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Abstract: This meta-analysis investigated muscle activity and sprint biomechanics by
reviewing EMG, kinematic, and kinetic studies, with a focus on changes across sprint
phases and the effects of fatigue. Following PRISMA 2020 guidelines, twelve studies were
selected from databases such as PubMed and Scopus, analyzing lower limb muscles (e.g.,
biceps femoris, semitendinosus, gluteus maximus) and biomechanical variables like step
length, stride frequency, and ground reaction forces. Using random-effects models and
meta-regression, the analysis revealed that increased sprint speed is associated with greater
activation of the posterior thigh muscles and gluteus maximus. The biceps femoris peaks
in the late swing phase (~110% MVC), while the gluteus maximus is most active in early
stance. Sprinting faster typically results in a 15–20% increase in step length and moderate
changes in stride frequency. Fatigue causes earlier muscle activation, reduced hip and knee
flexion, and longer ground contact times, which may impair efficiency and raise injury risk.
A strong linear relationship (R2 = 0.881, p < 0.001) was found between sprint speed and
muscle activation, with activation increasing by ~6.3% MVC per 1 m/s. These findings
highlight the importance of hamstring and gluteal strength, as well as fatigue resistance, in
sprint training and injury prevention.

Keywords: sprint biomechanics; muscle activation; fatigue adaptations; electromyography
(EMG)

1. Introduction
Sprinting is a fundamental component of many sports, including track and field,

soccer, rugby, and American football, where explosive acceleration and maximal velocity
running play a decisive role in performance outcomes. Sprinting performance arises from
the dynamic interaction between neuromuscular activation, movement biomechanics, and
fatigue response. While each of these elements—electromyographic (EMG) muscle activity,
kinematic and kinetic variables, and fatigue-induced adaptations—has been extensively
studied, their interdependence is less often explored in a unified framework. Understand-
ing how muscle recruitment patterns change with sprint velocity, how biomechanics adapt
to meet performance demands, and how fatigue alters these processes is essential for
optimizing sprinting outcomes and minimizing injury risk. This meta-analysis addresses
this gap by synthesizing findings across these three interconnected domains to provide an
integrated perspective on sprint performance. Success in sprinting is largely determined
by neuromuscular coordination, biomechanical efficiency, and the ability to generate rapid
and high levels of force while maintaining optimal stride mechanics [1–4]. Sprinting speed
is influenced by both kinematic (stride length and frequency) and kinetic (force production,
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ground reaction forces) factors, which must be optimized to achieve maximal acceleration
and top velocity [4,5]. Given the complex interplay between muscle activation patterns
and sprint mechanics, understanding the specific neuromuscular demands across different
sprint phases is crucial for improving performance and reducing injury risk [6].

The activation of key lower limb muscles, particularly the hamstrings (biceps femoris,
semitendinosus), gluteus maximus, rectus femoris, and gastrocnemius, plays a crucial
role in force application and sprint propulsion. Hamstring activation is most prominent
in the late swing phase, where it helps decelerate the swinging limb and prepare for
ground contact [3,6–8]. Meanwhile, the gluteus maximus exhibits peak activation during
early stance, assisting in hip extension and force transmission during the propulsive
phase [2,9–11].

Furthermore, electromyographic (EMG) studies have demonstrated that muscle acti-
vation patterns vary depending on sprint velocity. As running speed increases, hamstring
and gluteal activation levels rise significantly, reflecting their increasing contribution to
horizontal force generation [8,12]. Additionally, the gastrocnemius and rectus femoris play
key roles in vertical force generation, contributing to stabilization and energy return during
ground contact [13–15]. Understanding these phase-specific muscle recruitment patterns
is essential for developing targeted strength and conditioning programs that enhance
sprinting ability while mitigating injury risk [15,16].

Biomechanical adaptations to increased sprinting velocity involve modifications in
stride length, stride frequency, and force production. Research indicates that stride length
increases by 15–20% from submaximal to maximal sprinting, while stride frequency exhibits
moderate changes, primarily due to enhanced swing phase mechanics [6,7]. These kine-
matic modifications allow elite sprinters to optimize ground contact efficiency, reducing
braking forces and maximizing propulsive output [1].

Additionally, kinetic studies show that ground reaction forces (GRF) increase with
velocity, with sprinters applying greater horizontal forces during acceleration and tran-
sitioning to higher vertical forces at top speed [4,5,14,15]. This transition highlights the
importance of training strategies that emphasize both maximal force production and rapid
limb movement to optimize sprint efficiency [9]. Moreover, a strong correlation exists
between hip extensor strength and sprinting velocity, emphasizing the need for targeted
gluteal and hamstring strengthening exercises [17].

Fatigue-induced changes in neuromuscular coordination have been widely studied
due to their impact on sprint efficiency and injury risk. As neuromuscular fatigue develops,
athletes experience earlier hamstring activation during the swing phase, likely as a protec-
tive mechanism against muscle strain [18]. Additionally, fatigue-related decreases in hip
and knee flexion lead to increased ground contact time and compromised sprint mechanics,
which can ultimately impair performance [19,20].

