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ABSTRACT

MACCHL R., A. HEGYI, C. GIROUX, G. RABITA, A. NORDEZ, E. HOLLVILLE, A. COUTURIER, C. FORNASIER-SANTOS, J.
SLAWINSKI, J.-B. MORIN, L. LACOURPAILLE, and G. GUILHEM. Effects of Resistance and Speed on Electromyographic Activity
of Thigh and Gluteal Muscles in Elite Athletes Throughout Resisted Sprint Running. Med. Sci. Sports Exerc., Vol. 57, No. 7, pp. 15301545,
2025. Purpose: The application of horizontal resistance is key in sprint training to modulate velocity and promote adaptations. However, the
interaction between velocity and resistance on muscle excitation remains insufficiently studied. This study assessed the electromyographic
(EMG) activity of thigh and gluteal muscles in response to varying velocity and resistance during sprinting. Methods: Thirty-seven elite ath-
letes (27 females and 10 males) performed two trials under three conditions: a 40-m maximal sprint without resistance and two resisted sprints
applied by a robotic device with resistive forces equivalent to 25% and 75% of body mass in a sled condition. EMG activity was recorded from
eight muscles in the quadriceps, hamstrings, and gluteal muscle groups for both lower limbs. Generalized mixed models were used to analyze
average EMG changes with increasing velocity as a function of resistance. Statistical parametric mapping was used to assess the changes
within the stance and swing phases as a function of sprint phase and resistance. Results: Hamstring EMG activity increased with increasing
velocity (+17.9% in stance phase without resistance) and decreased as resistance increased, with opposite effects observed in quadriceps mus-
cles. Higher gluteal EMG activity was found during the late swing phase with increasing velocity and decreasing resistance. The biceps
femoris long head exhibited the largest EMG increase with velocity (+23% in the stance phase) among hamstrings, whereas the
semitendinosus showed the highest increase with reduced resistance (+27% in the stance phase). Conclusions: External resistance and running
speed influence thigh muscle activity differently, even within the same muscle group, likely due to distinct muscle architecture and function.
These insights should be considered when designing sprint training programs to target specific muscle groups, avoid muscle overloading, and
account for interindividual differences to optimize performance and reduce injury risk. Key Words: BICEPS FEMORIS, EMG,
LOCOMOTION, SEMIMEMBRANOSUS, SEMITENDINOSUS, SPORT PERFORMANCE

n
E
O
pd
—
&)
0
@)
|
—
a
a
<<

he ability to sprint is a key factor for success in many
sports. Acceleration during sprinting is generally di-
vided into three successive phases derived from the
kinetics of the center of mass: early acceleration, late accelera-
tion, and maximum speed (1-3). Each sprint phase necessitates
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the recruitment of specific muscles, prompting several studies to
investigate the effects of velocity on muscle excitation through
surface electromyographic analysis (e.g., [4,5]).

Previous studies have shown that hamstring electromyo-
graphic (EMG) activity is higher, whereas quadriceps EMG
activity is lower at high running speeds compared with low
speeds, with distinct differences in the stance and swing phases
(4-9). In these studies, running tasks were conducted at steady
speeds. During a maximal sprint acceleration on a treadmill, an
increase in hamstring EMG activity was reported during the
first half of the stance phase and the end of the swing phase
(10). On the contrary, quadriceps EMG activity decreased only
in the first half of the stance phase, whereas no change was ob-
served for the gluteus maximus (GMax) (10). To complement
these studies, further research is required to comprehensively
examine (i) the impact of sprint acceleration on EMG activity
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by differentiating various phases of a single maximal sprint and
the running cycle (i.e., stance and swing), and (ii) the excitation
patterns of multiple muscles within the same muscle group.

Resisted sprinting is a widely used training method to im-
prove propulsion in the acceleration phase by mimicking high
horizontal force applied to the ground during the first steps of
sprint acceleration (11,12). Previous studies found that mean
EMG activity decreased in the hamstrings and increased in
the quadriceps in response to increasing resistance (13—16).
These global changes may conceal distinct variations depend-
ing on the stride cycle or sprint phase, requiring further re-
search to enhance our understanding of the effects of resis-
tance on EMG activity. In addition, no study has specifically
examined the between-individual consistency in EMG re-
sponses to changes in speed and resistance. Given the impor-
tance of individualized training for elite athletes, quantifying
this variability could help determine whether assessments
should be customized for each athlete. Finally, little is known
about the changes in EMG activity in the different heads of a
given muscle group to running velocity and resistance. In this
view, biceps femoris long head (BFlh) is the most frequently
examined hamstring muscle, and some studies examined me-
dial hamstrings as one functional unit, without distinguishing
between semitendinosus (ST) and semimembranosus (SM).
This appears as a reductionist approach considering that each
hamstring muscle has distinct mechanical properties and archi-
tecture (17,18). For example, the fusiform architecture of ST is
recognized to have a mechanical advantage when hamstrings
shorten relatively fast, whereas SM, which is a pennated mus-
cle, has a mechanical advantage at relatively slower shortening
velocities compared with other hamstring muscles. This sug-
gests that a redistribution of EMG activity within the ham-
string muscle group could be needed to optimize the contribu-
tion of each muscle to the global joint torque and ultimately to
sprint performance according to the instantaneous running
speed and resistance.

The aims of this study were (i) to model mean changes in
EMG activity in response to increasing resistance and normal-
ized sprint speed in elite athletes, (ii) to conduct a detailed
analysis of EMG activity throughout the running cycle, (iii)
to assess between-individual consistency in EMG activity to
evaluate the need for individualized field measurements, and
(iv) to compare changes in EMG activity between hamstring
muscle heads to investigate potential redistribution of EMG
activity in response to variations in sprint speed and resistance.

We hypothesized that with increasing velocity and decreas-
ing resistance, hamstring EMG activity would increase while
quadriceps EMG activity would decrease, whereas these
changes would vary depending on the phase of the sprint cy-
cle. Furthermore, we expected a higher hamstring EMG activ-
ity during the late swing and early stance phases, when the
hamstrings are highly activated. Considering the important
role of hamstrings at high running speeds, we hypothesized
that hamstring EMG activity would increase in a substantial
proportion of individuals as speed increases and resistance de-
creases. Finally, we expected significant differences among

the hamstring muscles in their responses to changes in velocity
and resistance, based on their architectural configurations.

METHODS
Participants

This study initially involved 49 elite athletes, defined as
those competing at the international level according to McKay
et al. (19). Some participants were excluded due to muscle
pain during testing, poor EMG signal quality, or issues with
synchronization between measurement tools, leading to the fi-
nal inclusion of 37 athletes (27 females and 10 males; age:
27.0 £ 3.3 yr, height: 1.74 + 0.10 m, body mass (BM):
70.9 + 13.2 kg), which were considered for further analysis.
Participants included elite track and field (10 females and 5
males), rugby seven (14 females and 5 males), and bobsleigh
(3 females) athletes. Their maximal velocity over a 40-m
sprint was 8.66 + 0.55 ms ' (min = 7.70, max = 9.68) in fe-
males and 9.96 + 0.46 m's ' (min = 9.19, max = 10.66) in
males. Participants were injury free. They frequently per-
formed maximal sprint accelerations as part of their usual
weekly training program. The project was approved by the
French Research Ethics Committee (No. 2021-A02523-38),
and written informed consent was obtained from all athletes
in accordance with the Helsinki Declaration.

Experimental Design

Each athlete was firstly equipped with surface EMG elec-
trodes before performing an individual 2045 min warm-up
(mobility, athletic drills, and accelerations). Then they per-
formed two trials of three sprint conditions on an official in-
door track (tartan®), using a three-point start (i.e., with the
contralateral hand of the front leg placed on the track). Ath-
letes were instructed to refrain from consuming caffeine dur-
ing the experimental protocol and run in their usual shoes.
The front leg and rear leg were always the same (right or left
lower limb according to preference). The conditions were per-
formed in the following order: an unresisted condition
consisting of a 40-m maximal running sprint (R0) and two
resisted conditions consisting of 25- and 20-m sprints with re-
sistances equal to 25% (R25) and 75% (R75) of BM, respec-
tively. These resistances corresponded to the relative BM
added in a sled device condition and did not represent horizon-
tal resistance (see the Measurement Protocol section). The se-
lected resistances were chosen to ensure sufficiently distinct
conditions in terms of the induced velocity decrement and to
correspond to proposed resistances in individualized resisted
sprint training (20). Following the terminology proposed by
Cahill et al. (21), R25 was designed to target the speed—
strength portion (i.e., 20% of decrement in maximal velocity)
of the force—velocity relationship, whereas R75 focused on the
power production portion (i.e., 50% of decrement in maximal
velocity). The sprint distances were adjusted to allow for an ad-
equate number of steps within the targeted speed zone. For
each athlete, the distance was systematically checked to ensure

ASSESSMENT OF EMG ACTIVITY DURING SPRINTING

Medicine & Science in Sports & Exercisee 1531

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

=
i)
.s)
—
m
O
v
@)
=
=z
N
a
n




n
E
O
pd
—
&)
0
()]
|
—
a
a
<<

the achievement of at least 95% of maximal running speed.
Each sprint was separated by a recovery period of 4 min. All
athletes were familiarized with the test procedures and per-
formed one trial of each sprint condition during the warm-up.

