 594 
identify the leg and back spectral profiles for both Down and Up squat phases, characterized by different 595 
types of muscle contractions (lengthening and shortening contractions, respectively). 596 

Leg muscle activation and spectral power evolution during Down and Up squat phases. While at 597 
the Beginning of Exercise 1 the EMG amplitude of the leg muscle (vastus lateralis, VL-R) clearly increases 598 
with transition from Down to Up phase within a squat leading to a bimodal profile, with progression of 599 
exercise the amplitude in both squat phases increases due to fatigue accumulation, and the transition from 600 
Down to Up phase in each squat becomes less pronounced (Fig. 11a, top panels). As at intermediate and large 601 
time scales, the VL-R spectral profile in young subjects is characterized by two distinct frequency regimes – 602 
Regime 1 of low [5-25 Hz] and intermediate frequencies [25-50 Hz] bands, and Regime 2 of high frequencies 603 
[50-150 Hz] band – with higher concentration of spectral power in Regime 1 during the Down phase and 604 
larger increase of spectral power in Regime 1 compared to Regime 2 in the Up phase of the squat (Fig. 11a, 605 
bottom panels). Specifically, spectral power significantly increases from Down to Up at the Beginning of 606 
exercise, for both low and intermediate frequencies in Regime 1 (Wilcoxon matched pairs test; Z = 3.18; p = 607 
0.001), and high frequencies in Regime 2 (Z = 3.18; Z = 0.001) (Fig. 13a). A feasible interpretation for the 608 
overall higher spectral power in the Up compared to Down phase may be related to two different aspects. 609 
First, as described by in a previoys detailed review (18), EMG amplitude during lengthening contractions is 610 
lower than during shortening contractions. This reduction is due to a greater force capacity of muscle during 611 
lengthening contractions, which in turn leads to a diminished motor unit recruitment and discharge rate. 612 
Second, the higher spectral power observed in Up could also be influenced by the existing stretch-shorten 613 
cycle in the transition from Down to Up, that is, the increase in muscle length followed immediately by a 614 
shortening of the muscle (18,66).  615 
 The characteristic VL-R spectral profile and its Down-Up phase transition observed in the young 616 
group is robust as it is also present for consecutive squat movements, although with increased total power in 617 
response to accumulated fatigue at the End of Exercise 1 (Fig. 11a, bottom panels). Note that this Down-Up 618 
increment in spectral power is always higher at the Beginning compared to the End of exercise (Fig. 13a, red 619 
arrows). The reduced Down phase spectral power due to the typical reduction in neuromuscular activity 620 
associated with lengthening contractions (18), may be responsible for the higher increment in the spectral 621 
power from the Down to Up phase at the Beginning (i.e., no fatigue condition) compared to the End of 622 
exercise. The Down-Up spectral power increment at the End of exercise (Fig. 13a, red arrows) is lower given 623 
the high level of accumulated fatigue, which provokes elevated myoelectrical activity not only in the Up, but 624 
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also in the Down squat phase. Accordingly, young subjects exhibit a significantly higher ratio of the Down 625 
phase spectral power at the End vs. Beginning of exercise (<S(f)>End/S(f)>Begin) compared to the same ratio 626 
for the Up phase (Fig. 13c; Wilcoxon matched pairs test comparing End vs Beginning of exercise for the 627 
Down squat phase vs. the Up squat phase gives Z = 2.20: p < 0.02). 628 

 As for the old group (Fig. 11a, bottom panels), similar spectral profiles with transition from Down-629 
Up phase for a single squat and similar response to accumulated fatigue, are observed for the VL-R compared 630 
to young subjects (Fig. 12a, bottom panels), however, with reduced change in the Down phase spectral power 631 
from Beginning to End (300% and 80% increase in Down-phase power from Beginning to End of exercise in 632 
young and old subjects, respectively). As a result, the Down phase ratio (<S(f)>End/S(f)>Begin) in the old group 633 
is close to 1 for all the frequency bands (Fig. 13c) and. A feasible explanation for the reduced Down phase 634 
spectral power evolution during exercise, may be related to the preservation of eccentric muscle strength in 635 
older adults, due to the non-contractile and structural properties intrinsic to the muscle. More specifically, the 636 
accumulation of connective tissue within the muscles with age increases passive stiffness, which might offer a 637 
mechanical advantage during lengthening contractions (55,71). In turn, such aging effect could have also 638 
affected VL-R activation in the Down squat phase, leading to decreased Down spectral power evolution 639 
during exercise. 640 

Back muscle activation and spectral power evolution during Down and Up squat phases. In 641 
contrast to the bimodal EMG amplitude profile of the leg (VL-R) muscle, myoelectrical activity of the right 642 
back erector spinae (ES-R) muscle exhibits a unimodal EMG amplitude profile, with no Down-Up transition 643 
in squats (Fig. 11b, top panels). The spectral profile of the ES-R is characterized with two distinct frequency 644 
regimes with a similar effect of fatigue accumulation, represented by an elevated total power at the End of 645 
exercise for both the Down and Up phases (Fig. 11b, bottom panels). However, in contrast to the leg muscle, 646 
the back muscle spectral power does not increase with transition from the Down to Up phase of the squat for 647 
any frequency band, neither at the Beginning nor at the End of exercise (Fig. 14a). The lack of Down-Up 648 
transition in the back spectral power, as well as the smaller rate of increase in the total power with 649 
accumulation of fatigue at the End of exercise, reflect the different role ES plays during the squat compared to 650 
VL. While force generation is the primary function of the VL, the main role of the back muscle is trunk 651 
stabilization (83).  652 

Regarding the old group (Fig. 12b), similar spectral profiles with two frequency regimes and no 653 
transition from Down-Up phase within a single squat are observed as for the young subjects. However, note 654 
the dramatic decline (almost 1 decade) of a single squat total spectral power of the ES-R in old subjects 655 
compared to the young. Similar to the VL-R Down phase for the old group (Fig. 13b), the ES-R Down 656 
spectral power does not increase from the Beginning to End of exercise with accumulation of fatigue for any 657 
frequency band (Fig. 14b). Accordingly, the Down phase ratio (i.e., S(f)End/S(f)Begin) is about 1 for all the 658 
frequency bands in old subjects (Fig. 14c), indicating reduced back muscle response during lengthening 659 
contractions. 660 

Notably, the leg and back muscle spectral profiles and its evolution observed at short time scales 661 
during a single squat movement, are also observed at intermediate time scales during separate exercise 662 
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segments (Figs. 7, 8, 9, and 10) and at large time scales of consecutive exercise segments (Fig. 4c,d and Fig. 663 
5b). 664 
4. Discussion 665 
 The present study investigates the leg and back muscle spectral power profiles, and their evolution 666 
during three consecutive extended squat tests performed until exhaustion and four interspersed rest periods, 667 