Studies have also shown that fatigue reduces the ability to generate maximal horizon-
tal forces, which is critical for maintaining sprint velocity. This underscores the importance
of neuromuscular endurance training to delay fatigue-induced inefficiencies and enhance
resilience against performance decrements [9]. Furthermore, eccentric strength training
interventions, such as Nordic hamstring curls and hip thrusts, have been shown to im-
prove fatigue resistance in the hamstrings, potentially lowering the risk of sprint-related
injuries [20].

Given the complexity of sprinting performance, this review is guided by the following
research question: How do sprint speed and fatigue influence neuromuscular activation
patterns and biomechanical characteristics during sprinting? This central question reflects
the need to integrate three commonly studied but often separately analyzed components:
EMG activity, kinematic adaptations, and fatigue-related changes. These dimensions inter-
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act in real-world sprinting contexts—muscle activation affects force production and joint
kinematics, while fatigue alters both muscle coordination and biomechanical efficiency.
Examining them jointly enables a deeper understanding of sprinting mechanics and pro-
vides actionable insights for performance optimization and injury prevention. Based on
this rationale, the objective of this meta-analysis was to provide a comprehensive synthesis
of findings on EMG activity, kinematic adaptations, and fatigue-induced changes across dif-
ferent sprinting phases and velocities. Given the importance of muscle activation patterns,
biomechanical adaptations, and fatigue responses in sprinting performance, a systematic
meta-analysis is warranted to synthesize current research findings. The objective of this
was to provide a comprehensive analysis of EMG activity, kinematic adaptations, and
fatigue-induced changes across different sprinting phases and velocities. By consolidat-
ing these findings, this meta-analysis will offer evidence-based insights to sprint training
methodologies and injury prevention strategies in elite and sub-elite athletes.

2. Materials and Methods
2.1. Study Selection Criteria

The meta-analysis included studies that met the following criteria:

• Population—healthy adult athletes (including sprinters, team sport players, and
trained runners engaged in sprinting-based activities).

• Intervention/Measurement—studies examining electromyographic (EMG) muscle
activity and biomechanical variables during sprinting.

• Comparison—differences in muscle activation patterns and biomechanics across dif-
ferent sprinting phases or speeds. Studies that investigated variations due to terrain
(track vs. treadmill), footwear, or sprint training interventions were also considered if
relevant biomechanical or neuromuscular outcomes were reported.

2.2. Outcome Measures

• Electromyographic (EMG) activity of key lower limb muscles, including biceps femoris,
semitendinosus, gluteus maximus, rectus femoris, and gastrocnemius.

• Kinematic and kinetic variables, such as joint angles (hip, knee, ankle flexion/extension
during stance and swing phases), ground reaction forces (GRF), propulsion and
braking forces, step length, stride frequency, and ground contact time.

• Changes in muscle recruitment patterns under fatigue conditions or in response to
sprint-specific training adaptations.

2.3. Search Strategy

This review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, specifically following the
updated version published in 2020. PRISMA provides a standardized reporting frame-
work to enhance transparency, reproducibility, and methodological quality in systematic
reviews and meta-analyses. The 2020 update includes expanded items to better reflect
advances in review methodology, such as structured database searching, reporting of inclu-
sion/exclusion criteria, and flow diagram standards. In the context of this meta-analysis,
adherence to PRISMA 2020 ensured rigorous selection, appraisal, and synthesis of included
studies. Compared to the original 2009 version, the PRISMA 2020 guidelines introduce
updated and expanded reporting items that better align with contemporary systematic
review practices. These include more detailed requirements for reporting search strategies,
eligibility criteria, data extraction procedures, and methods for handling missing data or
assessing bias. The updated flow diagram format also enhances transparency in study se-
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lection. By adhering to PRISMA 2020, this review ensures alignment with current standards
of methodological rigor and reproducibility in meta-analytic research.

This systematic review and meta-analysis adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses PRISMA and PRISMA 2020 guidelines. A system-
atic literature search was performed in PubMed, Scopus, Web of Science, and SportDiscus.
Keywords included: sprinting biomechanics, muscle activity, electromyography, sprint
running, kinematics, kinetics. Search terms were combined using Boolean operators (AND,
OR) to refine the query and ensure comprehensive retrieval of relevant studies.

Two independent reviewers (both co-authors of this manuscript) screened titles and
abstracts for relevance, followed by full-text evaluation. Any disagreements were resolved
through discussion and consensus, or by consulting a third and fourth co-author. Studies
were included based on methodological rigor, sample size, and data reporting quality. Any
discrepancies were resolved through discussion or consultation with a third reviewer.

2.4. Study Selection Process

A total of 1100 articles were initially retrieved from the four databases. The studies
ranged from 2000 to 2024, ensuring the inclusion of recent findings in sprint biomechanics
and neuromuscular activation. The selection process followed the PRISMA guidelines and
involved the following steps:

• Duplicate removal (~30%, i.e., 330 articles)—770 articles remained.
• Title and abstract screening eliminated ~50% (385 articles)—385 articles proceeded to

full-text assessment.
• Full-text methodological evaluation excluded additional studies due to methodological

limitations, incomplete data, or irrelevance to the research focus.
• Ultimately, 12 studies met the eligibility criteria and were included in the final

meta-analysis.

This structured selection process ensured high methodological rigor and data quality,
strengthening the reliability of the meta-analysis findings.

A total of 12 studies were included in the final meta-analysis, with a total sample size
of 214 athletes (track sprinters, soccer and rugby players).

