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ABSTRACT
This study aimed to clarify changes in sprint ability and spatiotemporal variables with maturation in children and to identify key 
determinants from anthropometric and muscle strength perspectives. Ninety‐eight young soccer players aged 7.6–17.9 years 
underwent a 30‐m sprint test, anthropometric measurements, muscle thickness (MT) and maximal voluntary contraction 
(MVC). Maturity offset (MO) was calculated as the difference between the chronological age and estimated age at peak height 
velocity (PHV). Breakpoint (BP) in maximal sprint speed (MSS) development was identified at +1.1 years of MO, and the 
participants were classified into pre‐ and post‐BP groups. A significant correlation was found between MSS and MO in the pre‐ 
BP group, but was no longer observed in the post‐BP group. Although step length (SL) was positively correlated with MO in the 
pre‐BP group, this correlation was not observed and step frequency (SF) showed a positive correlation in the post‐BP group. 
Multiple regression analysis revealed that in the pre‐BP group, leg length (LL) was the only significant predictor of MSS, 
primarily by influencing SL. By contrast, in the post‐BP group, MVC and MT emerged as significant predictors of MSS, mainly 
by influencing SF. In conclusion, this study identified a key developmental BP at +1.1 years of MO and demonstrated a shift in 
the determinants of sprinting ability from reliance on anthropometric growth before this point to a dominance of neuromus
cular factors.

1 | Introduction

Sprinting abilities develop significantly between childhood and 
adulthood (Schepens et al. 1998). Sprint speed is determined by 
the product of step length (SL) and step frequency (SF), making 
the dynamics of spatiotemporal variables during sprinting a key 
focus for researchers and practitioners (Hunter et al. 2004; Salo 
et al. 2011; Nagahara, Matsubayashi, et al. 2014; Nagahara, 
Naito, et al. 2014). Notably, the increase in SF with age is 

minimal or nearly negligible, whereas improvements in SL have 
a substantial impact on sprint performance development 
(Meyers et al. 2015; Nagahara et al. 2018, 2019). Additionally, 
the ground contact time (CT) during sprinting does not natu
rally decrease with age (Nagahara et al. 2018, 2019) and may 
even increase throughout development (Meyers et al. 2015). 
Thus, children primarily improve their sprinting ability 
by increasing SL while maintaining CT and SF during 
development.
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There is a debate regarding the primary factors that determine 
SL and SF during sprinting (Hunter et al. 2004; Nagahara 
et al. 2018b). SL is often reported to correlate strongly with 
anthropometric characteristics such as leg length (LL) and body 
height (Nagahara et al. 2018b). Another study suggested that 
muscle strength and power also play key roles in determining 
SL (Hunter et al. 2004). In contrast, a higher SF is attributed to 
improvements in neural function, coordination and stiffness 
characteristics (Meyers et al. 2015; Nagahara and Murata 2020). 
Despite these findings, there is insufficient research to clarify 
the factors influencing the development of SL and SF from 
childhood to adulthood.

Developmental trends in sprint ability and spatiotemporal var
iables with chronological age have been examined previously 
(Schepens et al. 1998; Nagahara et al. 2018, 2019). Nagahara, 
Takai, Haramura, et al. (2018) reported that improvements in 
sprinting ability tend to stagnate around puberty. However, 
when assessing changes in physical ability during childhood, it 
is crucial to consider biological maturity rather than chrono
logical age (Beunen and Malina 1988; Philippaerts et al. 2006). 
As the timing of the growth spurt varies among individuals, it 
remains unclear whether the observed stagnation in sprinting 
ability is a true phenomenon or merely a result of individual 
differences in maturation, which may mask the significant 
correlation between chronological age and sprinting ability 
during certain periods. In recent years, maturity offset (MO), 
defined as the difference between chronological age and esti
mated age at peak height velocity (PHV), has become a widely 
used metric for assessing the biological maturation status of an 
individual beyond their chronological age (Mirwald et al. 2002; 
Meyers et al. 2015; Murayama et al. 2023). Several studies have 
examined the relationship between sprinting ability and MO 
(Philippaerts et al. 2006; Meyers et al. 2015; Rumpf et al. 2015; 
Towlson et al. 2018), suggesting distinct phases of accelerated 
improvement followed by a natural slowing of sprint speed 
development as an individual reaches physical maturity. This 
understanding has contributed to the guidelines for youth sprint 
training (Oliver et al. 2013); however, although such a shift is 
generally acknowledged, there is no consensus regarding the 
specific developmental timing of this transition point or 
breakpoint (BP) (Philippaerts et al. 2006; Meyers et al. 2015; 
Rumpf et al. 2015; Towlson et al. 2018). Identifying the timing of 
the BP is important for both training and talent identification. 
Specifically, this knowledge would allow practitioners to opti
mise interventions, for instance, by prescribing resisted 