Measurement Protocol

The resisted conditions were elicited by a portable robotic
resistance device (1080 Sprint; 1080 Motion, Lidingo,
Sweden). The motor was attached to a composite fiber cord
that is wrapped around a spool, and attached to the athlete
by a hip harness around the pelvis. The selected resistance
levels on the robotic device corresponded to loads of 25%
and 75% of BM as applied in sled conditions. A conversion
coefficient of 0.35, provided by the manufacturer, was used
for this calculation. The actual horizontal resistances induced
by the device were therefore 8.75% BM and 26.25% BM.
For example, if an athlete weighing 80 kg requires a sled resis-
tance of 75% BM (i.e., a 60-kg load), the horizontal resistance
programmed into the machine would be set to 21 kg (i.e.,
0.35 x 60). The robotic device placed on the track at 5 m be-
hind the starting position was set in isotonic mode in order
to apply a constant resistance independently of acceleration,
thus minimizing inertia.

Vertical, anteroposterior, and lateral components of the
ground reaction forces were recorded along a 6.60-m-long
force plate system sampling at 1000 Hz (KI 9067; Kistler,
Winterthur, Switzerland). This system consisted of six indi-
vidual force plates connected in series and covered with a tar-
tan mat that was leveled with the stadium track. The second
force plate was turned by 90° to allow the athletes’ hands po-
sitioning during the start. The force plate system allowed to
identify the sprint start event and to detect the touchdown
and toe-off events. The force plates were synchronized with
an optoelectronic system (Optojump Next; Microgate, Bolzano,
Italy) positioned at floor level over a 40-m distance (compris-
ing 80 parallel bars: 40 receivers and 40 transmitters) using the
first touchdown after the sprint start as the synchronization
point. The optoelectronic system was used to identify the
touchdown and toe-off of all steps, except for the first steps,
which were detected by force plates (this included the first
three to five steps). As the toe-off event of the rear foot during
the sprint start was not possible to detect using force signals, a
GoPro camera (GoPro Inc, San Mateo, CA) was used to detect
it using Kinovea® application version 0.9.5. The time be-
tween the toe-off of the rear foot and the first touchdown of
the same foot on the force platform was calculated. This
allowed us to identify the instant of the rear foot’s toe-off on
the force signal.

Surface EMG activity was recorded from eight muscles of
each leg (double differential, 10-mm interelectrode distance,
Trigno Wireless System; Delsys Inc, Boston, MA): GMax,
gluteus medius (GMed), SM, ST, BFIh, biceps femoris short
head (BFsh), vastus lateralis (VL), and rectus femoris (RF).
Skin preparation and position of the bipolar electrodes
followed SENIAM recommendations (22). To differentiate

the hamstring heads and to minimize crosstalk, the appropriate
location of the electrodes was carefully determined using ultra-
sound scanning in B-mode (Aixplorer Mach 30 and Linear
SL18-5; Supersonic Imagine, Aix-en-Provence, France) be-
fore electrode placement at rest in a prone position. The
EMG signals were recorded continuously during the sprints
at 2148 Hz and were synchronized by an electronic trigger de-
livered to a specific channel synchronously recorded with
force signals from the force plates.

Data Processing

Velocity signal. For each sprint, the velocity signal was
computed from the optoelectronic system, by dividing the dis-
tance between two steps by the stride time. Then the velocity
over time was fitted with an exponential function using the
least-square regression method (23).

Vial) = Viamax. (1€ € /%)

where Vijmax is the maximal velocity (in m's "), 7 is the accel-
eration time constant (in m-s_'), and d is the time delay. To en-
sure the reliability of the optoelectronic system, we compared
the inferred running velocity with the velocity obtained from a
radar system (Stalker Pro II Sports Radar Gun, Plano, TX;
46.875 Hz) as a reference. The radar was positioned 5 m be-
hind the starting position and 1 m above ground level. The
analysis of unresisted sprints was divided into three distinct
phases: early acceleration, late acceleration, and maximum
speed. The 7 values were employed to delineate the transition
between early and late acceleration phases. A threshold of 5%
of the maximum speed value was selected to separate the tran-
sition from late acceleration to the maximum speed phase. In
the context of resisted sprint conditions, where the velocity
pattern exhibits slight variations, two main phases were iden-
tified: acceleration and maximum speed.

Running cycle kinematics. The force signals were low-
pass filtered (cutoff frequency, 200 Hz) using a third-order IIR
Butterworth zero-phase filter. The sprint start was identified as
an increase in vertical force for 15 consecutive milliseconds.
The instants corresponding to successive touchdowns and
toe-offs during force plate steps were identified as the inflec-
tion points where the normal component of the ground reac-
tion force exceeded 20 N. A minimum separation of 150 ms
between consecutive foot strikes was enforced to ensure dis-
tinct steps. For steps performed beyond the force plates, the
touchdown and toe-off events were identified using the stance
and flight times as recorded by the optoelectronic system.

EMG activity. The raw EMG signals (illustrated in Fig. 1)
were band-pass filtered with cutoff frequencies of 10 and
450 Hz. Then, the signals were full-wave rectified. To obtain
a linear envelope, each stance and swing phase was separately
low-pass filtered using a fourth-order IIR Butterworth zero-
phase filter. Based on the principles of the Shannon—Nyquist
theorem, the cutoff frequency of the low-pass filter was metic-
ulously adjusted according to the duration of each stance and
swing phase (cutoff frequency: 19.7 = 0.7 Hz). The cutoff
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FIGURE 1—Illustration of fitted velocity signals (mono-exponential function) for the three resistance conditions and typical raw EMG signals from the
lower limb muscles of both legs for an athlete. Although the sprints were not of the same duration between the different resistance conditions, the velocity
signals of the exponential models have been extended in this visual example so that each curve corresponds to a duration of 4.5 s on the x-axis.

frequency was scaled by the ratio of the average contact time
of a running cycle phase (i.c., stance or swing) to the duration
of'the signal under consideration. This adjustment ensured that
the relative frequency characteristics of the filter remained
consistent across different signal durations. The EMG patterns
were averaged for each stance and swing phase according to
the sprint phase. The maximal EMG activity obtained between
the three phases was then used to normalize the EMG ampli-
tude of all trials, regardless of the resistance condition, to allow
for appropriate comparison between conditions. Finally, each
stance and swing phase was time-normalized over 101 evenly
separated points to allow interparticipant comparisons. The
EMG signal for each running cycle was visually inspected be-
fore performing subsequent analysis.

Statistical Analysis

Statistics were performed using custom R scripts (R v 4.2.2,
R Core Team, 2022; R Foundation for Statistical Computing,
Vienna, Austria). The intertrial reproducibility of the EMG ac-
tivity amplitude was assessed on the basis of the two sprint tri-
als for each resisted condition and each muscle of each leg sep-
arately, taking into account the running cycle phase as well as
the sprint phase. To achieve this, the root mean square error
(RMSE) was computed for each individual separately and then
averaged. The reproducibility error was compared with the in-
terindividual variability, which was computed as the standard
deviation across individuals.

