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1  |  INTRODUCTION

Athletes engaged in sprint- related sports often experi-
ence strain injuries of the lower limb muscles.1– 3 In ath-
letics, for instance, muscle injuries were reported to have 

affected nearly 35% of athletes participating in interna-
tional championships, with the sprint discipline being 
the main culprit.4,5 During sprints, injuries appear to 
manifest more often in the hamstring muscles, followed 
by the posterior leg.4 Conceivably, given the displeasing, 
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Predictors and mitigators of strain injuries have been studied in sprint- related 
sports. While the rate of axial strain, and thus running speed, may determine 
the site of muscle failure, muscle excitation seemingly offers protection against 
failure. It seems therefore plausible to ask whether running at different speeds 
changes the distribution of excitation within muscles. Technical limitations 
undermine, however, the possibility of addressing this issue in high- speed, eco-
logical conditions. Here, we circumvent these limitations with a miniaturized, 
wireless, multi- channel amplifier, suited for collecting spatio- temporal data and 
high- density surface electromyograms (EMGs) during overground running. We 
segmented running cycles while 8 experienced sprinters ran at speeds close to 
(70% and 85%) and at (100%) their maximum, over an 80 m running track. Then, 
we assessed the effect of running speed on the distribution of excitation within bi-
ceps femoris (BF) and gastrocnemius medialis (GM). Statistical parametric map-
ping (SPM) revealed a significant effect of running speed on the amplitude of 
EMGs for both muscles, during late swing and early stance. Paired SPM revealed 
greater EMG amplitude when comparing 100% with 70% running speed for BF 
and GM. Regional differences in excitation were observed only for BF, however. 
As running speed increased from 70% to 100% of the maximum, a greater degree 
of excitation was observed at more proximal BF regions (from 2% to 10% of the 
thigh length) during late swing. We discuss how these results, in the context of 
the literature, support the protective role of pre- excitation against muscle failure, 
suggesting the site of BF muscle failure may depend on running speed.
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frustrating consequences of muscle injury, a myriad of 
studies emerged and contributed to the identification 
of factors helping to predict and mitigate muscle injury 
during sprints. Two, cogent information has been dis-
closed. First, animal preparations revealed the maximal 
degree of strain to be the determinant of muscle failure,6,7 
supporting the notion that hamstring injuries take place 
when the muscle reaches maximal elongation during the 
running cycle―late swing and late stance.8,9 Second, ani-
mal models further revealed that, before tearing, muscles 
have a much greater potential to store energy when being 
pulled while contracted than while at rest.10 Considering 
the degree of hamstring excitation is greater when it is 
maximally elongated during the running cycle,11,12 it has 
been therefore suggested that excitation could help pro-
tecting the muscle against tearing.13 Notwithstanding 
these insights, a still unexplored issue is whether muscle 
excitation, and thus the potential to prevent failure, is site 
dependent or not during running.

The possibility that failure may occur at different mus-
cle locations stems from observations that the site of fail-
ure depends on the rate of muscle strain. When increasing 
the rate of axial strain from 40 cm/s to 100 cm/s in tissue 
preparations, Best et al.6 observed the maximal strain, 
and thus the site of failure, to occur, respectively, at the 
muscle- tendon junction and at the muscle belly. Given the 
putative view that muscle excitation protects from tearing, 
it is therefore likely that regional differences in muscle ex-
citation may be observed for different loading rates and 
thus running speeds. Pieces of evidence have documented 
the effect of running speed on the degree of excitation of 
different lower limb muscles, revealing greater speeds to 
generally impose greater, excitation demands.11,14,15 In 
these studies, muscle excitation has been inferred from 
the amplitude of surface electromyograms (EMGs) de-
tected from a single, muscle location, precluding the pos-
sibility of assessing site- specific changes in excitation with 
running speed. Recently, however, Hegyi et al.13 used an 
array of electrodes to sample surface EMGs from different 
sites in biceps femoris (BF) and semitendinous, revealing 
no effect of running speed on the distribution of exci-
tation across the proximo- distal region of both muscles. 
In spite of their rigorous, methodological approach, based 
on high- density surface EMG (HD- EMGs16), the study of 
Hegyi et al.13 was limited to treadmill running and to sub-
maximal (up to 75%) running speeds. The encumbrance 
offered by conventional systems for HD- EMG acquisition 
is presumably the limiting factor for assessing regional 
changes in muscle excitation in more ecological condi-
tions. Considering, however, the metabolic and kinematic 
differences between treadmill and overground running, 
with the former being associated with lower degrees of 
excitation of lower limb muscles,17 reduced and increased 

range of motion in swing and stance phases, respec-
tively,18,19 and less energy expenditure for a given running 
speed,19 the relevance of extending the pioneering work of 
Hegyi et al.13 to overground sprints appears justified.