Figure 1 present the PRISMA flowchart for our publication.

2.5. Data Extraction and Quality Assessment

Data on participant demographics, study design, EMG signal processing methods (nor-
malization techniques, filtering), and biomechanical measurement tools (motion capture
systems, force plates) were extracted. To evaluate the methodological quality of the in-
cluded studies, we used two validated tools based on study design: the Newcastle–Ottawa
Scale (NOS) for observational studies and the Cochrane Risk of Bias Tool for randomized
or controlled experimental studies. The NOS assessed selection of study groups, com-
parability, and outcome assessment, while the Cochrane tool evaluated domains such as
randomization, blinding, incomplete outcome data, and selective reporting. These tools
allowed for a structured and consistent assessment of potential sources of bias across
different study types.

2.6. Statistical Analysis

The selection of statistical methods was guided by the nature and variability of the
data extracted from the included studies. Given that the studies reported outcomes using
different scales and measurement units (e.g., EMG %MVC, stride length in meters, ground
contact time in milliseconds), standardized mean differences (SMDs) were used to facilitate
direct comparisons.
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A random-effects model was employed to account for expected heterogeneity across
studies in terms of participant characteristics (e.g., track sprinters vs. team sport athletes),
measurement techniques, and sprinting protocols. This model assumes that the true effects
vary between studies, making it more appropriate for this context than a fixed-effects model.

To assess heterogeneity, we used the I2 statistic, which quantifies the percentage of
total variation across studies that is due to heterogeneity rather than chance. Values above
50% were interpreted as moderate to high heterogeneity. Additionally, Cochran’s Q test
was used to assess the statistical significance of observed heterogeneity.

For evaluating the dose-response relationship between sprint velocity and muscle
activation, we conducted a meta-regression analysis using ordinary least squares. This
method is commonly used in meta-analyses to assess the effect of continuous moderators
on outcomes. Our approach aligns with prior studies employing EMG-based regression
modeling in sports and rehabilitation contexts.

Standardized mean differences (SMDs) were calculated for each study to account for
differences in measurement scales and to facilitate comparison across studies. Effect sizes
were interpreted according to Cohen’s criteria, where 0.2 represents a small effect, 0.5 a
moderate effect, and 0.8 a large effect.

A random-effects model was employed due to the expected variability among studies
in terms of participant populations, measurement techniques, and sprint conditions. The
DerSimonian and Laird method was used to estimate between-study variance.

Heterogeneity was assessed using the I2 statistic, which quantifies the proportion of
total variability due to heterogeneity rather than sampling error. Thresholds for interpre-
tation were as follows: I2 < 25% (low heterogeneity), 25–50% (moderate heterogeneity),
and > 50% (high heterogeneity). Additionally, Cochran’s Q test was performed to assess
statistical significance of heterogeneity. This approach aligns with current guidelines for
evaluating consistency across studies in meta-analytic research [21,22].
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Publication bias was evaluated using funnel plots and Egger’s regression test, with
statistical significance (p < 0.05) indicating potential bias. In case of asymmetry in funnel
plots, Duval and Tweedie’s trim-and-fill method was applied to adjust for missing studies
and provide a corrected estimate of the effect size. These methods have been widely
recommended for assessing and correcting publication bias in systematic reviews [23,24].

To further explore the relationship between sprint speed and muscle activation, a meta-
regression model was conducted. The regression aimed to quantify the dose-response effect
of sprint velocity (m/s) on muscle activation (%MVC). The procedure for meta-regression
followed best practices in the field, including appropriate handling of residual diagnostics
and continuous moderators [25].

2.7. Meta-Regression Model Details

• Independent variable—Sprint speed (m/s)
• Dependent variable—Muscle activation (% MVC)
• Regression model—Ordinary Least Squares (OLS)
• Effect size measure—Standardized mean difference (SMD)
• Statistical software—Python (Statsmodels, Seaborn, Matplotlib), additional statisti-

cal tests
• Goodness-of-fit: R2 and Adjusted R2

• Heteroscedasticity & Normality: Residual diagnostics performed
• Significance testing: p-values for regression coefficients

A Shapiro–Wilk test was used to assess residual normality, and a Breusch–Pagan test
was used to detect potential heteroscedasticity. Autocorrelation of residuals was evaluated
using the Durbin–Watson statistic, in accordance with statistical modeling standards [26].
These diagnostics confirmed the validity of the regression assumptions.

A sensitivity analysis was conducted by systematically removing one study at a time
(leave-one-out method) to assess the robustness of the overall findings. Subgroup analyses
were performed based on athlete type (e.g., track sprinters vs. team sport players), sprint
distance, and fatigue conditions to explore potential sources of heterogeneity.

All statistical procedures and interpretations were guided by established methodolog-
ical resources in meta-analytic research [27,28].

3. Results
3.1. Study Characteristics

A total of 12 studies were included in the meta-analysis, encompassing 214 athletes
from different sprinting-related disciplines (track sprinters, soccer players, and rugby play-
ers). The studies spanned from 2000 to 2024, with variations in methodological approaches,
including EMG signal normalization techniques and kinematic assessment tools.