over a range of large, intermediate, and short time scales –  across repeated exercise and rest segments; within 668 
exercise segments; and during a single squat movement. In summary, (1) we identify the spectral profiles for 669 
both leg and back muscle activation with their muscle-specific evolution in response to fatigue according to 670 
the distinct histochemical properties and role of each muscle during the squat movement, (2) both low- and 671 
high-frequency regimes within the spectral profiles of leg and back muscle exhibit a muscle-specific 672 
evolution path, (3) leg and back muscle spectral power profiles reveal similar characteristics over a range of 673 
time scales, and (4) young and old subjects exhibit similar form of the spectral profiles for leg and back 674 
muscle activation, however, old subjects are characterized by different evolution path with less pronounced 675 
increase of spectral power in response to exercise and fatigue. The observed spectral power profiles for the 676 
leg and back muscle show universality as they are consistently reproduced for subjects in each age group 677 
(young or old), for each muscle type (leg or back) at a given physiological state (rest or exercise), and are 678 
robust since the general form of the profiles is preserved across exercise segments. Our approach offers new 679 
insights into a previously unrecognized mechanism of multi-scale organization and integration of different 680 
frequency bands, that represents coordinated activity among distinct types of muscle fibers in generating 681 
global muscle tone and its modulation in response to exercise-induced fatigue and aging.  682 

We uncover a particular spectral profile for both leg VL muscle and back ES muscle and how it 683 
changes in response to accumulated fatigue during exercise segments and to residual fatigue for consecutive 684 
exercise segments. Specifically, we show the  following differences between muscles: (a) with increasing 685 
fatigue the VL spectral power increases for both low and intermediate frequencies in Regime 1 (below 50 686 
Hz), and for high frequencies in Regime 2 (above 50 Hz), while in contrast the ES spectral power mainly 687 
increases for low and intermediate frequencies in Regime 1 (below 50 Hz); (b) an overall reduced spectral 688 
response to fatigue is observed for the ES compared to the VL muscle; and (c) higher spectral power in the 689 
Up phase of each squat compared to the Down squat phase is observed for the VL, while in contrast no 690 
differences are observed between the Up and Down squat phases for the ES muscle. The reported differences 691 
in the spectral profile of the leg and back muscle activation and the differentiated response of different 692 
frequency bands to exercise and fatigue of these two muscle types may result from muscle-specific 693 
histochemical properties (muscle fiber content) and the distinct role during the squat movement of the VL and 694 
ES muscles. According to their fatigue and contractile characteristics, motor units are classified into three 695 
major types: slow fatigue‐resistant, fast fatigue‐resistant, and fast fatigable motor units, which typically 696 
consist of type I, type IIA and type IIX muscle fibers (7, 8, 63, 87). While the back ES muscle is mainly 697 
composed of type I slow/oxidative fibers (9,79), the leg VL muscle contains a higher percentage of type II 698 
fast/glycolytic fibers (64,83). Furthermore, although both leg and back muscles show high myoelectrical 699 
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activity during squats, their role during the movement is different – while force generation is the primary 700 
function of VL, the main role of the ES muscle is trunk stabilization (83). 701 
 Our findings demonstrate that the different muscle fibers composing a certain muscle show a universal 702 
spectral profile and evolution in response to exercise-induced fatigue, as it can be robustly observed over a 703 
range from large time scales (i.e., within and across exercise segments; minutes to hours) to short time scales 704 
(during a single squat movement; seconds) in both young and old subjects. Human physiology presents a 705 
remarkable amount of distinct rhythms at all organismic levels (61), that are coupled and coordinated with 706 
each other over several magnitudes of time scales (30, 37, 40, 41, 44) to generate integrated physiologic 707 
functions associated with different systems (1, 39, 51). Exercise-induced physiological adaptations evolve as 708 
a consequence of soft-assembled states dwelling on different time scales and levels of biological systems 709 
organization (36). For instance, while at kinematic level exercise-related adaptations dwell at short time scales 710 
of seconds to minutes (35), at a performance level the changes occur at scales of days, weeks, and months. 711 
Thus, further research is warranted to investigate the changes in muscle spectral profiles at much larger time 712 
scales (weeks or months) as a consequence of a training intervention. 713 

Our approach reveals a universal spectral power behavior across subjects and age groups in response 714 
exercise-induced fatigue. However, the following differences between age groups should be highlighted: (a) 715 
overall reduced spectral power evolution in the high frequencies Regime 2 (above 50 Hz) for old subjects, and 716 
(b) less pronounced spectral power evolution for the back ES muscle in old subjects across and within 717 
exercise segments compared to the young group. A feasible explanation for these divergences may stem from 718 
the reduction in the discharge rate of motor neurons in old adults (48), and from sarcopenia related normal 719 
decline of skeletal muscle and strength during aging (57, 91). Sarcopenia involves primarily type II muscle 720 
fibers, which fire above 50 Hz (28,87). The reduced back ES muscle spectral power evolution in the old 721 
group, might be related to the reported here absence of ES spectral power changes during the Down squat 722 
phase (i.e., lengthening contractions) with the course of exercise. Such effect could be explained by the 723 
accumulation of intramuscular connective tissue with aging, which significantly increases passive stiffness 724 
(71). The lack of spectral power evolution of the back ES muscle during the Down squat phase with 725 
accumulation of fatigue is a physiologically relevant finding, since lengthening contractions appear to be of 726 
key importance for the absorption of kinetic forces during the descent phase of a fall impact in old 727 
individuals, which could decrease the risk of hip fracture (74).  728 

Given that sarcopenia mainly affects type II muscle fibers, and since the leg VL contains higher 729 
proportion of type II fibers than the back ES muscle, one would expect larger effect of aging for the leg VL 730 
muscle. However, our results show the opposite, namely, a more pronounced aging effect for the ES muscle. 731 
Our findings demonstrate that the mechanisms underlying muscular changes during aging are specific to 732 
individual muscle types, as also indicated in earlier works on human limb and trunk muscles (19, 59). 733 
Furthermore, the reduced ES spectral power could have been provoked by other reasons aside from 734 
sarcopenia in type II muscle fibers. We note that the cause of decreased back muscle function with aging can 735 
also be attributed to the reduction in quality and quantity of muscle excitability and contractility (52, 77, 82), 736 