In this study, we investigate this issue with miniatur-
ized, wearable systems developed in our laboratory for the 
acquisition of HD- EMG20 and of running spatio- temporal 
data.21 Both systems can be synchronized between them-
selves and with third party devices, opening for the con-
ception of protocols not limited to laboratory settings. 
Here, indeed, we use both systems to assess whether, 
within the running cycle, the distribution of muscle exci-
tation in high- performance athletes depends on running 
speed during overground running. We specifically ask 
whether the distribution of EMG amplitude in BF and 
gastrocnemius medialis (GM) changes when sprint ath-
letes run at velocities progressively closer to their maxi-
mal speed. The range of running speeds covered here, 
from 70% to 100% of maximal sprint speed, complements 
that assessed previously with HD- EMG during treadmill 
running.13 We expect the amplitude of EMGs to increase 
with running speed.11,14,15 Most importantly, if increasing 
running speed changes the site of maximal strain, as re-
ported for greater loading rates in animal preparations,6 
we further expect to observe regional changes in the distri-
bution of EMG amplitude with running speed (i.e., a shift 
in peak excitation towards the muscle belly). In addition 
to advancing our knowledge on the spatial pattern of ex-
citation of two powerful, extensor muscles, often injured 
muscles during high- speed running,4,22 our results likely 
posit a methodological reference for the assessment of 
muscle excitation with surface EMG during overground 
running.

2  |  METHODS

2.1 | Subjects

Ten male athletes (range: 19– 31 years; 59– 83 kg; 1.68– 
1.98 m) volunteered to participate in the study, after being 
informed on the experimental procedures and providing 
written, informed consent. All subjects were experienced 
runners, training over five times a week, being engaged in 
competitive events for at least 3 years, and scoring over 700 
points in the tables of World Athletics in one of the veloc-
ity disciplines23―that is, taking less than 11.66 s to cover 
the 100 m distance. None of the participants reported to 
have had any musculoskeletal injury or any complica-
tion hindering their sprinting ability within the preced-
ing 6 months. The experimental procedures conformed 
to the Declaration of Helsinki and were approved by the 
Regional Ethics Committee.
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2.2 | Experimental protocol

Subjects were first asked to warm- up freely for roughly 
40 min. They were allowed to run at self- selected speeds 
as they found fit, from slow jogging to running at submax-
imal speed using the same track spikes they use during 
competitions— athletes used their own, preferred spikes. 
The warm- up session was sought to suppress any poten-
tial muscle damage arising during the experimental tri-
als, wherein subjects were requested to run at maximal 
speed.24 After warm- up, subjects performed an 80 m sprint 
straight over one lane of an official, 400 m track. The sprint 
started with the subject in the crouch three- point position 
(Figure 1A), upon the issuing of an audio command from 
the experimenter. The duration of the sprint trial was 
measured with a hand chronometer (Motus chronometry 
millennium MT50, sensitivity 1 ms) and then taken as a 
reference to define the maximal, average running speed. 
Similar to the study of Kuitunen et al.15 once the sprint 
trial was completed and over the same 80 m piece of the 
running track, subjects were asked to run twice at three 
different speeds: 70%, 85%, and 100% of the maximal 
speed. The six trials (two repetitions × three speeds) were 
applied in random order, with at least 5 min of recovery 
in- between to prevent fatigue buildup and while wearing 

the acquisition systems described below (Figure 1A). No 
feedback other than the time taken to cover the 80 m dis-
tance during the sprint trial was provided and all athletes 
declared to be able to run at the requested, average speed.