EMG activity modeling as a function of normalized
speed. For each muscle and each phase of the cycle (i.e.,
stance or swing), generalized mixed models were performed

using the glmmTMB package. These models included the
EMG activity of both lower limbs. The most appropriate distri-
bution family (e.g., Gaussian, lognormal, gamma, etc.) of the
dependent variable (i.e., EMG activity) was selected for each
model. The relationships between variables were analyzed to
select the most appropriate fit for each model (e.g., linear,
polynomial or exponential) using the Akaike information cri-
terion (24). The normality of the residuals was carefully
checked by Q—Q plots. Restricted maximum likelihood esti-
mation was used in the model. The intercepts for the partici-
pants were chosen as random effect. The coefficients of the
fixed effects were tested according to the Wald Z statistics.
Influence of stride cycle on EMG activity as a func-
tion of resistance and sprint phase. For both stance and
swing phases, two separate statistical parametric mapping
(SPM) analyses (25) were conducted for each muscle. The first
analysis focused solely on the unresisted sprint condition (one-
way repeated-measures ANOVA), considering the sprint phase
as a repeated factor with three phases (i.e., early acceleration,
late acceleration, and maximum speed). The second SPM anal-
ysis aimed to analyze the effect of resistance as a function of the
sprint phase (two-way repeated-measures ANOVA), incorpo-
rating two sprint phases (i.e., acceleration and maximum speed)
and three resisted conditions (i.e., RO, R25, and R75) as re-
peated factors. Holm’s post-hoc test was used to perform
pairwise comparisons. An additional SPM analysis was con-
ducted, with sprint phase and leg (i.e., front leg or rear leg) in-
cluded as repeated factors. Note that, given the absence of sig-
nificant differences in EMG activity between the front and rear
leg, apart from minor changes during the early acceleration
phase, we focused the SPM analyses exclusively on the rear leg.
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Between-individual consistency of the effects of
velocity and resistance on EMG activity. For the veloc-
ity effect, we computed the difference between normalized
EMG activity achieved at V;,,, minus the normalized EMG
activity at minimal velocity (V;,;,) for each resistance condi-
tion. To determine the influence of resisted condition, the dif-
ference in normalized EMG activity achieved at V., was also
calculated for each pair of condition comparison (i.e., R25 vs
RO, R75 vs RO, R75 vs R25). For these two analyses, to ad-
dress potential biases stemming from noise or other factors in-
herent in a single EMG value, we used a nonparametric ap-
proach (locally weighted scatterplot smoothing) (26) to obtain
new average EMG activities for each individual. This method
captures trends rather than relying on individual data points,
thus providing a more robust analysis by mitigating the influ-
ence of outliers and fluctuations. We then extracted the relative
proportion of athletes showing an increase in EMG activity be-
tween Vi, and V., and the proportion of athletes showing a
decrease in normalized EMG activity achieved at V., with in-
creasing resistance. An exact binomial test (two-tailed test)
was used to compare each proportion with a theoretical pro-
portion (i.e., 50%).

Changes in the distribution of EMG activity be-
tween hamstring muscles. We used the same variables
described previously, that is, EMG activity achieved at V.
minus EMG activity achieved at V,,;, and the difference in
normalized EMG activity achieved at V.« between the resis-
tances. These were statistically assessed in using a linear
mixed model from the ImerTest package. For the velocity ef-
fect, muscle (i.e., ST, SM, BFlh, and BFsh) and resistance con-
dition (i.e., RO, R25, R75) were selected as fixed effects and
the intercept of the participants as random effect. For the resis-
tance effect, muscle and resistance comparison (i.e., R25 vs
RO, R75 vs RO, R75 vs R25) were selected as fixed effects. Then
an ANOVA (degrees of freedom estimated with Satterthwaite
formula) was performed on each model. If a main or an inter-
action effect was found, Holm’s post-hoc test was used to per-
form pairwise comparisons.

The alpha threshold was fixed at 0.05. All results are pre-
sented as estimated mean =+ standard error.

RESULTS

EMG Activity Modeling as a Function of Normalized
Speed

For most of the explored muscles, the second-degree poly-
nomial model showed the highest goodness of fit (hamstrings:
mean R stance phase = 0.54, R* swing phase = 0.33; gluteals:
R? stance phase = 0.36, R* swing phase = 0.33; quadriceps: R*
stance phase = 0.39, R” swing phase = 0.43; Fig. 2). After care-
ful control of data quality, we considered an average of 10 + 3,
14 £ 4, and 13 + 4 running cycles by participant for the early
acceleration, late acceleration, and maximum speed phases, re-
spectively, for further analysis, including both lower limbs and
the two trials of the RO condition. A total of 11 £2 and 9 + 3
running cycles in the acceleration and maximum speed phases,

respectively, were considered for R25 condition. In the R75
condition, we analyzed 9 + 3 and 14 + 7 running cycles in
the acceleration and maximum speed phases, respectively. Be-
cause of the rapid increase in horizontal velocity during the
first steps, the normalized velocity showed an asymmetric dis-
tribution with low data density at low velocity values (i.e.,
<75% of the maximal velocity) and higher data density above
this velocity threshold (median = 0.93, Q1 =0.78, Q3 = 0.98,
skewness coefficient = —1.4, kurtosis coefficient = 1.1; Fig. 2).
It is worth noting that, after a thorough selection of the gener-
alized models based on Akaike information criterion criteria,
the sport factor was significant for numerous muscles, contrib-
uting enough to improve the model to warrant its inclusion.
However, since the observed differences between track and
field athletes and bobsleigh or rugby sevens athletes were rel-
atively minor, and given the imbalance in the proportion of
male and female athletes across sports groups, we did not pro-
vide a detailed analysis of these results in this study.

During the stance phase, normalized EMG activity of ham-
strings increased significantly with increasing velocity, particu-
larly in the unresisted sprint condition (+17.9%; P < 0.001).
Regardless of the resistance condition, the quadriceps muscles
exhibited maximum EMG activity during the acceleration
phase. Specifically, the RF and VL reached their maximum
EMG activity at 48% and 58% of Vi,.x, respectively, in the
unresisted sprint condition. GMax showed a linear decrease in
EMG activity with increasing velocity across all resisted condi-
tions (P < 0.05). In contrast, GMed activity increased up to 85%
of Vinax in the unresisted sprint condition (P < 0.001).

In the swing phase, EMG activity of both the hamstrings and
quadriceps exhibited smaller variations with velocity and resis-
tance compared with the stance phase. For all resisted conditions,
SM activity peaked at an average of 85% of V.. In the
unresisted sprint condition, BFIh showed a polynomial relation-
ship with velocity (P < 0.001), with minimum EMG activity oc-
curring at 50% of V.. ST displayed constant EMG activity
(32% of maximum EMG activity), whereas the BFsh activity de-
creased with increasing velocity (—5% of normalized EMG activ-
ity, P < 0.01). Regardless of the resisted condition, both gluteal
muscles showed an overall increase in EMG activity with in-
creasing velocity (+7% in the unresisted sprint condition).

Influence of Stride Cycle on EMG Activity as a
Function of Resistance and Sprint Phase

Regardless of the resisted condition or muscle, the mean inter-
trial RMSE was 0.0893 + 0.0244 of normalized EMG activity
(range = 0.04-0.17). For each muscle, RMSE was lower than
the interindividual variability (0.14 + 0.03, range = 0.08-0.21;
Table 1).

Unresisted sprint condition. A main effect of the sprint
phase (P < 0.05) was found on EMG activity for each muscle
and each running cycle phase (i.e., stance and swing) except
for the RF in the swing phase (Fig. 3).

For most of the stance phase (from 2% to 68% phase dura-
tion), EMG activity of all hamstring muscles was higher
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and red curves depict the results from the generalized mixed models for the R0, R25, and R75 conditions, respectively. Individual data points represent all
steps from each participant. The black vertical dashed lines indicate the average normalized speed at the transition points between sprint phases in the R0
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during the maximum speed and late acceleration phases com- early swing, all hamstrings showed a lower EMG activity in
pared with the early acceleration phase (P < 0.001). EMG ac- the maximum speed phase compared with the early accelera-
tivity was higher in the maximum speed phase as compared tion phase (P < 0.01) for relatively short bursts (ST: 1%—

with the late acceleration phase for specific parts of the stance 22%, SM: 3%-11%, BFlh: 5%-9%, BFsh: 3%-8% of the
phase (ST: 15%—46%, SM: 7%—78%; BFlh, 65%—79%, BFsh: swing). Similar differences were observed between the late
37%-46% and 58%—77% of the stance; P < 0.01). During the acceleration phase and the early acceleration phase for both
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TABLE 1. Intertrial RMSE of normalized EMG activity for each muscle, compared with inter- (87%_1 01%) and late acceleration (93%_1 01%) phases as
individual variability quantified using standard deviation. . .
compared with early acceleration (P < 0.001).