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which are in turn related to changes in the volume of intra-muscular adipose tissues, histological composition, 737 
and motor neuron signaling with aging (27). Accordingly, a pronounced decline in back muscle strength is 738 
typically observed after the sixth decade of life (20). 739 

The presented here experimental and analytic framework with focus on quantifying the spectral power 740 
profile of different muscle types and its evolution during exercise to investigate the multi-scale mechanism 741 
underlying the differentiated response of distinct frequency bands to fatigue accumulation provides 742 
physiologically relevant information and new insights on how different muscle fibers, composing the skeletal 743 
muscle, respond to exercise-induced fatigue and aging. From a practical point of view, our approach can be 744 
utilized to assess and quantify the efficiency of training programs. Since spectral power profiles of muscle 745 
activation and their response to exercise-induced fatigue are specific for each muscle type, tracking changes 746 
in the spectral profiles alongside other physiological markers could help quantify more precisely 747 
physiological adaptations after exercise and training interventions, and may assist coaches with selection of 748 
the most appropriate training programs. For instance, the lack of changes in a given frequency band for a 749 
certain muscle after a training period, could indicate that the previous intervention was not effective to 750 
provoke adaptations in the corresponding muscle fibers. This might be particularly relevant for exercise and 751 
training programs targeting specific muscle fibers in elderly subjects (47), cancer patients (31), or patients 752 
with neurodegenerative disorders (45), where the activation and training of type-II muscle fibers is very 753 
important in preventing muscle atrophy and strength degradation. Further research is needed to (i) confirm 754 
universality of results over larger cohorts of subjects; (ii) investigate muscle spectral profiles under different 755 
clinical conditions (e.g., acute and chronic muscle injuries, neuro-muscular disorders etc), and (iii) identify 756 
muscle spectral power responses to distinct types of training programs (e.g., resistance, endurance). 757 
 The reported here findings should be considered in the context of certain limitations, including the 758 
limited number of subjects in both young and old group. Nevertheless, since participants performed three 759 
consecutive squat tests, each with duration of 6-12 min, the utilized protocol provides a sufficient number of 760 
squat movements necessary to perform reliable analyses of the spectral power profiles and to assess effects of 761 
accumulated and residual fatigue (Results Section 3.1). Due to the limited number subjects in each age group, 762 
we are unable to study gender effects. Further, we note that the magnitude of EMG signals may be influenced 763 
by variations in skin thickness and subcutaneous tissues among subjects. Given that elderly subjects present 764 
higher body fat mass compared to young adults (70), the observed differences across age groups might be 765 
partially influenced by different body fat levels in the two groups. However, as described in earlier studies 766 
(77), this artifact has been shown to mainly affect the EMG signal amplitude, and has relatively little effect on 767 
the functional form of the signal spectral power distribution in the frequency domain. Lastly, the present study 768 
is not supported by kinematic data, and ankle, knee, and hip angles are not examined throughout the Down 769 
and Up squat phases. 770 
5.  Conclusions 771 

In summary, we investigate leg and back muscle activation during repeated maximal exercise. We find 772 
that leg and back muscle dynamics are characterized by muscle-specific spectral power profiles, where 773 
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different frequency bands exhibit a differentiated response to accumulation of fatigue within exercise 774 
segments and to residual fatigue across repeated exercise segments. The established universality in general 775 
spectral power profile characteristics among subjects in both young and old groups indicates presence of a 776 
previously unrecognized multi-scale mechanism underlying the distinct response of different muscle types to 777 
exercise-induced fatigue and effects of aging. The consistency of the spectral power profiles among subjects 778 
(young or old group), at a given physiological state (rest or exercise) and muscle type (leg or back), as well as 779 
the robustness in the evolution of these profiles at large time scales for consecutive exercise segments (hours), 780 
intermediate time scales within exercise segments (minutes), and at short time scales during a single squat 781 
movement (seconds), reveals a universal behavior related to a basic multi-scale mechanism of muscle tone 782 
regulation that integrates the activation of different muscle fibers types across frequency bands. To our 783 
knowledge, this is the first research uncovering differentiated response and evolution across time scales of the 784 
leg and back spectral power profiles in healthy young and old adults with accumulation of fatigue during 785 
exercise. 786 
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7.  Figure captions 1061 
Fig. 1 Leg and back muscle myoelectrical activity during exercise at different time scales. Evolution of 1062 
myoelectrical activity represented by EMG amplitude profiles at a) large time scale of consecutive exercise 1063 
segments and b) short time scale of individual and consecutive squats, comparing the right and left leg vastus 1064 
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lateralis muscle (VL-R, VL-L) with the right and left back erector spinae (ES-R, ES-L), for a typical young 1065 
subject. The exercise protocol is composed by three consecutive squat tests, each performed until exhaustion, 1066 
separated by 10min rest periods in supine position; EMG data is recorded with 500 Hz sampling frequency. 1067 
Leg and back muscles show different EMG amplitude profiles Auat both a) large at b) short time scales. a) 1068 
Within and across exercise segments the leg EMG amplitude gradually increases reflecting the effect of 1069 
fatigue, in contrast to the back muscle where the EMG amplitude does not change significantly. Note also the 1070 
higher initial EMG amplitude at the Beginning of Exercise 2 and 3 compared to Exercise 1 for the leg muscle 1071 
indicating residual fatigue – an effect that is not present for the back muscle. b) Markedly different EMG 1072 
amplitude profiles are observed for the leg and back muscles at short time scales of a few seconds, associated 1073 
with individual squats – bimodal profile for the leg muscle with two phases corresponding to the down 1074 
(smaller amplitudes) and up (larger amplitude) squat movements. The observed differences between the leg 1075 
and back muscles in the EMG amplitude profiles at both short and large time scales and the profiles evolution 1076 
with fatigue reflect different muscle fiber structure and role to squat movement. These empirical observations 1077 
motivate our hypothesis that distinct muscles have specific spectral power profiles, with different role of 1078 