2.3 | Muscle excitation and 
contact events

Monopolar surface EMGs were detected from GM and BF 
with two, high- density systems of electrodes, after clean-
ing the skin with abrasive paste (Nuprep® Skin Prep Gel, 
Weaver and Company). For the GM muscle, EMGs were 
sampled with a linear array of 32 surface electrodes (5 mm 
inter- electrode distance; IED). The array was aligned paral-
lel to the muscle longitudinal axis, positioned at the bulk of 
the muscle and with the most proximal electrode located 
2 cm distally to the popliteal fossa.25 For BF, an anisotropic 
matrix of 32 surface electrodes was used (16 rows and 2 
columns, 15 mm IED between rows and 10 mm between 
columns). The matrix was centered at the location where 
bipolar EMGs have been recommended to be detected 
from BF.26 Columns were aligned along the muscle longi-
tudinal direction, identified visually. For all participants, 
the BF muscle was clearly visible from the skin when 

F I G U R E  1  Subject setup and 
duration of running cycles. (A) The two 
Wi- Fi modules for the sampling of high- 
density surface EMGs (HD- EMGs) and 
the two sensorized insoles for running 
cycle identification are shown. The thin 
cables connecting the reference electrode 
to the Wi- Fi modules were tightened with 
an elasticized bandage (Previcoesiva LF, 
Vicenza, Italy) to minimize movement 
artifacts. (B) duration of each running 
cycle for each of the three running 
speeds (○: 70%; ■: 85%; ×: 100% of 
maximal running speed) is shown for a 
representative participant.
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gently flexing the knee against manual resistance. For the 
two muscles, arrays were secured to the skin with adhe-
sive pads, with holes being punched in correspondence of 
the location of electrodes and filled with conductive paste 
(Ten20® conductive paste, Weaver and Company).

High- density surface EMGs were recorded using 
a modular, wireless system.20 After amplification 
(192 V/V), EMGs were sampled at 2048 Hz with a 16- bit 
A/D converter. Two smartphones were used for the col-
lection of EMGs (Figure 1A). One smartphone (Samsung 
Galaxy S20), the server, was used to communicate with 
clients— two EMG acquisition modules, each connected 
to one electrode array. The other smartphone (Redmi 
Note 9 Pro) was used as a router, establishing the net-
work through which clients and server could commu-
nicate. Smartphones were secured to the left and right 
arms with elastic bands, minimizing any running hin-
drance. With this setup, no data were lost because cli-
ents and server were kept in proximity throughout the 
80 m, running trials.

Running- related events were assessed using the INertial 
module with DIstance Sensors and Pressure insoles,21 in-
cluding two three- axial inertial measurement units, each 
connected to one, extra- thin pressure insole.21 The insole 
encloses a set of 16 pressure sensors (mod. YETI, 221 e S.r.l., 
Padua, Italy; element area = 310 mm2; ground reaction force 
threshold = 5 N), distributed between the fore and hind-
foot. During experimental trials all subjects were requested 
to wear their preferred shoes, into which the insoles were 
inserted. Pressure and inertial data were sampled at 100 Hz 
and stored into a datalogger housed within the insole con-
trolling unit (Figure 1A). The offline synchronization of the 
64 EMGs and the data from the instrumented insoles was 
ensured through a common trigger pulse (500 ms, 0– 5  V 
TTL),27 issued concomitantly to both systems via radiofre-
quency (EMG) and Bluetooth (insoles) protocols.

2.4 | Data analysis

Pressure insoles involved in the experimental setup 
were previously validated for the identification of gait 
events.28 In this study, the foot- mounted system was 
used to segment the running cycles, defined by two con-
secutive initial contacts with the ground for the same 
foot. First of all, a quality check on the pressure insoles 
data was performed to exclude potential low- quality 
pressure sensors data. Then, sharp rising edges in cor-
respondence of the instants of impact with the ground 
were identified from the first derivative of the pressure 
signals.28 The initial contact search window was de-
fined for at least two pressure sensors, both providing 
the beginning of the rising edge within less than 0.1 s of 

discrepancy. The initial contact instant was then identi-
fied as the last rising edge within the search window.