:\Tcle Imen:a(:gRMSE Imermdlvu:)u:;Vanabmty During the stance phase, lower EMG activity was found in
ST 0.09 043 the maximum speed phase for RF (11%—-60% of the stance
BFih 0.09 013 phase duration) and VL (34%—-60% of the stance, P < 0.001)
o o0 o and late acceleration (RF: 11%-66%, VL: 29%65% of the
VL 0.08 0.15 stance; P <0.001) phases compared with the early acceleration
gm:g 818 8}[71 phase. Lower EMG activity was observed in the VL during

early acceleration compared with other sprint phases at
the ST (1%-23%, P < 0.001) and SM (5%—7%, P <0.01). Of 62%—71% of the swing phase (P < 0.001), whereas it was
the hamstring muscles, only the EMG activity of the BFlh was higher at 80%—-91% of the sprint phase (P <0.001). No differ-
higher during the late swing phase in the maximum speed ences were observed in the RF in the swing phase.
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FIGURE 3—Effect of the sprint phase on the EMG activity of eight lower-limb muscles from the rear leg at the start of the sprint. The left panel represents
the group mean = standard deviation of normalized EMG activity during the early acceleration, late acceleration, and maximum speed phases of the R0
condition. Note that to make the graph easier to read, the standard deviation is shown only for the maximum speed and early acceleration phases in one
direction only. The curves are shown for both running cycle phases (stance or swing) with a normalized time. The right panel represents the SPM results
of the comparisons between the sprint phases (a colored rectangle appears when P < 0.05 for each normalized time step).
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Concerning the gluteal muscles, only GMed showed lower
EMG activity in the early acceleration phase compared with
the late acceleration (1%—4%, P < 0.05) and maximum speed
(1%—-4%, P < 0.05) phases during the early stance. During the
late stance, both gluteal muscles had a lower EMG activity in
the early acceleration compared with the late acceleration
phase (GMax: 75%87%, P < 0.01; GMed: 77%—89%,
P <0.01) and only for GMax compared with the maximum
speed phase (74%—79%, P < 0.01). In the swing phase, both
GMax and GMed were less activated in the early acceleration
phase as compared with late acceleration (GMax: 59%—66%,
GMed: 67%—79% and 84-97%; P < 0.001) and maximum
speed (GMax: 67%—77%, GMed: 61%—84% and 89-97%;
P <0.001) phases.

Comparison of resistance conditions for each sprint
phase. EMG activity showed a main effect of the sprint phase
and resistance for all muscles (P < 0.05; Figs. 4 and 5). We found
a resistance—sprint phase interaction for all muscles in each run-
ning cycle phase excepted for the BFsh in swing phase.

For most of the stance phase and regardless of the sprint phase,
all hamstring muscles, except for BFsh, presented a lower EMG
activity at higher resistance conditions (P < 0.001). BFsh
displayed a higher EMG activity in the RO condition compared
with R25 and R75 during the second half of the stance phase in
both acceleration (RO-R25: 61%-86% of the stance, RO-R75:
56%—78% of the stance; P < 0.001) and maximum speed phases
(RO-R25: 61%-88% of the stance, RO-R75: 45%-79% of the
stance; P < 0.001). In the swing phase, although we did not ob-
serve differences in BFsh between resistance levels, the EMG ac-
tivity of all the other hamstring muscles decreased with increas-
ing resistance during the late swing phase in the acceleration
sprint phase (P < 0.001). In the maximum speed phase, SM,
ST, and BFlh activity decreased in the RO condition as compared
with both resisted conditions (P < 0.001), whereas no difference
was found between R25 and R75. In the R75 condition, the SM
and ST showed higher EMG activity for short bursts within the
early swing phase as compared with the other resistance levels.

Regarding the quadriceps muscles, EMG activity was higher
throughout most of the stance phase at higher resistance levels dur-
ing both the acceleration and maximum speed phases (P <0.001),
whereas no difference was found between RO and R25 during the
maximum speed phase. During the middle of the stance phase,
VL showed higher EMG activity in both R25 and R75 condi-
tions during the acceleration phase as compared with R0, and
in the R75 condition as compared with R25 and RO during the
maximum speed phase (P < 0.001). In the early swing phase,
RF EMG activity decreased in the R75 condition as compared
with the others resistance levels in both the acceleration and
maximum speed phases (P < 0.001). EMG activity of VL de-
creased briefly in the second half of the swing phase with in-
creasing resistance (R75 compared with RO: in the acceleration
phase: 60%—72% of the swing phase, P < 0.001; in the maxi-
mum speed phase: 59%—-76% of the swing phase, P < 0.001).

In the acceleration phase, EMG activity of GMax was
higher during the early stance in the R75 condition as com-
pared with RO condition (P < 0.01). Differently, EMG activity

of GMed was lower in the late stance phase in the R75 condi-
tion as compared with RO condition (P < 0.01). EMG activity
increased in both GMax and GMed in the R0 condition during
the second half of the swing phase (P < 0.01).

Between-Individual Consistency of the Effects of
Velocity and Resistance on EMG Activity

Regarding the hamstring muscles in the stance phase, a high
proportion of athletes showed an increased EMG activity (i.e.,
difference of EMG at V,,.x minus EMG at V,,;,) with increasing
velocity for almost all resistance conditions (range = 70%—
100%, P < 0.05; Table 2). Only the ST and SM muscles pre-
sented no significant change in the R75 condition. This pro-
portion decreased progressively with increasing resistance
(e.g., from 97% in RO to 74% in R75 for the BFlh). For all
hamstring muscles heads, almost all athletes showed lower
EMG activity at V., as resistance increased (e.g., proportion
equal to 100% for SM and ST depending of the resistance
comparison, P < 0.001).

In the swing phase, no clear trend emerged for most ham-
string muscles (proportion close to 50%). More athletes
showed decreases in EMG activity at V., as compared with
the start of the sprint for ST in the R25 condition (proportion
of increased EMG activity at V., = 22%, P <0.01). In con-
trast, a high proportion of athletes exhibited an increased
EMG activity in BFlh at V. in the RO condition (73%,
P <0.01) and for SM in the R75 condition (69%, P < 0.05).
Both BFlh and SM presented a high between-individual consis-
tency of lower EMG activity at V;,,, with increasing resistance
(P <0.001). In addition, a significant proportion of participants
exhibited lower BFsh and ST EMG activity in the RO condition
compared with the R25 condition (P < 0.01), but no significant
difference was observed compared with the R75 condition.

For the quadriceps muscles in the stance phase, both VL and RF
presented a high proportion of athletes with an increased EMG ac-
tivity with increasing velocity but only in the R75 condition
(P <0.01). Regarding the resistance effect, a significant proportion
of athletes showed a higher EMG activity at V},,, in the R75
condition compared with R25 (P < 0.05) and RO (P < 0.001).

In the swing phase, a significant proportion of athletes
showed a decreased VL EMG activity with increasing velocity
but only in the R25 condition (P < 0.001). Both VL and RF
showed a significant proportion of athletes with increasing
EMG activity at V.« in the RO condition as compared with
R25 (P <0.001) and R75 (P < 0.05).

In the gluteal muscles, no significant proportion was ob-
served for the GMax in the stance phase, whereas a high pro-
portion of athletes presented an increase in the EMG activity
of GMed with increasing velocity for all resistance conditions
(range = 81%-96%, P < 0.01). Regarding the resistance effect,
only GMax showed a significant proportion of athletes with
increasing EMG activity at V., in the R75 condition com-
pared with RO (P < 0.05).

In the swing phase, both GMax and GMed showed a signif-
icant proportion of athletes with positive values in the difference
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FIGURE 4—Effect of the resisted condition on the EMG activity of eight lower-limb muscles from the rear leg at the start of the sprint. The left panel rep-
resents the group mean = standard deviation of normalized EMG activity during the acceleration phase of the R0 (blue) and R75 (red) conditions. The
curves are shown for both running cycle phases (stance or swing) with a normalized time. To simplify the visualization, the R25 condition is not shown
but appears in the SPM results. The right panel represents the SPM results of the comparisons between the resisted conditions (a colored rectangle appears
when P < 0.05 for each normalized time step).

of EMG at V,,,,, minus EMG at V,;;;,, but only in the RO and Difference between Hamstring Muscle Heads in
R75 conditions (P < 0.05). Both GMax and GMed showed a EMG Activity Changes
high proportion of athletes presenting a decrease EMG activity

at V. with increasing resistance (range = 80%—86%, We found a main effect of muscle (P < 0.001) and resisted
P <0.05). condition (P < 0.001), with no muscle—condition interaction
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FIGURE 5—Effect of the resisted condition on the EMG activity of eight lower-limb muscles from the rear leg at the start of the sprint. The left panel rep-
resents the group mean =+ standard deviation of normalized EMG activity during the maximum speed phase of the R0 (blue) and R75 (red) conditions. The
curves are shown for both running cycle phases (stance or swing) with a normalized time. To simplify the visualization, the R25 condition is not shown but
appears in the SPM results. The right panel represents the SPM results of the comparisons between the resisted conditions (a colored rectangle appears

when P < 0.05 for each normalized time step).

on EMG at V. — EMG at Vi, (Fig. 6A) for both stance and
swing phases. Holm’s post hoc revealed that independently of
the muscle, the difference between EMG activity at Vi, and
EMG activity at Vi, was the highest in the RO condition for
both the stance and swing phases (P < 0.001), and higher in
the R25 condition as compared with the R75 in the stance phase
(P <0.001) but lower in the swing phase (P < 0.001). Regardless

of the resistance condition, in the stance phase, BFlh showed a
higher difference in EMG activity between V,,.x and Vi, as
compared with SM (BFlh — SM = 6.5% + 1.3%, P < 0.001),
BFsh (BFlh — BFsh =4.2% + 1.3%, P < 0.01), and ST (BFlh
—ST=3.2%=1.3%, P<0.05). ST showed a higher difference
in EMG activity between V., and V,,;, as compared with SM
(ST-SM=3.3%=1.3%, P <0.05). In the swing phase, BFlh
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TABLE 2. Proportion of athletes showing (i) an increase in EMG activity between Vi, and
Vinax (i.6., EMG at Vinax - EMG at Vinin (%)) for each resistance condition, and (i) a decrease
in normalized EMG activity achieved at V. With increasing resistance (i.e., difference of
EMG at Vimax between resisted conditions (%)) for each condition comparison.