muscle fibers to the spectral power of high- and low- frequency components, and muscle-specific trajectory 1079 
for the evolution of spectral profiles across short and long time scales in response to exercise-induced fatigue 1080 
and aging 1081 
Fig. 2 Leg and back muscles spectral power density profiles and their evolution across rest and exercise 1082 
segments in young subjects. Group average spectral power S(f) distribution curves for the right leg vastus 1083 
lateralis muscle (VL-R) and right back erector spinae muscle (ES-R) for consecutive rest (a,b) and exercise 1084 
(c,d) segments of squat tests (Methods section). While for the resting periods leg and back muscle exhibit 1085 
similar spectral behavior, their EMG dynamics during exercise are characterized by different S(f) curve 1086 
profiles, indicating a clear relationship between muscle type and spectral power. This relationship is 1087 
consistently present for all individual subjects in the group (not shown), demonstrating that each muscle type 1088 
is characterized by a robust spectral power distribution shape. A significant increase in S(f) is observed with 1089 
accumulation of fatigue from Exercise 1 to Exercise 2 for both and leg and back muscle, however, preserving 1090 
the muscle specifc profile of S(f). Note, that the leg muscle response to exercise and fatigue is quantified by 1091 
spectral power is with a factor of 2 higher compared to the back muscle. Spectral power is obtained after 1092 
applying a 50 Hz notch filter to EMG signals to remove power grid line interference, and was computed for 1093 
each muscle type and exercise-rest segment, in 2 sec moving window with 1 sec overlap. Results for the left 1094 
leg (VL-L) and left back (ES-L) muscle are consistent with the young group averaged results shown for the 1095 
right leg (VL-R) and right back muscle (ES-R) in Fig. 2 1096 
Fig. 3 Leg and back muscles spectral power density profiles and their evolution across rest and exercise 1097 
segments in old subjects. Group average spectral power S(f) distribution curves for the right leg vastus 1098 
lateralis muscle (VL-R) and right back erector spinae muscle (ES-R) for consecutive rest (a,b) and exercise 1099 
(c,d) segments of squat tests (Methods section). For the leg muscle, a similar response to (b) rest and (d) 1100 
exercise, with similar spectral power evolution with accumulated fatigue, is observed in the old subjects 1101 
compared to the young group shown Fig. 2. In contrast, the back muscle exhibits a much reduced spectral 1102 
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response to (b) rest and (d) exercise and fatigue in old subjects compared to the young group. EMG signal 1103 
pre-processing, spectral power calculation, and group averaging are performed as in Fig. 2 (Methods section). 1104 
Results for the left leg (VL-L) and left back (ES-L) muscle are consistent with the old group averaged results 1105 
shown for the right leg (VL-R) and right back muscle (ES-R) in Fig. 2 1106 
Fig. 4 Leg and back muscles total spectral power for rest and exercise in young and old subjects. 1107 
Barcharts representing group averaged total spectral power (i.e., area under the S(f) curves in Figs. 2 and 3) 1108 
for (a,c) right leg vastus lateralis muscle (VL-R) and (b,d) right back erector spinae muscle (ES-R) for 1109 
consecutive rest and exercise segments. With transition from rest to exercise, both leg and back muscles total 1110 
spectral power increase 10-2 - 10-3 times, in young and old subjects. (a,c) No significant differences are 1111 
observed for the total spectral power of the leg muscle activation between young and old subjects, for both 1112 
rest and exercise. (b,d) In contrast to the leg muscle, the total power of back muscle is significantly higher in 1113 
young subjects, for both rest and exercise (comparing young vs. old: Student t-test p < 0.02 for rest periods 1114 
and p < 0.01 for exercise periods). Leg muscle activation in both age groups shows significant effect of 1115 
accumulated fatigue with (c) 36% increase in spectral power for young subjects and 40% increase for old 1116 
subjects from Exercise 1 to 2 (ANOVA repeated measures test p < 0.01 for both groups). In contrast, the 1117 
back muscle exhibits significant evolution in spectral power across exercise segments with (d) 23% increase 1118 
from Exercise 1 to Exercise 2, only for the young subjects (ANOVA repeated measures p = 0.04 for young; 1119 
p = 0.07 for old). Error bars indicate standard error. Results for the left leg (VL-L) and left back (ES-L) 1120 
muscles are consistent with the results shown for the right leg (VL-R) and right back (ES-R) muscles shown 1121 
in the figure 1122 
Fig. 5 Frequency bands contribution to the spectral power profile and its evolution at large time scales 1123 
of consecutive exercise and rest segments. Spectral profiles show distinct contributions of different 1124 
frequency bands to the total power of leg (vastus lateralis, VL-R) and back (erector spinae, ES-R) muscles for 1125 
(a) rest and (b) exercise. Myoelectrical activity exhibits markedly different spectral profiles for rest vs. 1126 
exercise: (a) at rest the low frequency [5-25Hz] band is the only contribution to total spectral power; in 1127 
contrast, (b) for exercise the low [5-25Hz] and intermediate [25-50Hz] frequency bands dominate the spectral 1128 
power, with significant contribution from the high frequency [50-150Hz] band. The observed differences 1129 
between rest and exercise, which are present for both leg and back muscles, indicate that each physiological 1130 
state is characterized by a specific spectral profile. Significant reduction in spectral contribution from the 1131 
intermediate [25-50Hz] frequency band compared to the low frequency [5-25Hz] band in back muscle for 1132 
consecutive exercise segments (Student t-test p < 0.002) which is not observed for the leg muscle (Student t-1133 
test p > 0.2), demonstrate  muscle differentiate response to exercise and fatigue accumulation. For consecutive 1134 
exercise segments, spectral power increases (with approximately 30%) proportionally for all frequency bands, 1135 
in both young and old groups, reflecting common response across the entire frequency range to accumulated 1136 
fatigue. Results for the left leg (VL-L) and left back (ES-L) muscles are consistent with the results shown for 1137 
the right leg (VL-R) and right back (ES-R) muscles shown in the figure. The consistency of spectral profiles 1138 
among subjects from a given group (young - old) at a given physiological state (rest - exercise), and the 1139 
robustness of these profiles for repeated rest and exercise segments indicate a universality behavior related to 1140 
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a basic mechanism of muscle tone regulation. Results for the left leg (VL-L) and left back (ES-L) muscle are 1141 
consistent with the results shown for the right leg (VL-R) and right back (ES-R) muscle shown in the panel 1142 
Fig. 6 Evolution of spectral power at intermediate time scales in the course of exercise. Spectrograms of 1143 
EMG signals (500 Hz sampling frequency) obtained from the right leg (vastus lateralis, VL-R) and the right 1144 
back (erector spinae, ES-R) muscles of a representative young an old subject, during a single exercise 1145 
segment (approximately 10 min of a squat test performed until exhaustion. Spectral power is calculated in 1146 
moving time windows of 2 sec with 1 sec overlap, over the entire duration of the exercise segment (x axis), 1147 