Monopolar EMGs were first visually inspected, and 
low- quality signals (cf.16) were linearly interpolated with 
their neighbors. Single- differential EMGs were computed 
for consecutive, monopolar signals, after band- pass filter-
ing each monopolar signal with a zero- lag, Butterworth fil-
ter (fourth order, 20– 400 Hz cutoff; Figure 2). Differential 
EMGs were computed in the longitudinal and transverse 
directions for GM and BF, respectively, maximizing the rep-
resentation of proximo- distal excitation for both muscles. 
That is, we would have lost 15 mm of BF proximo- distal 
coverage had we computed differential EMGs longitu-
dinally along the array. After that, the differential EMGs 
were full- wave rectified and low- pass filtered (second order, 
Butterworth filter, 10 Hz cutoff13), producing a set of EMG 
envelopes per muscle. For the GM muscle, channels lo-
cated over skin regions parallel to the muscle fibers were 
excluded from analysis, ensuring like- with- like compari-
sons proximo- distally across the muscle (Figure 3; cf. fig-
ure 6 in16). For the BF muscle, because of inter- individual 
differences in thigh length, not all rows of electrodes cov-
ered the muscle. In such cases (n = 6; Figure S1), being the 
array longer than the muscle, only EMGs detected by rows 
of electrodes located over the muscle were considered for 
analysis. For both muscles, EMG envelopes were then seg-
mented into individual running cycles based on data from 
the INDIP system. The mean EMG value over epochs corre-
sponding to 2% of the running cycle was computed and av-
eraged across channels and cycles,29 after discarding cycles 
within the first 30% of each running trial (Figure 1B). Initial 
cycles were discarded to contend with the effect of the ac-
celeration phase on muscle excitation and, thus, on the dis-
tribution of EMG amplitude. This procedure provided 50 
amplitude values per EMG considered, separately for each 
muscle and for each of the three running speeds tested 
(Figure 4A). Regional differences in muscle excitation with 
running speed were assessed through the centroid of chan-
nels providing EMG envelopes higher than 70% of the max-
imum.30 The segmented channels are expected to provide 
a coarse estimation of the size of the excited muscle region 
whereas the centroid indicates where the excited region is 
centered in the muscle (cf. figure 4 in16)— centroids were 
computed only for temporal clusters of EMG envelopes sta-
tistically dependent on running speed and then normalized 
with respect to the leg (GM) and thigh (BF) lengths.

2.5 | Statistics

Statistical parametric mapping (SPM)31 was applied to test 
for whether EMG envelopes changed with speed during the 
running cycle. This procedure has proved to be more robust 
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to both Type I and Type II errors than the conventional, 
univariate approach applied to a scalar value computed 
from time series of biomechanical and electrophysiological 
data.32 Briefly, we computed the univariate F statistic con-
sidering the 50 normalized time points— the 50 consecutive 
percentiles of the running cycle— and a design matrix with 
12 columns of dummy variables,33 corresponding to run-
ning speed (n = 3) and subject (n = 8) effects. This proce-
dure resulted in a scalar field of F values, denoted as 
SPM{F}, for assessing within subjects effect. The main issue 
here is the determination of the critical test statistics associ-
ated with the imposed (α = 0.05) statistical significance. For 
example, the family wise error would inflate should the 
critical F be determined arbitrarily for any of the 50 time 
points.32 Similarly, correction of the significance level (e.g., 
Bonferroni correction) would be overconservative as the 50 
time points are unlikely independent.32,34 Random field 
theory was therefore applied to compute the critical test 
statistic more accurately associated with the 5% signifi-
cance level. This procedure considers the smoothness of 
time series when defining the critical, test statistics―that 
is, how high and how temporally broad EMG descriptors 
are clustered within the running cycle. The p value 

associated with each cluster indicates the probability that a 
cluster similarly high (EMG envelope value) and broad 
(across the running cycle) would be attributable to an 
equally smooth, random fluctuation.

Whenever SPM{F} revealed an effect of running 
speed, SPM{t} was applied for post hoc assessment with 
Bonferroni correction. The field of t statistics for each 
paired analysis was computed as ti = c .bi∕ϵi, where 
bi =

[

�70%
i

�85%
i

�100%
i

]T corresponds to the least square es-
timates of regressors associated with running at 70%, 85%, 
and 100% of maximal speed for the i- th time point. c is 
the contrast vector, determining the paired comparison 
of interest (e.g., c =

[

−1 1 0
]

 for testing the hypothesis 
that 𝛽70%i

< 𝛽85%
i ) and ϵ is the standard error associated with 

the hypothesis test determined by the contrasts. Similar to 
SPM{F}, random field theory was applied to compute the 
critical t value.