EMG at Viax - EMG at Difference of EMG at V5 between

Muscle Vinin (%) Resisted Conditions (%)
R0 R25 R75 RO-R25 RO-R75 R25-R75
Stance ST 9%5 94 66 92 100 100
SM 95 89 60 97 100 100
BFlh 100 92 74 83 97 89
BFsh 97 92 70 83 91 79
VL 54 62 76 42 21 30
RF 61 51 74 54 18 15
Gmax 34 52 50 43 36 54
GMed 86 81 96 65 60 32
Swing ST 51 22 49 92 69 23
SM 65 33 69 97 86 49
BFlh 73 36 43 97 89 43
BFsh 54 36 45 75 58 42
VL 63 21 45 91 73 52
RF 67 49 62 83 79 62
Gmax 94 55 n 83 86 61
GMed 64 72 76 80 63

Proportions significantly different from 50% are shown in bold according to an exact bino-
mial test.

and SM were the only hamstring muscles to show an increase
in EMG activity at V. compared with EMG activity at V;,
(P <0.01). In contrast, both ST and BFsh showed a decrease in
EMG activity and did not differ significantly from each other.
We observed a main effect of muscle (P < 0.001) and condi-
tion comparison (P < 0.001) on EMG activity at V,,,y, whereas
no significant muscle—resistance comparison interaction was
found (P = 0.086) for both stance and swing phases (Fig. 6B).
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In the stance phase, independently of the muscle, the difference
in EMG activity at V., was the highest in the RO versus R75
comparison compared with R25 versus R75 and RO versus
R25 (+10.9% = 1.1%, P < 0.001). In the swing phase, only
the R25 versus R75 showed a significant positive difference
(1.5% + 0.6%) compared with the other comparisons (P < 0.001),
which presented negative differences (RO-R25 = —6.4% + 0.6%;
RO-R75 =-4.8% =+ 0.6%). Regardless of the condition compar-
ison, in the stance phase, ST presented higher differences in
EMG activity at V.« between the resistance conditions than
BFlh (BFlh — ST = 5% =+ 1.3%, P < 0.001) and BFsh (BFlh
— ST =6.9% + 1.3%, P <0.001), whereas no difference was
found when compared with SM. SM showed a larger differ-
ence in EMG activity as compared with BFsh (BFsh —
SM =4.8% =+ 1.3%, P <0.01) but was not different from BFlh.
In the swing phase, the BFlh showed lower differences in
EMG activity at V.« between the resisted conditions than
ST (BFIh — ST = —3% + 0.8%, P < 0.001) and BFsh (BFlh
— BFsh=-3.4%+0.8%, P <0.001). The difference was lower
inthe SM as compared with BFsh (SM —BFsh=-2.2%+0.8%,
P <0.05).

DISCUSSION

The present study provides a detailed comparison of the ef-
fect of running speed and resistance on the EMG activity of the
gluteal and thigh (i.e., hamstrings and quadriceps) muscles.

Swing
[ |
SM I -1- a
ST I ---- b
| |
[ |
BFlh “ a
Wl [ RO
BFsh ﬁ b B R25
I R75

—15 —%o -5 0 5 10 15 20 25 30
Change in EMG activity (%)

SMl ?IZI 0 ab
|
ST
l O O b
BFIhl ; [ a
Il R25 minus RO ]

BFsh| [__]R75 minus RO

R75 minus R25

—55 —éo 25 —éo 15 —;0 -5 0 5 10
Change in EMG activity (%)

FIGURE 6—Velocity and resisted condition effects as function of the hamstring muscle head. A, Differences (in %) between normalized EMG activity
achieved at V;,,, minus the normalized EMG activity at minimal velocity for both stance and swing running cycle phases. B, Comparisons of the normalized
EMBG activity achieved at V,,,, between the resisted conditions. Bar plots sharing the same letter (a, b, ¢, d) are not to be considered significantly different
according to the main effect of muscle in linear mixed models after post-hoc analysis.
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The lower reproducibility error compared with the interindi-
vidual variability of the observed EMG signals underscores
the robustness of the present data. We are therefore confident
that the present results provide a reliable examination of the ef-
fect of velocity and resistance on EMG activity. Firstly, we
found that EMG activity increased in the hamstring and de-
creased in the quadriceps with increasing running velocity.
Conversely, hamstrings EMG activity decreased while quadri-
ceps activity increased with increasing resistance. These
changes were specific to distinct phases of the running cycle
and sprint phase (Figs. 2-5), with high variations when mus-
cles were highly activated within the sprint cycle, that is, at
the start of the stance phase and in the late swing phase for
the hamstrings. Second, velocity and resistance showed con-
sistent increases in the EMG activity of hamstrings for 90%
of the participants, particularly in the stance phase. Third, the
hamstring muscle heads were differently affected by velocity
and resistance: the BFlh muscle exhibited the highest increase
in EMG activity as velocity increased, whereas the ST muscle
showed the greatest decrease as resistance increased.
Velocity and resistance effects. This study is the first
to model EMG activity in relation to speed during sprint runs
over 40 m using a nonlinear approach. Polynomial modeling re-
vealed that hamstring muscles” EMG activity increased with in-
creasing velocity, whereas it inversely decreased with increasing
resistance. Opposite effects were observed in the quadriceps mus-
cles (Fig. 2). The largest increase in EMG activity throughout the
sprint acceleration phase was observed in the hamstring muscles,
as compared with the quadriceps and gluteal muscles. These find-
ings underline the large contribution of the hamstrings to hip
extension velocity, propulsive impulse, and in turn maximum
running speed (7,27). Of note, the increase in hamstring EMG
activity during the stance phase with increasing velocity and
decreasing resistance was highly consistent across individuals.
For example, 100% of the participants showed a decrease in
SM and ST EMG activity in the highest resistance condition
compared with the unresisted condition. The opposite changes
between quadriceps and hamstring muscles could potentially
originate from their different anatomical position (28). Fur-
thermore, hamstrings muscle fascicles may operate on a favor-
able portion of the force-length relationship at maximum
speed. Oppositely, the inclined body position in the accelera-
tion phase (29) is thought to induce an excessive stretching
of the hamstring muscles and potentially imposes muscles fas-
cicles to operate in a mechanically unfavorable scenario (18).
The statistical models revealed that the mean EMG changes
in the hamstrings with increasing velocity were significantly
smaller during the swing compared with the stance phase. The
consistency of the velocity effect on the hamstrings EMG activ-
ity across individuals was less than 70% for the majority of the
observed proportions. This may be explained by the fact that
averaged EMG activity could conceal short-duration changes
occurring in the swing phase. Furthermore, the time-series anal-
ysis confirmed that the changes in the hamstring muscle activity
mainly occurred during their most activated periods, specifi-
cally in the first half of the stance and late swing phase (30).

During the late swing phase, EMG activity decreased in all
bi-articular hamstring muscle heads (i.e., BFlh, SM, and ST)
with additional resistance, whereas EMG activity increased
only in the BFlh with increasing velocity (in the unresisted
sprint condition). This finding suggests that resistance has a
more predominant effect than velocity on hamstring EMG ac-
tivity. The fact that only the BFlh increased its EMG activity
with increasing velocity during the late swing phase, where
high muscle fiber strain is sustained (31), could imply a greater
contribution to the knee flexion and hip extension torque and
partly explain the higher incidence of strain injuries affecting
the BF1h muscle in sprint-based sports (32). However, the dif-
ference in BFIh EMG activity between maximum speed and
early acceleration was substantially smaller than the differences
one would expect from previous studies that examined BFlh
EMG activity during different speeds of steady-speed running
(4,8). This discrepancy may be due to the fact that most previ-
ous studies focused on sprints at steady speed, whereas the pres-
ent study explored in situ sprints with acceleration. Although
the reasons for the reduced changes in EMG activity during ac-
celeration running are not entirely clear, recent studies have
highlighted that hamstring muscle—tendon mechanics differ be-
tween acceleration and steady-state running at matched speeds.
Specifically, MTU length of the BFlh is greater and lengthens
more rapidly during acceleration due to increased pelvis tilt
and hip flexion angles, despite greater knee flexion (33,34).