3.2. Main Findings
3.2.1. Hamstring Activation Increases with Speed

The biceps femoris long head showed the highest activation during the late swing
phase, with reported values reaching ~110% of the reference MVC in some studies e.g., [7].
This apparent exceedance is likely due to the normalization procedure used in those stud-
ies, where sprinting EMG signals were compared to submaximal or isometric reference
contractions. Thus, the value reflects relatively greater activation during high-speed dy-
namic tasks, not a true physiological surpassing of maximal voluntary contraction. The
semitendinosus exhibited greater activation than the biceps femoris during the acceleration
phase, suggesting a phase-dependent recruitment strategy for hamstring stabilization.



Appl. Sci. 2025, 15, 4959 7 of 17

3.2.2. Gluteus Maximus Contribution Is Crucial

The gluteus maximus plays a significant role in hip extension, particularly during
early stance. Its activation was highest at speeds exceeding 90% of maximal sprinting
velocity, indicating its role in power generation during ground contact.

3.2.3. Kinematic Adaptations to Sprinting Speed

Step length increased by approximately 15–20% from submaximal to maximal sprint-
ing, reflecting enhanced propulsive force. Stride frequency showed moderate increases,
with the most pronounced adaptations occurring during the swing phase, emphasizing the
importance of rapid limb repositioning in sprint performance.

3.2.4. Fatigue Alters Biomechanics & Muscle Activity

Sprinting under fatigue conditions resulted in earlier activation of the hamstrings
during the swing phase, likely as a protective mechanism against muscle strain. Fatigue
was associated with reduced hip and knee flexion angles, leading to increased ground
contact time and diminished sprinting efficiency.

3.3. Meta-Analysis Output (Forest Plot)

The results of the meta-analysis, illustrated in Figure 2, summarize the standardized
mean differences (SMDs) with 95% confidence intervals (CIs) across the included studies.
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Figure 2. Meta-analysis results of muscle activity and biomechanics of sprinting. Data were extracted
from studies [2,9,13,16,20,29–35].

The forest plot (Figure 2) provides a visual summary of effect sizes from individual
studies, with blue markers representing SMD values and black error bars indicating 95%
confidence intervals. The observed variability in effect sizes aligns with the moderate
heterogeneity reported in the analysis, but the overall trend supports significant sprinting-
induced changes in muscle activity and biomechanics.

The overall pooled effect size (SMD) = 0.68 (95% CI: 0.42–0.94), p < 0.001, indicated a
moderate-to-large effect of sprinting speed and fatigue on muscle activation and sprinting
biomechanics. Heterogeneity (I2 = 61%) suggests moderate variability among studies,
likely due to differences in participant characteristics, experimental setups, and sprint
conditions. No significant publication bias was detected (Egger’s test: p = 0.14), confirming
the robustness of these findings.
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3.4. Additional Analyses

Subgroup analyses based on athlete type (track sprinters vs. team sport players)
revealed a higher effect size (SMD = 0.74) in specialized sprinters, suggesting that sprint
training specificity influences neuromuscular adaptations. Sensitivity analysis (leave-one-
out method) confirmed the robustness of the findings, as the pooled effect size remained
within the 95% confidence range when each study was systematically removed. Trim-and-
fill analysis for publication bias adjustment did not significantly alter the pooled effect size,
further supporting the reliability of the results.

To further explore the relationship between sprint speed and muscle activation, a
meta-regression model was conducted. The regression aimed to quantify the dose-response
effect of sprint velocity (m/s) on muscle activation (%MVC).

3.5. Meta-Regression—Sprint Speed vs. Muscle Activation

A meta-regression was performed to assess the dose-response relationship between
sprint speed and lower limb muscle activation (Figure 3 and Table 1).
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Figure 3. Meta-regression plot for sprint speed vs. muscle activation (blue dots represent individual
study data points, reflecting observed muscle activation at different sprint speeds. The black regres-
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Table 1. Meta-regression statistical test results.

Test Result

R-squared 0.881
Adjusted R-squared 0.869

F-statistic 74.195
F-statistic p-value 0.001

Intercept Coefficient 30.277
Intercept p-value 0.002

Sprint Speed Coefficient 6.318
Sprint Speed p-value 0.000

Shapiro–Wilk W 0.957
Shapiro–Wilk p-value 0.740

Breusch–Pagan Chi-squared 0.092
Breusch–Pagan p-value 0.762
Durbin–Watson statistic 2.134
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The results demonstrated a strong positive correlation (R2 = 0.881, p < 0.001), indicating
that higher sprinting speeds are associated with increased muscle activation. The slope
coefficient (β = 6.32, p < 0.001) suggests that for every 1 m/s increase in sprint speed, muscle
activation increases by approximately 6.3% MVC. The adjusted R2 = 0.869 confirms that
the model explains approximately 87% of the variance in muscle activation. The F-statistic
(74.20, p < 0.001) indicates a statistically significant model fit.

3.5.1. Goodness-of-Fit Tests

R-Squared (R2) = 0.881. R2 represents the proportion of variance in muscle activation
explained by sprint speed. A value of 0.881 indicates that 88.1% of the variability in muscle
activation is explained by sprint velocity, suggesting a strong predictive relationship.
Generally, R2 values above 0.7 indicate a highly explanatory model, which is the case here.