Whenever a cluster of SPM{t} values exceeding the crit-
ical threshold was identified, the EMG image within such 
period was processed for centroids. The effect of speed 
on the centroid location was assessed with the paired 
Student's t- test with Bonferroni correction.

3  |  RESULTS

3.1 | Compliance with the experimental 
protocol

Subjects were able to run at speeds roughly close to the 
requested value. The median (1st- 3rd quartiles) time 

 *Critical test statistics were also computed using permutations. 
Permutations and random field theory provided comparable (within 
10%) test statistics, justifying the assumption of Gaussian distribution of 
residuals.35 We nevertheless decided to proceed with the parametric 
approach for the critical test statistics because they were greater (by 5%) 
w.r.t. to those obtained with permutations, being therefore less prone to 
familywise error.

F I G U R E  2  Segmentation of running 
cycles and computation of differential 
EMGs. Foot contact was determined 
based on the pressure data from the right 
foot insole, defining individual strides 
and thus running cycles. Slow, baseline 
fluctuations were evident in monopolar 
EMGs, with a temporal profile similar to 
the magnetic data associated with foot 
movement in the parasagittal plane. These 
common mode, slow fluctuations were 
suppressed after computing and band- 
pass filtering the single- differential EMGs.

Pressure data from one of the insole, sensing elements (sensor 4; a.u.)

100msSingle differential, band-pass filtered EMG (20 – 400 Hz)

Two, raw monopolar EMGs from biceps femoris

Foot pitch angle (a.u.)

5 mV

1 mV
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taken to complete the 80 m track during the first sprint, 
while not wearing any acquisition system, was 9.207 
(9.098– 9.403 s). During the experimental trials at 70%, 
85%, and 100% of the sprint speed, subjects, respec-
tively, took 13.201 s (12.151– 13.751 s), 11.091 s (10.681– 
11 510 s), and 9.255 s (9.210– 9.405 s) to complete 80 m. 
When normalized to the sprint speed, the relative speed 
for the three consecutively greater speeds was 70.18% 
(68.12%– 75.00%), 83.48% (79.66%– 87.04%), and 98.91% 
(98.90%– 98.95%).

3.2 | Effect of running speed on 
EMG amplitude

Because of technical issues, data from two subjects 
were discarded. For one subject, we realized to have 
not collected the trigger signal, because the cable from 
the trigger device was broken. For the other subject, the 

trigger signal was recorded for the EMG probes though 
not for the insoles.

Based on data from the remaining eight subjects, the 
SPM{F} revealed an effect of running speed on the EMG 
envelopes for the two muscles assessed. For GM, a large 
and high cluster of F values exceeding the critical thresh-
old was observed at late swing and early stance whereas 
for BF a similarly large cluster was evident at late swing 
(Figure  4B). Other significant, even though short and 
small, clusters of over- threshold F values were observed 
for both muscles. Post hoc assessments revealed signifi-
cant, paired differences only in correspondence of the 
large clusters of F values. During late stance, from roughly 
75% to 100% of the cycle, large clusters of significant t val-
ues were observed for the two muscles, when comparing 
70% versus 100% of the max running speed (Figure 4C). A 
small, though significant cluster of over- threshold t values 
was observed for BF between 85% and 100% of the maxi-
mal speed from 78% to 84% of the cycle.

F I G U R E  3  Identification of channels to include for analysis in the gastrocnemius muscle. Only channels located over the muscle 
superficial aponeurosis were retained, where gastrocnemius architecture is in- depth pennate from an EMG perspective.16 These channels 
were identified as not providing the typical features— innervation zone and action potential propagation— observed when consecutive 
channels are aligned parallel to the muscle fibers. Both features may be observed only in the very distal extremity of the muscle, where fibers 
are disposed parallel to the skin.
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3.3 | Effect of running speed on the 
distribution of EMG amplitude

The location within the BF muscle where greatest EMGs 
were detected differed between running speeds. When com-
paring 70% and 100% running speeds, during late swing, the 
centroid of EMG amplitude moved proximally by ∼2 cm, for 
the single participant shown in Figure 5A, and by ∼5% of the 
thigh length for the group data (Figure 5B; Student's paired 
t- test, p = 0.032 after Bonferroni correction). As shown in 
Figure 5B, for the other SPM{t} clusters reaching statistical 
significance (Figure 4C), running speed did not affect the 
location of centroids in the array (p > 0.381).