and in frequency bands of 10 Hz (y axis) over the entire range of physiologically relevant frequencies [5-200 1148 
Hz] (y axis). Spectrograms are colored coded with warm colors, indicating periods of high spectral power. 1149 
With progression of the exercise, there is a pronounced increase both in spectral power level and in the range 1150 
of active frequency bands, in response to effort and accumulation of fatigue – a clear evolution in the spectral 1151 
profile from fewer active frequency bands with relatively lower spectral power at the Beginning of exercise to 1152 
a broader range of frequency bands activated at higher level when approaching exhaustion at the End of the 1153 
exercise . Notably, these fatigue effects are more pronounced for the leg compared to the back muscle  (a, top 1154 
panels) – back muscle spectral power in high frequency bands (above 55 Hz) does not increase in the course 1155 
of exercise, and response to fatigue with widening range of active frequency bands and increased power is 1156 
observed only for low and intermediate frequencies. In old subjects, the evolution in spectrogram 1157 
characteristics with accumulation of fatigue is less pronounced for the leg muscle, (a, bottom panels) and is 1158 
not present for the back muscle. The differences between the leg and back muscle spectral profiles and their 1159 
evolution with fatigue at intermediate time scales during exercise are consistent with the behavior at large 1160 
time scales where back muscle total spectral power remains unchanged for repeated exercise segments in 1161 
Figure 4. Spectrograms obtained for the left leg (VL-L) and left back (ES-L) muscles (not shown) are 1162 
consistent with the results for the right leg (VL-R) and right back (ES-R) muscles across all the subjects in the 1163 
young and old group 1164 
Fig. 7 Leg-muscle spectral profile, its evolution with accumulated fatigue at intermediate time 1165 
scales during exercise, and response to residual fatigue at large time scales across consecutive 1166 
exercise segments. Detailed spectral power distribution profiles of right leg (vastus lateralis, VL-R) 1167 
muscle activation presented in frequency bands of 4 Hz for periods of 1 min (10 squats) in the Beginning 1168 
and End of (a) first and (b) third exercise segment (see protocol in Methods section). Profiles represent 1169 
S(f) group average, and error bars show standard error for group average power in every 4 Hz bin. 1170 
Yellow stars in left panels indicate the frequency bands with statistically significant differences in 1171 
spectral power between Beginning and End. Profiles are characterized by two separate Regimes with 1172 
different response to accumulating fatigue in the course of exercise (a, left panel) – Regime 1 1173 
corresponding to low [5-25 Hz] and intermediate [25-50 Hz] frequency bands with dramatic 200% in 1174 
spectral power (Wilcoxon matched pairs test p < 0.003) at the end of the exercise, and a Regime 2 1175 
including high frequency bands [50-150 Hz] with less pronounced increase (~100%; Wilcoxon matched 1176 
pairs test p < 0.001) in spectral power (a, right panel). Similar S(f) profile with two frequency Regimes 1177 
exhibiting distinct response to accumulated fatigue is observed also during Exercise 3 (b, left panels), 1178 
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however, with much higher 100% starting total spectral power compared to the start of Exercise 1, 1179 
reduced response (~50% increase; Wilcoxon matched pairs test p < 0.002) in low [25-50 Hz] and 1180 
intermediate [25-50 Hz] bands, and no change in the power of high frequencies [50-150 Hz] (b, right 1181 
panel) – all due to residual fatigue from previous exercise segments. The observed evolution in the S(f) 1182 
profile from the Beginning to the end of an exercise and with consecutive exercise segments, reflects a 1183 
differentiated role of leg muscle fibers with different contribution in response to exercise-induced 1184 
fatigue. Note that the observed evolution in the spectral profile of the leg muscle at intermediate time 1185 
scales within an exercise in response to accumulated fatigue (shown here) is consistent with the results 1186 
shown for the change in spectral power in the leg spectral power at large time scales of consecutive 1187 
exercise segments (Figure 5b) where the power of all the frequency bands increases from Exercise 1 to 1188 
Exercise 2 but does not change from Exercise 2 Exercise 3 due to effects residual fatigue.  1189 
Fig. 8 Back-muscle spectral profile, its evolution with accumulated fatigue at intermediate time 1190 
scales during exercise, and response to residual fatigue at large time scales across consecutive 1191 
exercise segments. Detailed spectral power distribution profiles of right back (erector spinae, ES-R) 1192 
muscle activation presented in frequency bands of 4 Hz for periods of 1 min (10 squats) in the Beginning 1193 
and end of (a) Exercise 1 and (b) Exercise 3 segments (see protocol in Methods section). Profiles are 1194 
obtained following the same procedure as in Figure 7. Similar to leg muscle activation, the back spectral 1195 
power also increases with fatigue accumulation during exercise (a, left panel), an effect which is less 1196 
pronounced compared to the leg muscle and concentrated only in Regime 1 – 140% increase in S(f) in 1197 
the low [5-25 Hz] band and 70% in the intermediate [25-50 Hz] band (Wilcoxon matched pairs test p > 1198 
0.02) (a, right panel). This evolution in S(f) profile in the course of exercise is consistently observed also 1199 
for Exercise 3 (b, left panel), although with higher starting spectral power at Beginning of Exercise 1200 
compared to Exercise 1, with less pronounced effect in Regime 1 (b, right panel), due to residual fatigue 1201 
from previous exercise segments. Episodes of response to fatigue in the high frequencies [50-150 Hz] 1202 
Regime 2 of the back muscle spectral profile reflect different muscle fiber composition and their 1203 
different contribution to squat movement compared to the leg muscle. Notably, the evolution of the back 1204 
muscle spectral profile with accumulated fatigue at intermediate time scales within an exercise (shown 1205 
here) is remarkably consistent with observed spectral power evolution at large time scales of consecutive 1206 
exercise segments (Figure 5b) where the power of low and intermediate frequencies significantly 1207 
increases while high frequency (bigger than 50 Hz) contribution to spectral power remains unchanged. 1208 
Yellow stars in left panels indicate the frequency bands with statistically significant differences in 1209 
spectral power between Beginning and End. 1210 
Fig. 9 Effects of aging on leg-muscle spectral power response to accumulated fatigue at 1211 
intermediate time scales during exercise and to residual fatigue at large time scales across 1212 
consecutive exercise segments. The results are obtained following the same experimental protocol, data 1213 
processing and analysis procedure, and statistical tests as shown for the group of young subjects in 1214 
Figure 7 (Methods section). Error bars indicate standard error. Yellow stars in left panels indicate the 1215 
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frequency bands with statistically significant differences in spectral power between Beginning and End. 1216 
Detailed analysis of the right leg muscle (vastus lateralis, VL-R) spectral power contribution of different 1217 