The time-series analysis revealed that bi-articular hamstring
muscles were less activated in the early swing phase with de-
creasing resistance and increasing velocity. This could be ex-
plained by the need to reduce co-activation of antagonist muscles
(i.e., between hamstring and RF). This reduction in co-activation
of hip extensors may likely facilitate rapid hip flexion at high
velocities. We cannot exclude that reflex mechanisms (35),
such as reciprocal inhibition, contribute to reduced excitation
in the biarticular hamstring muscles. This observation con-
trasts with the first half of the stance phase, where peak activa-
tion of the RF and hamstrings appears to be in phase, regard-
less of the resistance condition. Such muscle coordination
could enhance knee joint stabilization or increase force pro-
duction, as the hamstrings act as agonists to the quadriceps
in a closed chain, promoting knee extension (36).

Low consistency was observed in the effect of increased
quadriceps EMG activity with increasing resistance and de-
creasing velocity, although approximately 80% of individuals
exhibited an increase in RF or VL EMG activity during the
stance phase in the R75 condition compared with RO. This
may be explained by the fact that maximum average EMG ac-
tivity in quadriceps is not obtained at V., or Vy,,in, as revealed
by the polynomial models. Furthermore, the rapid increase in
average EMG activity of both VL and RF with increasing ve-
locity during the stance phase (reaching maximum EMG ac-
tivity at approximately 50% of V},,) may be explained by
the rapid increase in braking force during the initial steps of
sprint acceleration (37). Furthermore, Pandy et al. (38) re-
ported that the primary function of VL and RF in sprinting is
to support the body in the stance phase through their large
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contribution to knee extensor torque, and contribute to leg stiff-
ness and vertical forces, reflecting the energy absorber action of
knee joint (39). However, except for the highest tested resisted
condition (R75), modeling of mean EMG activity as a function
of speed (Fig. 2) revealed that both VL and RF reached their
maximal EMG activity before achieving maximal velocity dur-
ing the early acceleration phase, and then slightly decreased
their EMG activity. Thus, the quadriceps muscles are assumed
to be highly activated in the acceleration phase in order to pro-
duce propulsive force in inclined body position (40). Although
this hypothesis conflicts with the braking role of the quadriceps
reported by Pandy et al. (38), their synergistic action with ham-
strings and the triceps surae could stabilize the knee joint, favor
the transfer of energy to assist plantar flexor torque generation
and, in turn, enable an effective push-off at the ankle joint (41).
According to their distinct anatomical function, specific
changes were found between RF and VL in the timing of their
peak EMG activity, occurring at 48% of V., for RF and 58%
of Vinax for VL. According to the time-series analysis, only VL
presented an increase EMG activity at the beginning of the
second half of the swing phase in the maximum speed phase
compared with other sprint phases as well as in the unresisted
sprint condition compared with resisted conditions. This obser-
vation is in agreement with previous studies (42—44) and could
at least partly be explained by the major function of the VL, that
is, to extend the knee during late swing. Furthermore, the front
leg extension amplitude has been reported to be higher with
increasing velocity (44). As previously mentioned, only RF
showed an increased EMG activity during the early swing with
decreasing resistance in both acceleration and maximum speed
phases, which could be explained by its bi-articular function en-
abling rapid hip flexion during high velocity movements.
Although GMax and GMed are both hip extensors, their
roles in sprinting appear to differ significantly (38) in accor-
dance with their specific architectures. As running velocity in-
creased, the average GMax EMG activity showed minimal
variations during the stance phase, whereas it increased during
the swing phase. Contrastingly, the average GMed EMG ac-
tivity presented minimal variations during the swing phase
and increased in the stance phase. These changes align with
previous studies suggesting that the primary role of GMax is
to assist the hamstrings in late swing, as it does not substan-
tially contribute to forward or vertical acceleration during the
stance phase (38,45). However, the analyses of average
EMG activity may conceal specific changes occurring within
the running cycle. In this sense, the time-series analysis
showed an increase in both GMax and GMed EMG activity
in the second half of the swing phase with increasing velocity
or decreasing resistance. Thus, all gluteal muscles could assist
the hamstrings in increasing the hip extension torque during
the swing phase. Emphasizing the major role of GMax during
sprint running, elite sprinters have relatively larger GMax vol-
umes compared with untrained individuals and sub-elite ath-
letes (46). Although the role of the GMed during sprint running
remains poorly understood, GMed volume is not suggested as
a critical determinant of sprint performance (47,48). However,

Bartlett et al. (49) reported significantly higher GMed EMG ac-
tivity during sprinting compared with walking, climbing, or
running, emphasizing its critical role in sprint performance. In-
terestingly, GMed demonstrated a brief yet significant increase
in EMG activity at the onset of stance with increasing velocity.
This is in line with previous studies showing higher GMed
EMG amplitude as running speed increases (50). Considering
that the contribution of gluteal muscles to propulsion during
stance is relatively small compared with other hip extensors
(38), this increased activation of GMed could contribute to
compensate unvoluntary movements elicited by high velocity
running to stabilize the pelvis and hip at high speeds (51,52).
The present results also align with the high increase in force
produced by the GMed between the first and last sprint foot
contact reported by Pandy et al. (38). A key and unexpected find-
ing of this study was the increase in GMed EMG activity during
the late swing phase, both with higher velocity and reduced resis-
tance. Similar to the stance phase, this increase may reflect the
need to pre-activate the muscle to generate force before foot
ground contact. An alternative explanation could be the influence
of step frequency, which increases during sprinting and is higher
in unresisted sprints. Supporting this, Chumanov et al. (6) ob-
served that GMed EMG activity rises in the late swing phase
as step frequency increases during constant-speed running.

Effects of velocity and resistance on the different
hamstring heads. The comparison of the velocity and resis-
tance effects between hamstring muscle heads (Fig. 6) re-
vealed that the distribution of EMG activity changes at maxi-
mal velocity compared with the start of the sprint. During
the stance phase, EMG activity increased the most in BFlh
from sprint start to V., followed by ST, BFsh, and SM.
When comparing ST and SM, it is likely that the relative
changes in EMG activity from early acceleration to V,,, may re-
flect the distinct architecture of these muscles. Furthermore, ST
has long fascicles and more compliant aponeurosis (17), which
are advantageous at high contraction velocities (53). In this sense,
increasing resistance (which ultimately decreases running speed)
resulted in the highest decrease in ST EMG activity during the
stance phase, which can still be explained by its quasi-fusiform
architecture that is less suitable for high force production than
pennate muscles. This is in accordance with the selective hyper-
trophy of the ST in sprinters compared with non-sprinters (47) or
in elite sprinters compared with sub-elite sprinters (46). Interest-
ingly, the least pronounced decrease in EMG activity at Vj,,, in
the stance phase with increasing resistance was observed in BFsh
and BFlh. This is somewhat inconsistent with the observed
changes with increasing running velocity, which was unex-
pected. Although BFsh also has long fascicles compared with
SM and BFlh, its contribution to propulsion is likely minimal
due to its mono-articular function. It should be noted that this
muscle has rarely been studied before, and time-series analysis
clearly shows that this muscle head has a very different role
from the other hamstrings. The BFsh is also active during
the early swing phase, likely contributing to maximum knee
flexion to reduce the leg’s moment of inertia, thereby enabling
a higher lower leg velocity (54).
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In the late swing, time-series analysis revealed that only the
BFlh EMG activity increased in the maximum speed phase as
compared with the acceleration phase. Because BFlh MTU
lengthens the most in late swing phase compared with other
hamstring MTU (55,56), this EMG activity increase may be an
efficient strategy to protect BFlh muscle fibers from being
stretched beyond tolerable limits. Furthermore, given that the
BF1h is the most frequently injured muscle in sprint-based sports
(57), the present findings highlight the importance of achieving
high running speeds during sprint training as a key prevention
method to enhance the recruitment of this muscle (58).