4  |  DISCUSSION

In this study, we tested the hypothesis that overground 
running at different speeds would affect the amplitude 

distribution of surface EMGs. With arrays of electrodes, 
we sampled surface EMGs proximo- distally from BF and 
GM, while eight experienced athletes ran at 70%, 85%, and 
100% of their maximal speed over a straight, 80 m track. 
Results revealed a significant effect of running speed on 
EMG amplitude. For the two muscles, running at 100% of 
the maximal speed resulted in significantly greater EMGs 
during late stance (Figure 4). Only for BF, greater EMG 
envelopes were detected more proximally in the muscle 
when running speed increased from 70% to 100% of maxi-
mal speed (Figure 5). Our results indicate both the degree 
and the proximo- distal location of BF excitation change 
with running speed at late swing, substantiating the need 
to explore site- specific associations between changes in 
BF architecture and excitation during running.

Before discussing our results, a note on the quality of 
EMGs recorded is warranted. There are multiple sources, 
other than the recruitment and rate coding of motor 
units, affecting the amplitude of EMGs. Muscle and cable 

F I G U R E  4  Group results for EMG 
envelopes. (A) EMG envelopes averaged 
across cycles and channels. For the sake of 
clarity, mean (thick traces) and standard 
error values are shown, with mean values 
being normalized with respect to the 
greatest amplitude value across cycles 
and channels. (B) statistical parametric 
map (SPM) created for the F statistics 
across the mean, running cycle. (C) SPM 
computed for the t statistics, summarizing 
each of the three paired assessments for 
the three running speeds tested, 70%, 80%, 
and 100% of the maximal speed. Dotted, 
horizontal lines denote the critical F 
(A) and t statistics (B), after Bonferroni 
correcting the later. Shaded clusters over 
the critical thresholds are unlikely due to 
chance at the p values reported for each.
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movements, power line interference, innervation zone 
shifts, and unbalanced impedance of the electrode- skin in-
terface are examples of nuisance variables.16,36,37 The former, 
however, is of most concern during dynamic contractions, 
as movement of muscles and cables is hardly suppressed. 
On- field detection of HD- EMG at somewhat high speeds 
and over long distances imposed therefore a technical chal-
lenge in our study. With the systems we developed and used 
for acquiring HD- EMGs20 and biomechanical data,28 for 
all subjects tested we were able to obtain high- quality sig-
nals (Figures 2 and 3). Given the electrode grid connected 
directly to the EMG amplifier and the reference cable was 
strapped around the leg, fluctuations in EMG baseline were 
presumably due to movement of the muscles relative to elec-
trodes. Indeed, we observed similar, temporal variations in 
the baseline of monopolar EMGs and in the foot attitude in 
the parasagittal plane (Figure 2). The filtering of monopolar 
EMGs and the computation of differential EMGs success-
fully removed these low- frequency components, while re-
taining the desired, motor unit action potentials (Figure 3). 
It is therefore likely that the changes in EMG descriptors 
reported here are genuinely associated with running speed.

4.1 | Muscle excitation scales with 
running speed

Greater running speeds demanded greater muscle ex-
citation, at specific periods of the running cycle though. 

While different studies reported the mean degree of mus-
cle excitation to increase with running speed,11,13– 15,38,39 
not all analyzed how the excitation of BF and GM changes 
within the running cycle. Those that did, corroborating 
our findings, collectively reported distinct temporal pro-
files of excitation between the two muscles. For instance, 
during submaximal speeds we observed two peaks of BF 
excitation— greater EMG amplitude just prior to and just 
after foot contact. During maximal speed, we observed 
a steadily high EMG amplitude, from mid swing to late 
stance (Figure  4A). Similar excitation profiles, at late 
swing and early stance, were equally reported during both 
treadmill and overground running, at speeds lower17 and 
comparable11,12,15 to those tested here. However, only dur-
ing mid- late swing did the running speed affect the EMG 
amplitude. As subjects ran at greater speeds, we observed 
a significantly greater increase in BF excitation during 
late swing than during early stance (Figure 4B,C). Even 
though for lower running speeds, a similar temporal de-
pendence of EMG amplitude on running speed has been 
reported by others.13 Owing to the greater potential of the 
muscle to absorb energy when excited during eccentric 
contractions,10 this pre- excitation has been suggested to 
offer protection against strain injuries.13 In this context, 
our results would seem to extend this pre- , protective BF 
excitation to maximal, running speeds. Interestingly, a 
significant effect of running speed during late swing was 
similarly observed for the GM muscle— although peaks 
in EMG envelope were more clearly defined soon after 