frequency bands in old subjects shows a very similar shape of the S(f) profile as well as similar profile 1218 
evolution from Beginning to end of the exercise for individual subjects and their group average in both 1219 
young (Fig.7a) and old (a) groups. The spectral power profile S(f) exhibits two distinct regimes of 1220 
frequency bands with (i) different starting levels of power at the Beginning of exercise, with higher 1221 
power for Regime 1 of low [5-25 Hz] and intermediate [25-50 Hz] frequencies, and lower power for 1222 
Regime 2 of high [50-150 Hz] frequencies); and (ii) distinct evolution of frequency regimes in response 1223 
to accumulation of fatigue with progression of exercise, with more pronounced increase in power for 1224 
Regime 1 compared to Regime 2. The observed leg muscle spectral power profile and its evolution with 1225 
fatigue in the old group (a) is consistent with the leg muscle spectral response of young subjects in Fig. 1226 
7, indicating universality in myoelectrical activation during exercise. However, in contrast to the young 1227 
group, the spectral power in Regime 1 of low and intermediate frequency bands in old subjects starts at 1228 
significantly higher levels at the Beginning of Exercise 1 (with approximately 30%; Mann Whitney U 1229 
test p < 0.05), indicating significantly elevated initial muscle tone after Rest 1 as an effect of aging. Note 1230 
also that the spectral power increase in Regime 1 at the end of Exercise 1 is less pronounced (80% for 1231 
[5-25 Hz] and 60% for [25-50 Hz] in old, vs. 240% and 170% respectively in young subjects), indicating 1232 
a reduced response of the leg muscle activation in old subjects with accumulation of fatigue at 1233 
intermediate time scales within an exercise. (b) Similar S(f) profile characteristics and evolution as in 1234 
Exercise 1 are also observed for Exercise 3. Significantly elevated spectral power in Regimes 1 and 2 at 1235 
the Beginning of Exercise 3 compared to Exercise 1 (Wilcoxon matched pairs test p < 0.04), with same 1236 
level of elevation for the young (right panel, Fig. 7b) and the old group (right panel, b), indicates an 1237 
effect of residual fatigue from Exercise 1 and 2 that is the same for both groups. This residual fatigue 1238 
effect leads to a reduced response to accumulated fatigue during Exercise 3 compared to Exercise 1: less 1239 
pronounced increase of 30% in the [5-25 Hz] and 20% in the [25-50 Hz] band in Exercise 3 compared to 1240 
80% and 60% correspondingly in Exercise 1 for old subjects (right panels in a and b), and approximately 1241 
50% increase for the [5-25 Hz] and [25-50 Hz] bands for Exercise 3 compared to 240% and 170% 1242 
respectively for Exercise 1 in young subjects (right panels, Fig. 7a,b). Note also a similar level of power 1243 
response in the Regime 1 frequency bands at the End of Exercise 3 and Exercise 1 corresponding to the 1244 
maximum leg muscle capacity (all exercise segments are performed till full exhaustion, Methods 1245 
section), which is significantly lower in old (right panels in a and b) compared to young subjects (right 1246 
panels in Fig. 7a,b) (Mann Whitney U test p < 0.04). In contrast to Regime 1, there is no change in the 1247 
spectral power of Regime 2 of high [50-150] frequencies. Such episode of increase evolution in Regime 1248 
2 during exercise 3 is in contrast to Regime 1, where there is a pronounced evolution resulting from 1249 
Residual fatigue at the Beginning of Exercise 3. This effect is not seen for Exercise 1, where there is no 1250 
effect of residual fatigue and where Regime 2 spectral power increases with accumulation of fatigue 1251 
during the exercise. This behavior of Regime 2 in response to accumulated fatigue during exercise and in 1252 
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response to residual fatigue (Exercise 3) is consistently observed in both the young (Fig. 7b) and old 1253 
groups 1254 
Fig. 10 Effects of aging on back-muscle spectral power response to accumulated fatigue at 1255 
intermediate time scales during exercise and to residual fatigue at large time scales across 1256 
consecutive exercise segments. Group average results for old subjects shown in the figure are obtained 1257 
following the same experimental protocol, data processing, analysis procedure, and statistical tests as 1258 
shown for the group of young subjects in Figure 8 (Methods section). Error bars indicate standard error. 1259 
Yellow stars in left panels indicate the frequency bands with statistically significant differences in 1260 
spectral power between Beginning and End. Detailed analysis of the contribution of different frequency 1261 
bands to the right-back muscle (erector spinae, ES-R) spectral power shows S(f) profile shape and 1262 
profile evolution during exercise that are consistently similar for individual subjects in both old (panels 1263 
in a) and young (Fig. 8a) groups. The back muscle spectral power profile exhibits two distinct frequency 1264 
regimes with: (i) different starting levels of power at the Beginning of exercise, where Regime 1 of low 1265 
[5-25 Hz] and intermediate [25-50 Hz] frequencies has higher power (right panel in a) compared to 1266 
Regime 2 of high [50-150 Hz] frequencies; and (ii) with different patterns of evolution in response to 1267 
accumulation of fatigue with progression of exercise, where  the power in Regime 1 significantly 1268 
increases (Student t-test p < 0.01) while Regime 2 remains unchanged (Student t-test p = 0.7). The 1269 
spectral power profile of the back muscle and its evolution with fatigue in the old group (panels in a) are 1270 
consistent with the young subjects in Fig. 8, indicating universality in myoelectrical activation during 1271 
exercise. Note that the spectral power increase in Regime 1 at the end of Exercise 1 is less pronounced  1272 
in old subjects (70% increase for [5-25 Hz] and 30% for [25-50 Hz]; a, right panel; Student t-test p < 1273 
0.01) compared to young subjects (140% increase for [5-25 Hz] and 70% for [25-50 Hz]; Figure 8a, 1274 
right panel; Wilcoxon matched pairs test p < 0.002), indicating reduced response of back muscle 1275 
activation in old subjects with accumulation of fatigue at intermediate time scales within an exercise. (b) 1276 
Spectral power profile characteristics with two distinct frequency regimes and their evolution with 1277 
fatigue in Exercise 3 for the old group. S(f) behavior during Exercise 3 is similar to Exercise 1. Spectral 1278 
power in Regime 1 at the Beginning of Exercise 3 is significantly higher compared to Exercise 1 (65% 1279 
increase; Student t-test p < 0.04) due to residual fatigue from Exercise 1 and Exercise 2. Note that the 1280 
65% elevation in spectral power of Regime 1 due to residual fatigue at the Beginning of Exercise 3 1281 
compared to the Beginning of Exercise 1 is less pronounced for the old group than for the young 1282 
subjects (100% increase; Student t-test p < 0.04; right panel in Fig. 8b), indicating reduced back muscle 1283 
response to residual fatigue in old subjects. In contrast, the spectral power level in Regime 2 at the 1284 
Beginning of Exercise 3 does not increase compared to the Beginning of Exercise 1, indicating 1285 
differentiated response of frequency regimes to residual fatigue, that reflects specific back muscle fibers 1286 
composition. As in Exercise 1, there is a markedly different response of Regime 1 and Regime 2 to 1287 