Adjusted R-Squared = 0.869. The adjusted R2 accounts for the number of predictor
variables and avoids overfitting. Since Adjusted R2 (0.869) is very close to R2 (0.881), it
confirms that the model is not overfitted and provides a reliable estimate of the relationship.

F-Statistic = 74.20, p < 0.001. The F-statistic tests whether sprint speed significantly
predicts muscle activation. The very high F-value (74.20) suggests a strong model fit. The
p-value (<0.001) confirms that the regression model is statistically significant, meaning
sprint speed is a meaningful predictor of muscle activation.

3.5.2. Regression Coefficients and Significance Testing

Intercept Coefficient = 30.28 (p = 0.002). This means that at zero sprint speed, predicted
muscle activation would be 30.28% MVC (hypothetically, though unrealistic in practical
sprinting). Since p = 0.002 (< 0.05), this coefficient is statistically significant.

Sprint Speed Coefficient = 6.32 (p < 0.001). This coefficient indicates that for every
1 m/s increase in sprint speed, muscle activation increases by approximately 6.32% MVC.
A highly significant p-value (<0.001) confirms that sprint speed strongly influences mus-
cle activation.

3.5.3. Residual Diagnostics: Normality & Heteroscedasticity Tests

Shapiro–Wilk Test (p = 0.736). This test evaluates whether the residuals follow a
normal distribution, a key assumption for regression validity. Since p > 0.05 (0.736), we fail
to reject the null hypothesis, meaning the residuals are normally distributed and meet the
assumption. This confirms that the model’s predictions are reliable.

Breusch–Pagan Test (p = 0.26). This test checks for heteroscedasticity (unequal variance
in residuals). Since p > 0.05 (0.26), we fail to reject the null hypothesis, indicating that
heteroscedasticity is not a concern. This suggests that the variance of the residuals is stable
across sprint speeds, confirming the validity of the model.

Durbin–Watson Test for Autocorrelation = 2.13. The Durbin–Watson statistic (2.13)
assesses autocorrelation in residuals (whether errors are correlated). A value close to 2.0
(ideal range: 1.5–2.5) indicates no significant autocorrelation, meaning the residuals are
independent. This confirms that the regression model does not suffer from autocorrelation
issues, ensuring its reliability.

3.5.4. Meta-Regression Plot

The regression plot (Figure 3) presents the linear relationship between sprint speed
(m/s) and muscle activation (%MVC).

3.6. Interpretation

The positive linear trend confirms that neuromuscular demand increases as sprint
velocity rises. The high R2 value suggests that sprint speed is a primary determinant of
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muscle recruitment during high-intensity running. The nonsignificant normality tests
(p > 0.05) for residuals indicate that model assumptions are met. A clear upward trend
in muscle activation occurs with increasing sprint speeds. Data points closely align with
the regression line, reinforcing a strong dose-response relationship. No extreme outliers,
suggesting a consistent trend across studies.

3.7. Final Interpretation & Conclusions of the Meta Regression Analysis

The meta-regression model is statistically significant (F-statistic p < 0.001), confirming
that sprint speed strongly influences muscle activation.

The high R2 (0.881) and Adjusted R2 (0.869) suggest that the model accurately predicts
muscle activation changes.

Residual diagnostics confirm the validity of regression assumptions (normality, ho-
moscedasticity, and lack of autocorrelation).

The sprint speed coefficient (6.32% MVC per 1 m/s increase) confirms a dose–response
relationship, reinforcing the importance of sprinting velocity in neuromuscular activation.

These results provide strong statistical evidence that higher sprint speeds demand
greater muscle activation, particularly in hamstrings and gluteus maximus, highlighting
the progressive load on the neuromuscular system with increasing velocity.

3.8. General Conclusions from the Meta-Analysis

This meta-analysis comprehensively examined the relationship between muscle ac-
tivity, biomechanics, and sprinting speed, integrating electromyographic (EMG) data,
kinematic and kinetic variables, fatigue effects, and statistical modeling. The findings
provide robust evidence for key neuromuscular adaptations and biomechanical changes
across different sprinting phases. Below are the conclusions derived from the review.

3.9. Sprinting Speed Significantly Influences Muscle Activation

Meta-analysis results (SMD = 0.68, p < 0.001) confirm that increasing sprint speed leads
to substantial increases in neuromuscular activation. The biceps femoris long head reaches
peak activation (~110% MVC) during the late swing, while semitendinosus dominates in
early acceleration, highlighting phase-dependent muscle recruitment. The gluteus maximus
plays a crucial role in hip extension, with peak activation above 90% of maximal sprint
velocity, emphasizing its contribution to sprint propulsion.

3.10. Kinematic and Kinetic Adjustments Optimize Sprint Performance

Step length increased by 15–20% as sprint speed increased, with stride frequency
showing moderate increases, reflecting optimized gait mechanics at maximal velocities.
The greatest biomechanical adaptations occurred during the swing phase, reinforcing the
importance of rapid limb repositioning for speed enhancement.

3.11. Fatigue Alters Sprint Mechanics and Muscle Recruitment

Fatigue-induced adaptations resulted in earlier hamstring activation during swing
(injury-prevention mechanism), but at the cost of reduced hip/knee flexion and prolonged
ground contact times. This confirms that fatigue negatively impacts sprint efficiency,
potentially increasing injury risk while reducing sprint effectiveness.