F I G U R E  5  Effect of running speed 
on EMG distribution. (A) Spatio- temporal 
representation of EMG envelopes from 
the BF muscle, for a single participant 
and for the 70% (left) and 100% (right) 
running speeds. Small circles indicate 
the segmented channels whereas 
crossed circles denote the centroids 
(cf Methods30), both computed from 
72% (vertical dashed lines) to 100% of 
the running cycle, when the largest, 
SPM{t} cluster was observed (Figure 4C). 
(B) Distribution of centroid values 
computed for the different speeds and 
the two muscles in correspondence of 
the significant, SPM{t} clusters shown in 
Figure 4C.
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foot contact, significant changes with running speed were 
appreciated prior to foot contact (Figure  4 left column). 
Disconnects have arisen as per the effect of running speed 
on GM excitation. While two studies documented high-
est GM excitation from late swing to late stance,11,15 only 
one reported the EMG amplitude at late swing to scale 
with running speed.11 Sadly, no methodological informa-
tion other than the IED used could be retrieved from both 
studies (38 mm in11; 20 mm in15), hindering the identifica-
tion of sources of discrepancies between their results. Our 
results are in agreement with Kyröläinen et al.11 In addi-
tion to imputing practical relevance to the pre- excitation 
of both ankle and hip extensors during sprints, our results 
support the importance of ensuring EMGs are mostly 
sensitive to muscle excitation, with a grid of electrodes or 
using conservatively large IEDs.16,40

4.2 | Regional changes in muscle 
excitation with running speed

Differently from previous studies, in which EMGs from 
discrete BF regions were compared directly,13 we as-
sessed regional changes in EMG amplitude from the 
centroid of segmented channels (Figure 5). Our decision 
was motivated by anatomy and sensitivity constraints. 
Grouping EMGs according to discrete BF regions, for ex-
ample, would have to take into account inter- individual, 
anatomical differences. As the number of electrodes and 
the IED are fixed in the array, a different proportion of 
the muscle would be covered for subjects with different 
leg, and thus muscle, lengths (Figure S1). Consequently, 
the number of electrodes defining discrete, proximo- 
distal regions in both GM and BF muscles would be 
variable between subjects. Considering the amount of 
muscle shortening- lengthening during running,9,12,39 
it is further likely that different proximo- distal regions 
would be defined for a different set of electrodes for the 
same subject within the running cycle. By computing 
and normalizing the centroid of EMG amplitude, we 
likely minimized this confounder, reporting regional 
changes in excitation with respect to leg (GM) and thigh 
(BF) lengths. By neglecting the need of setting arbitrary, 
discretization thresholds, the centroid was expected to 
be sensitive to regional changes in excitation— centroids 
reflect the region with greatest EMGs in the array 
(Figure 5).

Our centroid analysis revealed to be sufficiently sensi-
tive to detect regional changes in BF excitation with the 
increase in running speed. As running speed increased, 
we observed the BF excitation to shift proximally by 2%– 
10% (range) of the thigh length (Figure 5). This is in con-
trast with the study of Hegyi et al.13 where no differences 