accumulation of fatigue during Exercise 3 with significant increase in power of Regime 1 from 1288 
Beginning to End of exercise (Student t-test p < 0.05) and no change in the power of Regime 2. 1289 
However, the increase in Regime 1 power during Exercise 3 is less pronounced compared to Exercise 1 1290 
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(50% in the [5-25 Hz] and 20% in the [25-50 Hz] bands in Exercise 3 compared to 70% and 30% 1291 
correspondingly in Exercise 1 for old subjects; right panels in a and b), indicating reduced back muscle 1292 
response to accumulation of fatigue during Exercise 3 due to the existing residual fatigue from Exercise 1293 
1 and 2. Same effect on spectral power response in Regime 1 (but with a larger amplitude) is also 1294 
observed for young subjects with 80% ([5-25 Hz]) and 40% ([25-50 Hz]) increase in Exercise 3, 1295 
compared to 140% and 70% respectively in Exercise 1 (right panels, Fig. 8a,b). In addition to this 1296 
muscle type differentiation based on aging effect, the results in (a) and (b) show a remarkable 1297 
dissociation in response to fatigue of muscle fiber within the back muscle as represented by different 1298 
frequency bands: while there is a clear response to both accumulated and residual fatigue in Regime 1, 1299 
there is no change in frequency Regime 2 (a behavior observed for both young and old subjects) 1300 
Fig. 11 Leg- and back-muscle profiles in myoelectrical activity and spectral power at short time scales 1301 
of a single squat movement and response to accumulated fatigue during exercise. (a, top panels) 1302 
Myoelectrical activity profiles of right leg muscle (vastus lateralis, VL-R) for the Down and Up phases of a 1303 
single squat at the Beginning and End of Exercise 1 (Methods) for a representative young subject. While at 1304 
the Beginning of exercise the EMG amplitude clearly increases with transition from Down to Up phase within 1305 
a squat leading to a bimodal profile, with progression of exercise the amplitude in both squat phases increases 1306 
due to fatigue accumulation and the transition from Down to Up phase in each squat becomes less 1307 
pronounced. (a, bottom panels) Detailed leg muscle spectral profile 𝑺(𝒇) (presented in frequency bands of 4 1308 
Hz, Methods) and its evolution at short time scales from Down to Up phase within a squat at the Beginning 1309 
(left column) and End (right column) of Exercise 1. Panels show the group average for all young subjects 1310 
where the spectral profile of each subject is derived from 5 separate squat movements at the Beginning and 1311 
End of Exercise 1 (Methods). Error bars in plots represent the group average standard error. As for 1312 
intermediate and large time scales, the leg muscle spectral profile is characterized by two distinct frequency 1313 
regimes – Regime 1 of low [5-25 Hz] and intermediate frequencies [25-50 Hz] bands and Regime 2 of high 1314 
frequencies [50-150 Hz] band – with higher concentration of spectral power in Regime 1 during the Down 1315 
phase and larger increase of spectral power in Regime 1 compared to Regime 2 in the Up phase of the squat 1316 
(bottom panels in a, left column). This evolution in spectral power profile with Down-Up transition within a 1317 
single squat, is consistently observed across subjects in the young group, and shows a differentiated response 1318 
of distinct leg muscle fibers represented by different frequency bands, where slow muscle fibers (Regime 1) 1319 
generates the dominant contribution to the spectral power increase in the Up phase, reflecting specific role of 1320 
different muscle fibers during lengthening (Down phase) and shortening (Up phase) muscle contractions. This 1321 
characteristic spectral profile and its Down-Up phase transition is robust as it is present for consecutive squat 1322 
movements, although with increasing level of total spectral power in response to accumulated fatigue at the 1323 
End of the exercise (bottom panels in a, right column). Notably, the leg muscle spectral profile and its 1324 
evolution observed at short time scales within a single squat movement are also observed at intermediate time 1325 
scales during separate exercise segments (Fig. 7 and Fig. 9) and at large time scales of consecutive exercise 1326 
segments (Fig. 5b). (b, top panels) Myoelectrical activity of right back erector spinae (ES-R) exhibits an EMG 1327 
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amplitude profile that is unimodal with no Down-Up transition in squats at the Beginning and End of exercise 1328 
– in contrast to the bimodal amplitude profile of the leg VL-R muscle (a, top panels). (b, bottom panels) Back 1329 
muscle spectral power profiles for the Down and Up phase of squat movements at the Beginning of exercise, 1330 
and spectral power evolution in response to fatigue at the End of exercise. Same protocol, data analysis, and 1331 
group averaging procedures are performed as in (a). As the leg muscle in (a), the spectral profile of the back 1332 
muscle is characterized with two distinct frequency regimes with a similar effect of fatigue accumulation, 1333 
represented by an elevated level of total spectral power at the end of exercise. However in contrast to the leg 1334 
muscle, the back muscle spectral power does not increase with transition from the Down to Up phase of the 1335 
squat. Episodes of increase in the back muscle spectral power with Down-Up transition within each squat at 1336 
both the Beginning and End of exercise, as well as the smaller rate of increase in total power with 1337 
accumulation of fatigue at the End of exercise, reflect the secondary role back muscle plays in squat 1338 
movements compared to leg muscle. Our findings for left leg (VL-L) and left back (ES-L) muscles (not 1339 
shown here) are consistent with the results shown in (a) and (b) 1340 
Fig. 12 Aging effects on leg- and back-muscle myoelectrical activity and evolution of spectral power 1341 
profiles at short time scales of a single squat. Myoelectrical activity profiles of a single squat movement 1342 
(Down and Up phase) of a representative old subject for the right leg muscle VL-R (a, top panels) and the 1343 
right back muscle ES-R (b, top panels) at the Beginning and End of an exercise segment (Methods). The leg 1344 
muscle myoelectrical activity during a single squat exhibits a bimodal profile, with lower EMG amplitude 1345 
during the Down squat phase, transition to a higher amplitude during the Up phase, and significant increase in 1346 
the EMG amplitude of the entire squat movement with progression of exercise due to accumulated fatigue – 1347 
same general behavior as observed for the young group in Fig. 11. In contrast to the leg, the back muscle 1348 
EMG squat profile is unimodal, with no difference in the EMG amplitude between the Down and Up squat 1349 
phase, and less pronounced increase in the EMG amplitude with accumulation of fatigue at the End of 1350 
exercise. Note, that these characteristics of the leg- and back-muscle EMG amplitude profiles during squat 1351 
movements (i.e., bimodal vs. unimodal EMG profiles), and how the EMG profiles change with progression of 1352 
exercise are consistently observed for both old (a and b, top panels) as well as for young subjects (Fig. 11), 1353 
indicating strong association between the EMG amplitude profile and muscle type. The spectral power profile 1354 
of the leg muscle (VL-R) for old subjects is characterized by two frequency regimes during both Down and 1355 