Limitations. Because of the demanding experimental pro-
tocol and the number of sensors used (16 sensors for 8 muscles
in both lower limbs), some muscles involved in sprint running
have not been investigated in this study. For example, calf
muscles play a key role in accelerating the body forward
across the acceleration phase (38,59-61), and iliopsoas has a
large contribution to hip flexion in the swing phase (38) as
well as to the high hip- and knee—joint accelerations observed
at high running speeds (7). The protocol included only two
resisted conditions, with the highest (R75) inducing approxi-
mately a 50% decrease in maximum velocity. Future studies
should explore the evolution of EMG activity in more extreme
regions of the load—velocity relationship, either by using
higher resistance conditions or by investigating overspeed
condition in assisted sprinting. It should be noted that, due to
the minor differences observed between the front leg and rear
leg, the stride cycle analysis using SPM was focused exclu-
sively on the rear leg. Future investigations should further ex-
plore the differences between the two legs, particularly during
the sprint start where velocity condition changes rapidly be-
tween steps. Because we used surface electrodes, EMG signals
might have been contaminated by cross-talk. In this context,
we used ultrasonography to ensure we place the electrodes
as far from the muscle borders as possible, and we also used
10-mm inter-electrode distance in double-differential mode
to minimize cross-talk. It should also be mentioned that bipo-
lar EMG used in this study may not reflect the EMG activity of
the entire muscle (62). However, the use of the spatially robust
high-density EMG in such a large number of muscles during
sprinting has technical limitations. It should also be mentioned
that the changes in muscle geometry during the sprint acceler-
ation might have affected EMG amplitudes (63); therefore, di-
rect conclusions on neural drive to the muscles should be
drawn with caution. One may note that a crossover design
would allow to check whether the order of the conditions
could have influenced the results, particularly due to potential
post-activation potentiation effects or other subcutaneous
changes (e.g., sweat or increased muscle temperature). The
present experimental design ensured a proper warm-up, while
limiting potential fatigue occurrence and ensuring progressive

REFERENCES
1. Delecluse C, Van Coppenolle H, Willems E, et al. Analysis of 100
meter sprint performance as a multi-dimensional skill (Analyse de

increase in resistance. Such approach was also crucial to opti-
mize the adherence of elite athletes. Finally, resistance condi-
tions were compared in terms of normalized speed values as
well as sprint phases. This implies that the conditions were
not compared at the same absolute speed, which must be con-
sidered when interpreting the present results.

Practical implications. The observation that increasing
resistance produces the opposite effect to increasing velocity
on the quadriceps and hamstring muscles suggests that resisted
sprints could potentially serve as an effective training method
to mimic the early phases of sprint acceleration. This approach
may specifically stimulate adaptations in the VL, in contrast to
unresisted sprinting, which might primarily target adaptations
in the hamstrings (particularly the BFlh and ST). However,
this hypothesis requires validation through future randomized
controlled training interventions. Because hamstrings were
relatively less activated when resistance increased, resisted
sprinting may be introduced earlier during rehabilitation after
a hamstring injury than maximum unresisted sprint. This study
also warrants future research distinguishing between hamstring
muscles’ contribution to sprinting because of the muscle-
specific response to increasing resistance and running speed.
Another noteworthy observation from our study is the impor-
tant role that GMed seems to play as velocity increases, proba-
bly because of its role as a stabilizer of the pelvis. Sprint train-
ing should therefore include exercises specifically aimed at
recruiting postural muscles including GMed. Further studies
should explore the synergies between muscles during sprinting
in order to better understand the contribution of these postural
muscles to sprint running. This could potentially help to detect
coordination patterns that are beneficial to performance. This
could potentially help to detect coordination patterns that are
beneficial to performance. Finally, the analysis of between-
individual consistency regarding the effects of velocity and
resistance revealed some inter-individual variabilities. This
underscores the importance of individualized assessment to effec-
tively apply the findings from this study and for better individu-
alizing both injury prevention and sprint performance.

The authors warmly thank the athletes who participated in the
FULGUR project. The present study was conducted in the context of
the FULGUR project (ANR-19-STPH-003) funded by the French Re-
search Agency in the perspective of the Paris 2024 Olympic and Para-
lympic Games in collaboration with French Federations of Athletics,
Rugby and Ice Sports, Universities of Nantes, Céte d’Azur, Savoie
Mont Blanc, Jean Monnet Saint-Etienne, Saclay, the Mines Saint-
Etienne, the CEA, and the CNRS. The authors report no conflicts of in-
terest, financial or otherwise. The results of the study are presented
clearly, honestly, and without fabrication, falsification, or inappropriate
data manipulation. The results of the present study do not constitute
endorsement by the American College of Sports Medicine.

Data Availability Statement: Data are available upon reasonable request.
Requests for data sharing from appropriate researchers and entities
will be considered on a case-by-case basis. Interested parties should
contact the corresponding author Robin Macchi (robin.macchi@gmail.com).

la performance au sprint de 100 metres en tant qu’habilete multi-
dimensionnelle). J Hum Mov Stud. 1995;28(2):87-101.

ASSESSMENT OF EMG ACTIVITY DURING SPRINTING

Medicine & Science in Sports & Exercisep 1543

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

=
i)
.s)
—
m
O
v
@)
=
=z
N
a
n




n
E
O
pd
—
&)
0
()]
|
—
a
a
<<

14.

15.

17.

18.

21.

22.

23.

. Maulder PS, Bradshaw EJ, Keogh JW. Kinematic alterations due to

different loading schemes in early acceleration sprint performance
from starting blocks. J Strength Cond Res. 2008;22(6):1992-2002.

. Yul, SunY, Yang C, et al. Biomechanical insights into differences

between the mid-acceleration and maximum velocity phases of
sprinting. J Strength Cond Res. 2016;30(7):1906-16.

. Hegyi A, Gongalves BAM, Finni T, Cronin NJ. Individual region-

and muscle-specific hamstring activity at different running speeds.
Med Sci Sports Exerc. 2019;51(11):2274-85.

. Cerone GL, Nicola R, Caruso M, Rossanigo R, Cereatti A, Vieira

TM. Running speed changes the distribution of excitation within
the biceps femoris muscle in 80m sprints. Scand J Med Sci Sports.
2023;33(7):1104-15.

. Chumanov ES, Heiderscheit BC, Thelen DG. The effect of speed and

influence of individual muscles on hamstring mechanics during the
swing phase of sprinting. J Biomech. 2007;40(16):3555-62.

. Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in hu-

man running: dependence of running speed on hip and ankle muscle
performance. J Exp Biol. 2012;215(Pt 11):1944-56.

. Higashihara A, Ono T, Kubota J, Okuwaki T, Fukubayashi T. Func-

tional differences in the activity of the hamstring muscles with in-
creasing running speed. J Sports Sci. 2010;28(10):1085-92.

. Santuz A, Ekizos A, Kunimasa Y, Kijima K, Ishikawa M, Arampatzis A.

Lower complexity of motor primitives ensures robust control of high-speed
human locomotion. Heliyon. 2020;6:¢05377.

. Morin J-B, Gimenez P, Edouard P, et al. Sprint acceleration mechan-

ics: the major role of hamstrings in horizontal force production. Front
Physiol. 2015;6:404.

. Morin J-B, Petrakos G, Jiménez-Reyes P, Brown SR, Samozino P, Cross

MR. Very-heavy sled training for improving horizontal-force output in
soccer players. Int J Sports Physiol Perform. 2017;12(6):840-4.

. Petrakos G, Morin J-B, Egan B. Resisted sled sprint training to improve

sprint performance: a systematic review. Sports Med. 2016;46(3):381-400.

. Martinez-Serrano A, Marin-Cascales E, Spyrou K, Freitas TT, Alcaraz

PE. Electromyography, stifthess and kinematics of resisted sprint training
in the specialized SKILLRUN® treadmill using different load conditions
in rugby players. Sensors (Basel). 2021;21(22):7482.

van den Tillaar R. Effect of active resisted 30 m sprints upon step and
joint kinematics and muscle activity in experienced male and female
sprinters. J Sports Sci. 2021;39(9):1060-9.

van den Tillaar R, Gamble P. Comparison of step-by-step kinematics
and muscle activation of resisted, assisted, and unloaded 30-m sprints
in sprinters. Trans! Sports Med. 2018;1(4):151-9.

. Zabaloy S, Freitas TT, Pareja-Blanco F, Alcaraz PE, Loturco I. Nar-

rative review on the use of sled training to improve sprint perfor-
mance in team sport athletes. Strength Cond J. 2023;45(1):13.
Kellis E, Galanis N, Kapetanos G, Natsis K. Architectural differences be-
tween the hamstring muscles. J Electromyogr Kinesiol. 2012;22(4):520-6.
Kellis E, Blazevich AJ. Hamstrings force—length relationships and
their implications for angle-specific joint torques: a narrative review.
BMC Sports Sci Med Rehabil. 2022;14(1):166.

. McKay AKA, Stellingwerft T, Smith ES, et al. Defining training and

performance caliber: a participant classification framework. /nt J
Sports Physiol Perform. 2022;17(2):317-31.

. Pardos EM, Khalili SM, Villanueva-Guerrero O, Clemente FM, Nobari

H. The effects of resisted sprint training programs on vertical jump, linear
sprint and change of direction speed in male soccer players: a systematic
review and meta-analysis. Acta Kinesiol. 2024;18(1):31-47.