in EMG amplitude were reported proximo- distally in 
the muscle. Because of methodological differences be-
tween studies, the source of discord is not predictable. 
Differently from,13 we tested subjects while running 
overground, near and at the maximal speed, and using 
a subject- specific approach to assess regional differences 
in EMG amplitude. While these three factors may have 
contributed to the spatial changes in BF excitation, run-
ning speed is the likely determinant. We observed a more 
proximal BF excitation only when comparing 100% and 
70% of the maximal speed 75% was the maximal speed 
tested.13 Our results would therefore seem to encourage 
the testing of extreme speeds if the site of BF injuries 
during running is to be studied. Yu et al.12 suggested 
strain injuries may manifest at the BF- tendon junction 
during late stance and at the BF belly during late swing, 
after having observed greater BF elongation speeds 
during late swing. Their reasoning stems from the obser-
vation that the rate of axial strain determines the site of 
muscle tearing, with low and high rates resulting in tear-
ing of the distal muscle- tendon junction and the muscle 
belly, respectively.6 Similarly, in virtue of the increased 
ability of muscles to absorb energy before tearing when 
excited,10 here we hypothesized regional changes in ex-
citation would occur should running at speeds close to 
the maximum affect the site of maximal, muscle strain. 
Given we observed a shift in BF excitation to more prox-
imal (central; Figure  5) regions prior to foot contact as 
running speed increased to the maximum, it would seem 
plausible to propose that this pre- excitation, as observed 
by others with bipolar EMGs,11,15,39 may help protecting 
the muscle against tearing at BF regions located proxi-
mally from the muscle- tendon junction. Indirect verifi-
cation of this hypothesis would require reproducing this 
study at similarly high speeds and with measurements 
of elongation in different BF regions, and the relevance 
of further exploring this possibility appears justified by 
the frequent, strain injuries reported for the BF muscle 
during sport activities demanding sprints.1– 5

4.3 | Limitations

We see two issues potentially undermining our results 
and interpretations. First, we acknowledge that sam-
ple size was not identified a priori and that retention of 
valid running cycles was based on average rather than 
on instantaneous running speed. As we were unable to 
identify coarse figures positing the effect size of running 
speed on regional changes in muscle excitation in condi-
tions similar to those tested here, we could not determine 
the smallest sample size associated with an acceptable 
(>80%) statistical power. Also, given running speed was 
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assessed based on average, cycle duration, we could 
not directly discriminate cycles during the acceleration 
phase (Figure 1B). These issues would open for Type II 
error. Conceivably, for example, one could argue that a 
larger sample size would have led to the emergence of 
significant clusters in the SPM{t} in early and mid- swing 
(Figure 4C). However, it should be noted that strain in-
juries during sprints are frequent during late swing and 
stance,8,9 when we indeed observed a significant effect 
of speed on the degree of muscle excitation. Second, our 
interpretation presumes the EMG envelopes shown in 
Figure  4A were univocally associated with the degree 
of muscle excitation. This is a delicate issue, consider-
ing the highly dynamic condition we tested. Of concern 
here is the possibility that variations in EMG ampli-
tude could have been associated with factors other than 
muscle excitation.41 Given the in- depth pinnate archi-
tecture16 of the two muscles assessed, we would expect 
the changes in muscle architecture,42 rather than, for 
example, in innervation zone location,43 to be the main, 
nuisance variable. To contend with this issue, we ana-
lyzed the effect of running speed on regional changes 
in EMG amplitude within subjects and within epochs 
of the running cycle, expecting muscle kinematics to re-
main constant across these epochs. While our assump-
tion is seemingly plausible for the speeds we tested,9,39 
further studies are necessary to ensure the changes in 
EMG descriptors reported here are not due to changes 
in muscle kinematics.

5  |  PERSPECTIVE

High- density surface EMGs revealed the location and 
intensity of excitation within BF change with running 
speed— when running speed approaches the maximum, 
excitation shifts proximally. This differential, spatial 
pattern of BF excitation, reported for the first time here, 
suggests low-  and high- speed running impose unique 
demands on BF. Specific neuromuscular training may 
therefore be required according to the target speed, in 
preparation to sprints or when recovering from injuries. 
From a mechanisctic point of view, our results suggest 
the distribution of excitation within BF may serve dif-
ferent purposes, from protecting the muscle against fail-
ure during elongation to providing the required power 
in sprints. From a technical perspective, our methodol-
ogy is expected to set the grounds for studying running 
in ecological conditions. Typically, likely due to technical 
constrains, overground running is studied over a limited 
distance (single strides38; 10 m15; 20 m38). The system we 
customized for sprint analysis28 proved, however, to sur-
mount these shortcomings. While our study is not the first 

to conduct electrophysiological and biomechanical analy-
sis during high- speed, overground running,12,18,19,38 it is 
seemingly the first to demonstrate that these studies may 
be extended to long- distance running in more ecological 
environments.
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