Up squat phases, with a transition to higher spectral power during the Up phase (a, bottom panel) – consistent 1356 
with the young group (Fig. 11). With progression of exercise, total power increases during both Down and Up 1357 
phases, preserving the general shape of the spectral profile (a, bottom panels) – an effect of accumulation of 1358 
fatigue which is less pronounced for the Down phase in old subjects (~80% increase in Down-phase power 1359 
from Beginning to End of exercise; Wilcoxon matched pairs test p < 0.05) compared to young subjects 1360 
(~300% increase in Down-phase power from Beginning to End of exercise; Wilcoxon matched pairs test p <  1361 
0.01;  Fig. 11a), that can be related to increase in connective tissue in the muscle due to aging (see Results 1362 
3.5. for physiological interpretation). Similar to the leg VL-R muscle, the spectral profile of the back ES-R 1363 
muscle exhibits two frequency regimes with higher concentration of power in Regime 1, however, without 1364 
increase in spectral power with transition from Down to Up squat phase (b, bottom panel) – a behavior 1365 
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consistently observed also in young subjects for the back muscle (Fig. 11b). In contrast to the young group 1366 
(Fig. 11b, bottom panels), the Down phase of the back-muscle spectral power in old subjects does not change 1367 
from Beginning to End of exercise, indicating an aging effect of reduced back-muscle activation in response 1368 
to fatigue that can be attributed to increased connective tissue in the muscle (same aging effect but less 1369 
pronounced is present for the leg muscle; see bottom panels in (a) and Results 3.5.). Note the dramatic decline 1370 
(~1 decade) in the back-muscle total spectral power of a single squat in old subjects compared to the young, 1371 
indicating a reduction in back-muscle mass as a result of sarcopenia. Same protocol, data analysis, and group 1372 
averaging procedures are performed for the old subjects in (a) and (b) subjects as for the young group in Fig. 1373 
11. Results for the left leg and left back muscle (not shown) are consistent with the results for the right leg 1374 
and right back muscle shown in the figure 1375 
Fig. 13 Leg-muscle spectral power transition from the Down to Up phase of a single squat 1376 
movement and response to accumulated fatigue during exercise. Right leg muscle (vastus lateralis, VL-1377 
R) spectral power transition from the Down to Up phase during a squat at the Beginning and End of Exercise 1378 
1 in young (a) and old subjects (b). Spectral power significantly increases from the Down to Up phase at the 1379 
Beginning of exercise in young subjects (a), for low [5-25 Hz], intermediate [25-50 Hz], and high [50-150 1380 
Hz] bands (Wilcoxon matched pairs test p < 0.05), reflecting the presence of the stretch-shorten cycle – the 1381 
increase in muscle length (Down phase) followed immediately by a shortening of the muscle (Up phase). The 1382 
characteristic Down-Up transition in the leg-muscle spectral power is also present for consecutive squat 1383 
movements, however, the Down-Up spectral power increase is less pronounced at the End compared to the 1384 
Beginning of exercise (red arrows in panel a), due to the bigger increase in the Down-phase spectral power at 1385 
the End of exercise compared to the spectral power increase in the Up phase (see Fig. 11a, bottom panels), 1386 
indicating high level of accumulated fatigue. Accordingly, young subjects exhibit a significantly higher ratio 1387 
of the Down phase spectral power at the End vs. Beginning of exercise compared to the same ratio for the Up 1388 
phase (panel c; Wilcoxon matched pairs test comparing the End-Begin for the Down squat vs. the Up squat 1389 
phase gives p < 0.02). As for the young group (a), the Down-Up spectral power transition is also present for 1390 
old subjects (panel b, Wilcoxon matched pairs test gives p < 0.05 for all the frequency bands), however, with 1391 
a reduced change in the Down phase spectral power from Beginning to End of exercise compared to young 1392 
subjects (see Fig. 12a, bottom panels), reflecting reduced leg-muscle response during lengthening contractions 1393 
with aging. As a result, the Down phase ratio in the old group is close to 1 for all the frequency bands (c). 1394 
Error bars in plots represent the group average standard error. The red arrows indicate statistically significant 1395 
changes in spectral power from Down to Up squat phase. Results for the left leg (not shown) are consistent 1396 
with the results for the right leg muscle shown in the figure 1397 
Fig. 14 Back-muscle spectral power transition from the Down to Up phase of a single squat 1398 
movement and response to accumulated fatigue during exercise. Right back muscle (erector spinae, ES-1399 
R) spectral power transition from the Down and Up phase during a squat at the Beginning and End of 1400 
Exercise 1 in young (a) and old subjects (b). In contrast to the leg muscle (Fig. 13), the back muscle spectral 1401 
power for young subjects (a) does not increase with transition from the Down to Up phase for any frequency 1402 
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band, neither at the Beginning nor at the End of exercise, reflecting the different role back muscle plays 1403 
during the squat compared to the leg muscle – while force generation is the primary function of the leg 1404 
muscle, the main role of the back muscle is trunk stabilization. The back-muscle spectral power profile and its 1405 
lack of Down-Up transition is also observed with accumulation of fatigue at the End of exercise, however, 1406 
with an increased total power which is more pronounced in the Down than in the Up phase (see Fig. 11b, 1407 
bottom panels). Accordingly, young subjects exhibit a higher ratio of the Down-phase spectral power at the 1408 
End vs. Beginning of exercise compared to the same ratio for the Up phase (panel c; Wilcoxon matched pairs 1409 
test comparing End-Begin ratio for the Down squat phase vs. the same ratio for the Up squat phase gives p < 1410 
0.01). As for the young group (a), back-muscle spectral power for old subjects (b) does not increase with 1411 
transition from the Down to Up squat phase at the Beginning of exercise (Wilcoxon matched pairs test 1412 
comparing Down vs. Up phase at the Beginning of exercise gives p > 0.3 for all frequency bands). However, 1413 
with progression of exercise there is a significant increase in total spectral power only for the Up phase 1414 
(Wilcoxon matched pairs test comparing the Up phase at the Beginning vs. End of exercise gives p < 0.02 for 1415 
the low and intermediate frequency bands; see also Fig. 12b, bottom panels). Similarly to the leg muscle in 1416 
old subjects (Fig. 13b), the Down-phase spectral power for the back muscle (b) does not increase from 1417 
Beginning to End of exercise, indicating reduced back muscle response to accumulated fatigue during the 1418 
lengthening contractions of the squat movement and the Down-phase ratio or the old group (c) is close to 1 1419 
for all frequency bands. Error bars in plots represent the group average standard error. The red arrows indicate 1420 
statistically significant changes in spectral power from Down to Up squat phase. Results for the left back (not 1421 
shown) are consistent with the results for the right back muscle shown in the figure 1422 
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