Cahill MJ, Oliver JL, Cronin JB, Clark KP, Cross MR, Lloyd RS.
Sled-pull load—velocity profiling and implications for sprint training
prescription in young male athletes. Sports (Basel). 2019;7(5):119.
Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of
recommendations for SEMG sensors and sensor placement proce-
dures. J Electromyogr Kinesiol. 2000;10(5):361-74.

Morin J-B, Samozino P, Murata M, Cross MR, Nagahara R. A simple
method for computing sprint acceleration kinetics from running velocity
data: replication study with improved design. J Biomech. 2019;94:82—7.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Akaike H. A new look at the statistical model identification. /EEE
Trans Automat Contr. 1974;19(6):716-23.

Pataky TC, Vanrenterghem J, Robinson MA. Zero- vs. one-dimensional,
parametric vs. non-parametric, and confidence interval vs. hypothesis
testing procedures in one-dimensional biomechanical trajectory analysis.
J Biomech. 2015;48(7):1277-85.

Cleveland WS. Robust locally weighted regression and smoothing
scatterplots. J Am Stat Assoc. 1979;74(368):829-36.

Wiemann K, Tidow G. Relative activity of hip and knee extensors in
sprinting—implications for training. New Stud Athl. 1995;10(1):29-49.
Herzog W. Muscle properties and coordination during voluntary
movement. J Sports Sci. 2000;18(3):141-52.

von Lieres und Wilkau HC, Irwin G, Bezodis NE, Simpson S, Bezodis
IN. Phase analysis in maximal sprinting: an investigation of step-to-step
technical changes between the initial acceleration, transition and maximal
velocity phases. Sports Biomech. 2020;19(2):141-56.

Mero A, Komi PV, Gregor RJ. Biomechanics of sprint running. A re-
view. Sports Med. 1992;13(6):376-92.

Fiorentino NM, Rehorn MR, Chumanov ES, Thelen DG, Blemker
SS. Computational models predict larger muscle tissue strains at
faster sprinting speeds. Med Sci Sports Exerc. 2014;46(4):776-86.
Ekstrand J, Healy JC, Waldén M, Lee JC, English B, Hagglund M.
Hamstring muscle injuries in professional football: the correlation of
MRI findings with return to play. BrJ Sports Med. 2012;46(2):112-7.
Astrella A, Iordanov D, De Caro D, Jiménez-Reyes P, Mendiguchia
J. Biceps femoris muscle-tendon strain during an entire overground
sprint acceleration: a biomechanical explanation for hamstring inju-
ries in the acceleration phase. Sports Biomech. 2024;1-14.

Gurchiek RD, Teplin Z, Falisse A, Hicks JL, Delp SL. Hamstrings are
stretched more and faster during accelerative running compared to speed-
matched constant-speed running. Med Sci Sports Exerc. 2025;57(3):461-9.
Sherrington CS. On reciprocal innervation of antagonistic muscles—
tenth note. Proc R Soc London Ser B Contain Pap Biol Character.
1907;79(532):337-49.

Tokunaga Y, Takabayashi T, Inai T, Watabe T, Kubo M. Biarticular
hamstring muscles can act as knee extensors—A computer simula-
tion study. 2021. doi:10.21203/rs.3.rs-312619/v 1.

Nagahara R, Mizutani M, Matsuo A, Kanehisa H, Fukunaga T. Associ-
ation of sprint performance with ground reaction forces during accelera-
tion and maximal speed phases in a single sprint. J Appl Biomech. 2018;
34(2):104-10.

Pandy MG, Lai AKM, Schache AG, Lin Y-C. How muscles maxi-
mize performance in accelerated sprinting. Scand J Med Sci Sports.
2021;31(10):1882-96.

Schache AG, Blanch PD, Dorn TW, Brown NAT, Rosemond D,
Pandy MG. Effect of running speed on lower limb joint kinetics.
Med Sci Sports Exerc. 2011;43(7):1260-71.

Young W, Benton D, Pryor JMhs. Resistance training for short sprints
and maximum-speed sprints. Strength Cond J. 2001;23(2):7:7.
Jacobs R, Bobbert MF, van Ingen Schenau GJ. Mechanical output
from individual muscles during explosive leg extensions: the role of
biarticular muscles. J Biomech. 1996;29(4):513-23.

Kyroldinen H, Avela J, Komi PV. Changes in muscle activity with in-
creasing running speed. J Sports Sci. 2005;23(10):1101-9.
Montgomery WH, Pink M, Perry J. Electromyographic analysis of
hip and knee musculature during running. Am J Sports Med. 1994;
22(2):272-8.

Slawinski J, Dorel S, Hug F, et al. Elite long sprint running: a com-
parison between incline and level training sessions. Med Sci Sports
Exerc. 2008;40(6):1155-62.

Lieberman DE, Raichlen DA, Pontzer H, Bramble DM, Cutright-
Smith E. The human gluteus maximus and its role in running. J
Exp Biol. 2006;209(Pt 11):2143-55.

Miller R, Balshaw TG, Massey GJ, et al. The muscle morphology of
elite sprint running. Med Sci Sports Exerc. 2021;53(4):804—15.
Handsfield GG, Knaus KR, Fiorentino NM, Meyer CH, Hart JM,
Blemker SS. Adding muscle where you need it: non-uniform

1544  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



48.

49.

50.

51

52.

53.

54.

55.

hypertrophy patterns in elite sprinters. Scand J Med Sci Sports.
2017;27(10):1050-60.

Bellinger P, Bourne MN, Duhig S, et al. Relationships between lower
limb muscle characteristics and force—velocity profiles derived during
sprinting and jumping. Med Sci Sports Exerc. 2021;53(7):1400-11.
Bartlett JL, Sumner B, Ellis RG, Kram R. Activity and functions of
the human gluteal muscles in walking, running, sprinting, and climbing.
Am J Phys Anthropol. 2014;153(1):124-31.

Semciw A, Neate R, Pizzari T. Running related gluteus medius func-
tion in health and injury: a systematic review with meta-analysis. J
Electromyogr Kinesiol. 2016;30:98-110.

Marzke MW, Longhill JM, Rasmussen SA. Gluteus maximus muscle
function and the origin of hominid bipedality. Am J Phys Anthropol.
1988;77(4):519-28.

Nunes GS, Pizzari T, Neate R, Barton CJ, Semciw A. Gluteal muscle
activity during running in asymptomatic people. Gait Posture. 2020;
80:268-73.

Blazevich AlJ. Effects of physical training and detraining, immobili-
sation, growth and aging on human fascicle geometry. Sports Med.
2006;36(12):1003—-17.

Mann R, Herman J. Kinematic analysis of Olympic sprint perfor-
mance: men’s 200 meters. J Appl Biomech. 1985;1(2):151-62.
Schache AG, Dorn TW, Blanch PD, Brown NAT, Pandy MG. Me-
chanics of the human hamstring muscles during sprinting. Med Sci
Sports Exerc. 2012;44(4):647-58.

56.

57.

58.

59.

60.

6l.

62.

63.

Thelen DG, Chumanov ES, Hoerth DM, et al. Hamstring muscle ki-
nematics during treadmill sprinting. Med Sci Sports Exerc. 2005;
37(1):108-14.

Askling CM, Tengvar M, Saartok T, Thorstensson A. Acute first-
time hamstring strains during high-speed running: a longitudinal
study including clinical and magnetic resonance imaging findings.
Am J Sports Med. 2007;35(2):197-206.

Edouard P, Mendiguchia J, Guex K, et al. Sprinting: a key piece of the
hamstring injury risk management puzzle. Br J Sports Med. 2023;
57(1):4-6.

Crotty ED, Furlong L-AM, Harrison AJ. Ankle and plantar flexor
muscle—tendon unit function in sprinters: a narrative review. Sports
Med. 2024;54(3):585-606.

Fitzwilliam E, Steventon-Lorenzen N, Opar D, Schache AG, Maniar
N. Lower limb joint mechanics during maximal accelerative and
decelerative running. Med Sci Sports Exerc. 2024;56(9):1655-63.
Schache AG, Lai AKM, Brown NAT, Crossley KM, Pandy MG.
Lower-limb joint mechanics during maximum acceleration sprinting.
J Exp Biol. 2019;222(Pt 22):jeb209460.

Vieira TM, Botter A. The accurate assessment of muscle excitation
requires the detection of multiple surface electromyograms. Exerc
Sport Sci Rev. 2021;49(1):23-34.

Vieira TM, Bisi MC, Stagni R, Botter A. Changes in tibialis anterior
architecture affect the amplitude of surface electromyograms. J
Neuroeng Rehabil. 2017;14(1):81.

ASSESSMENT OF EMG ACTIVITY DURING SPRINTING

Medicine & Science in Sports & Exercisep 1545

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

=
i)
.s)
—
m
O
v
@)
=
=z
N
a
n