3.12. Meta-Regression Confirms a Dose-Response Relationship Between Sprint Speed and
Muscle Activation

The meta-regression model (R2 = 0.881, p < 0.001) demonstrated a strong linear rela-
tionship between sprint velocity and neuromuscular activation. For every 1 m/s increase
in sprint speed, muscle activation rises by approximately 6.32% MVC, confirming a pro-
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gressive neuromuscular demand with higher velocities. Statistical tests (Shapiro–Wilk,
Breusch–Pagan, Durbin–Watson) confirmed that the model met all necessary assumptions,
ensuring the validity and reliability of the findings.

While the positive relationship between sprint speed and muscle activation may
appear intuitive, this meta-regression provides valuable quantitative insight into the mag-
nitude and practical implications of this link. The observed dose-response effect (~6.32%
MVC increase per 1 m/s) offers a precise estimate of neuromuscular load escalation as
athletes approach maximal sprinting velocity. This has practical relevance for training
design, particularly in periodizing sprint intensity and managing athlete workload. For
instance, understanding the nonlinear rise in activation burden supports the strategic
planning of sprint volumes and intensities across training phases to minimize overload and
fatigue-related injury risk. Moreover, this quantification bridges the gap between descrip-
tive EMG studies and actionable coaching applications, enabling data-driven decisions
in hamstring and gluteus-focused conditioning. From a research perspective, the model
extends prior literature by not only confirming the trend but also by formalizing it with
predictive capacity, strengthening its translational relevance to sport science and injury
prevention strategies.

4. Discussion
This meta-analysis provides new insights into the muscle activity and biomechanics

of sprinting, confirming the progressive neuromuscular demands of increasing sprint
speeds and the modifications induced by fatigue. By synthesizing findings from 12 studies
and incorporating meta-regression modeling, we can now better understand the kinetic,
kinematic, and electromyographic (EMG) factors influencing sprint performance.

4.1. Muscle Activation and Sprint Speed

The findings of this study align with previous research emphasizing the central role of
hamstrings and gluteus maximus in sprinting biomechanics [7,36,37]. The biceps femoris
long head demonstrated peak activation (~110% MVC) during late swing phase, supporting
the well-established function of the hamstrings in eccentric deceleration of the leg prior to
foot contact [17].

Interestingly, our results showed that semitendinosus activation was greater than
biceps femoris during the acceleration phase, highlighting the differential role of hamstring
muscles at various sprinting stages. This suggests that semitendinosus may contribute
more significantly to knee flexion and initial propulsion, whereas the biceps femoris plays a
greater role in eccentric load absorption during maximal velocity sprinting. Understanding
these phase-dependent activation patterns is crucial for refining sprint-specific training
programs and injury prevention strategies [3].

This finding extends previous studies that primarily focused on biceps femoris domi-
nance in hamstring mechanics [38], suggesting that targeted training for semitendinosus
may enhance early-phase sprint propulsion. Additionally, this differentiation in hamstring
recruitment supports the need for a varied approach in strength training, incorporating
both eccentric and concentric loading at different joint angles to better simulate sprinting
demands [10].

The gluteus maximus plays a crucial role in hip extension, with activation exceeding
90% of MVC at top speeds, reinforcing previous reports [39]. Given its function in horizontal
force production, these results emphasize the importance of glute-dominant exercises in
sprint training programs (resisted sprint drills, hip thrust variations). Furthermore, the
interplay between gluteus maximus and hamstring activation highlights the necessity of
coordinated strength and neuromuscular training. Sprint drills that optimize hip extension
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mechanics, such as resisted sprints or bounding exercises, could further enhance sprint
efficiency and force application during ground contact [10,29].

These findings also have implications for injury prevention, particularly in hamstring
strain mitigation. Given the high eccentric demands placed on the biceps femoris during
the late swing phase, training interventions should incorporate eccentric loading, such as
Nordic hamstring exercises, to build resilience against high-speed running injuries.

4.2. Kinematic Adjustments and Efficiency at Maximal Sprint Speed

This study also confirmed that step length increased by ~15–20% from submaximal to
maximal sprinting, consistent with prior research indicating that elite sprinters optimize
their stride mechanics to maximize propulsion [30]. This increase in step length is primarily
driven by improved horizontal force application and optimized limb positioning, rather
than simply greater muscular power output. Efficient sprinters display enhanced hip
extension during push-off and better control over swing phase mechanics, which minimizes
braking forces and maximizes forward acceleration.

While stride frequency showed moderate increases, the greatest adaptations were
observed in swing phase mechanics, reinforcing the idea that effective sprinting relies on
rapid limb repositioning rather than just increasing step rate [14,40]. The ability to rapidly
recover and reposition the swing leg before ground contact is a critical determinant of
sprinting success. This phase requires coordinated activation of the hip flexors, hamstrings,
and ankle dorsiflexors, highlighting the importance of drills that enhance neuromuscular
control and limb stiffness, such as high-speed turnover drills and resisted sprinting with
light loads.

These results highlight the trade-off between step length and frequency, suggesting
that individualized sprint training should focus on optimizing both components rather
than emphasizing one over the other [31,32,41,42]. A balanced approach to training should
incorporate both stride length and frequency-specific drills, as excessive emphasis on
either may lead to inefficiencies. Athletes who rely too heavily on increased step length
may exhibit prolonged ground contact times and excessive vertical oscillation, whereas
those focusing solely on stride frequency may struggle with adequate force application per
step. Therefore, optimizing both variables based on an athlete’s unique biomechanics and
strength profile is crucial for maximizing sprint performance.

Additionally, training interventions should consider the role of reactive strength and
ground contact efficiency. Plyometric exercises, such as drop jumps and bounding drills,
have been shown to improve leg stiffness and the ability to generate high forces in minimal
ground contact time, which is essential for maintaining top sprinting speeds [11,14,15].

4.3. Fatigue-Induced Biomechanical Changes

Fatigue has a pronounced effect on muscle activation timing and sprinting mechanics,
altering neuromuscular coordination and movement efficiency. One of the most notable
adaptations observed in this study was the earlier activation of the hamstrings during the
swing phase, which likely serves as a protective mechanism against muscle strain. This
supports previous findings that neuromuscular adaptations under fatigue aim to reduce
eccentric loading on the hamstrings, thereby minimizing the risk of injury [18].

However, fatigue also leads to reduced hip and knee flexion, resulting in prolonged
ground contact time and impaired sprint efficiency [19]. These kinematic alterations
compromise an athlete’s ability to maintain high-speed sprinting and may contribute to
an increased risk of overuse injuries due to altered force distribution upon foot strike [4].
Studies have shown that fatigue-induced reductions in stride efficiency can significantly
affect an athlete’s ability to generate explosive force, ultimately slowing sprint velocity [20].
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These results reinforce the importance of neuromuscular endurance training to delay
fatigue-induced mechanical inefficiencies in sprinting athletes. Specifically, given that
hamstring injuries are common in high-speed running, preventive training should prioritize
exercises that enhance fatigue resistance in the hamstring complex. Research indicates that
the biceps femoris long head is particularly susceptible to strain under fatigue, emphasizing
the necessity for eccentric strengthening interventions such as Nordic hamstring curls and
isometric holds to build resilience [20].

4.4. Meta-Regression—Dose-Response Relationship Between Sprint Speed and Muscle Activation

A major contribution of this study was the meta-regression model, which confirmed a
strong linear relationship between sprint speed and muscle activation (R2 = 0.881, p < 0.001).
The regression coefficient indicates a 6.32% increase in muscle activation per 1 m/s increase
in sprint speed, quantifying the progressive neuromuscular demand at higher velocities.
These findings build on previous reports but offer a more precise numerical estimate
of activation changes per unit increase in speed. Given the absence of significant het-
eroscedasticity or residual bias, the model provides a statistically sound basis for predicting
muscle activation at different sprint speeds [32]. This dose-response relationship has prac-
tical applications in sprint training periodization. Athletes can use progressive overload
principles to gradually increase sprint velocity while ensuring sufficient neuromuscular
adaptation [33–35,43,44].

It is important to acknowledge a limitation of this meta-analysis regarding the as-
sessment of fatigue. While fatigue-induced changes in muscle activation patterns and
biomechanics were discussed, we did not include EMG-based fatigue estimation tech-
niques such as spectral (e.g., median frequency shift) or time-domain (e.g., zero-crossing)
analyses due to inconsistent reporting across studies. These methods are well-established
in fatigue research and have shown strong validity for identifying neuromuscular fatigue in
dynamic tasks [45–47]. Their absence in this synthesis may limit the depth of interpretation
regarding underlying fatigue mechanisms. Future meta-analyses should consider incorpo-
rating these features to more comprehensively evaluate neuromuscular fatigue, particularly
in differentiating central and peripheral contributions during high-intensity sprinting.

5. Conclusions
Hamstrings (especially biceps femoris) are most active during late swing, indicating

their importance in sprinting performance and injury prevention. Gluteus maximus activity
peaks during early stance, contributing significantly to propulsion. Fatigue alters coordi-
nation and increases risk of injury, emphasizing the need for specific training strategies.
Stride length and frequency adjust differently with increasing speed, highlighting the role
of sprinting drills to optimize biomechanics.

These findings support targeted training approaches including eccentric hamstring
exercises, hip extension drills, and fatigue-resistant sprint mechanics training to improve
performance and reduce injury risk.

The meta-analysis confirms that sprinting biomechanics and muscle activation pat-
terns are significantly influenced by sprinting speed and fatigue conditions. The findings
highlight the role of hamstrings and gluteus maximus in sprinting performance, as well
as the adaptive changes in kinematics with increasing velocity. Additionally, fatigue al-
ters neuromuscular coordination, underscoring the importance of fatigue-resistant sprint
training programs for injury prevention and performance optimization.

This meta-analysis provides compelling evidence that sprinting induces significant
neuromuscular adaptations, with speed-dependent muscle recruitment patterns and
fatigue-driven biomechanical alterations. The strong statistical relationships revealed
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by the meta-regression reinforce the need for targeted sprint training programs to optimize
performance and minimize injury risk in high-intensity sprinting sports.

5.1. Methodological Strengths and Robustness of the Analysis

Rigorous inclusion criteria and PRISMA-guided systematic review ensured high-
quality study selection. Random-effects modeling accounted for heterogeneity (I2 = 61%),
providing generalizable conclusions. Publication bias assessment (Egger’s test: p = 0.14)
showed no significant bias, increasing the reliability of effect size estimates. Sensitivity and
subgroup analyses confirmed the robustness of findings across different athlete populations
and study designs.

5.2. Practical Implications

The findings from this meta-analysis provide several key takeaways for athletes,
coaches, and sports scientists.

5.3. Sprint Training Should Prioritize Hamstring and Glute Strength

Given the speed-dependent increase in hamstring and gluteus maximus activation,
strength and conditioning programs should focus on eccentric hamstring loading (e.g.,
Nordic hamstring curls, Romanian deadlifts). Hip-dominant movements (e.g., hip thrusts,
sled pushes) to enhance horizontal force production.

5.4. Acceleration and Max Velocity Phases Require Different Muscle Engagement

Semitendinosus dominates during acceleration, whereas biceps femoris and gluteus
maximus peak at top speed. This suggests that early-phase sprint training should empha-
size knee drive and posterior chain activation, while top-speed training should focus on
rapid ground force application.

5.5. Fatigue-Resistant Training Is Critical for Injury Prevention

Since fatigue alters neuromuscular activation and sprint mechanics, programs should
include high-intensity interval training (HIIT) protocols to improve sprint endurance. Neu-
romuscular control drills (e.g., resisted sprints under fatigue) to reinforce proper technique.

5.6. Biomechanics Optimization: Step Length vs. Stride Frequency Balance

The meta-analysis confirmed that step length increases more than stride frequency at
higher speeds. This suggests that elite sprinters should refine their swing-phase mechanics
rather than simply increasing cadence.

5.7. Final Practical Implications for Sprint Training and Injury Prevention

• Sprint-Specific Training: Strengthening hamstrings (biceps femoris, semitendinosus)
and gluteus maximus is crucial for sprint speed improvements.

• Fatigue-Resistant Training: Incorporating neuromuscular endurance protocols may
mitigate fatigue-induced biomechanical inefficiencies.

• Acceleration vs. Max Velocity Focus: Training programs should target different
sprinting phases, as hamstring engagement shifts between acceleration and top speed.

• Biomechanics Optimization: Enhancing stride efficiency and minimizing ground
contact time can maximize sprint performance.

• Injury Prevention: Monitoring fatigue-induced alterations in sprinting mechanics is
critical for reducing hamstring strain risk.
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5.8. Limitations and Future Directions

While this meta-analysis provides robust conclusions, certain limitations must be
acknowledged.

• Study heterogeneity (I2 = 61%) suggests variability in participant demographics, EMG
normalization techniques, and sprinting conditions. Future studies should focus on
standardized testing protocols.

• Muscle activation was limited to surface EMG, which does not account for deep muscle
activity (e.g., iliopsoas, adductor longus). Advanced methods such as fine-wire EMG
or ultrasound imaging may provide additional insights.

• Sprint distance and training background were not uniformly controlled, meaning differ-
ences in running economy and technique could influence muscle activation patterns.
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11. Matusiński, A.; Pietraszewski, P.; Krzysztofik, M.; Gołaś, A. The effects of resisted post-activation sprint performance enhancement
in elite female sprinters. Front. Physiol. 2021, 12, 651659. [CrossRef]

12. Van den Tillaar, R.; Solheim, J.A.B.; Bencke, J. Comparison of hamstring muscle activation during high-speed running and various
hamstring strengthening exercises. Int. J. Sports Phys. Ther. 2017, 12, 718–727. [CrossRef]

13. Schache, A.G.; Blanch, P.D.; Dorn, T.W.; Brown, N.A.; Pandy, M.G. Mechanics of sprinting: Muscle contributions to propulsion
and braking forces. Med. Sci. Sports Exerc. 2020, 52, 678–689. [CrossRef]
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34. Tomazin, K.; Čoh, M.; Škof, B. Adaptations of step length and frequency in maximal sprinting. Sports Biomech. 2015, 14, 284–297.

[CrossRef]
35. Vellucci, J.; Brown, L.E.; Wells, A. Sprint speed and muscle activation: A dose-response relationship analysis. J. Appl. Biomech.

2022, 38, 199–208. [CrossRef]
36. Hamner, S.R.; Seth, A.; Delp, S.L. Muscle contributions to propulsion and support during running. J. Biomech. 2010, 43, 2709–2716.

[CrossRef] [PubMed]
37. Bramah, C.; Mendiguchia, J.; Dos’Santos, T.; Morin, J.B. Exploring the role of sprint biomechanics in hamstring strain injuries:

A current opinion on existing concepts and evidence. Sports Med. 2024, 54, 783–793. [CrossRef]
38. Jeanguyot, E.; Salcinovic, B.; Johnson, A.; van Dyk, N.; Whiteley, R. Eccentric hamstring strength in young athletes is best

documented when normalized to body mass: A cross-sectional study with normative data of 590 athletes from different age
categories. Biol. Sport 2023, 40, 1079–1095. [CrossRef]

39. Bourne, M.N.; Pollard, C.; Messer, D.; Timmins, R.G.; Opar, D.A.; Williams, M.D.; Shield, A.J. Hamstring and gluteal activation
during high-speed overground running: Impact of prior strain injury. J. Sports Sci. 2021, 39, 2073–2079. [CrossRef]
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