sprinting or plyometrics to improve SL or by utilising assisted 
overspeed training to enhance SF, based on an athlete's specific 
developmental phase (Hunter et al. 2004; Myrvang and van den 
Tillaar 2024). Additionally, athletes in the accelerated phase 
have considerable room for natural improvement, whereas 
those in the decelerated phase have less potential for further 
gain from maturation alone. This distinction provides valuable 
information for the practitioners involved in talent identifica
tion. Finally, to better understand the developmental trajectory 
of sprint ability, it is essential to examine how underlying fac
tors, such as LL and muscle strength, change and how these 
variables correlate with sprint speed and spatiotemporal pa
rameters across different developmental stages.

Therefore, this study aimed to clarify the developmental process 
of sprint ability and spatiotemporal variables in relation to 
maturation in children and to identify the determining factors 
from the perspective of anthropometric factors and muscle 
strength. We hypothesised that BP could be statistically identi
fied in the developmental trajectory of sprinting ability. 
Furthermore, we hypothesised that the primary determinants of 
performance would shift at this BP, and sprint ability would be 
primarily determined by anthropometric factors (e.g., leg 
length) influencing SL, whereas after the BP, the key de
terminants would shift to neuromuscular factors, which would 
influence both SL and SF, and ultimately, overall sprint speed.

2 | Material and Methods

2.1 | Participants and Ethical Approval

This study included 98 male soccer players aged 7.6–17.9 years. 
Participants were classified as recreationally active trained/ 
developmental, based on the framework proposed by McKay 
et al. (2022). The typical training frequency varied by age cate
gory: U12 players trained three times per week, U15 players 
trained four times per week and U18 players trained six times 
per week. Participants' descriptive characteristics (mean ± SD) 
were as follows: age, 14.0 ± 3.0 years; height, 155.9 ± 15.3 cm 
and body mass, 48.8 ± 13.8 kg. They had no neurological dis
orders or orthopaedic problems that could have affected the 
experimental results. Written informed consent was obtained 
from parents or legal guardians. The study protocols were 
approved by the research ethics committee (approval number: 
2021‐101) and followed the standards of the Declaration of 
Helsinki. To calculate MO, the PHV age was calculated based on 
the triple logistic Bock‐Thissen‐du Toit (BTT) model imple
mented in AUXAL software (Scientific Software International 
Inc., NC, USA). This model was chosen over more common 
regression equations (e.g., Mirwald et al. 2002) to provide a 
more individualised estimation and to mitigate the potential for 
age‐related biases known to affect such equations, particularly 
in a cohort with a wide age range. For this model, at least 
5 years of annual height data were collected for each participant 
to estimate the individual age at PHV. MO was calculated as the 
difference between the chronological age and PHV age. In our 
participants, it ranged from −4.80 to +7.42 years. As an 
anthropometric measurement, LL, the distance between the 

Highlights

• A developmental breakpoint in maximal sprint speed 
was observed at +1.1 years relative to the maturity 
offset.

• Before this breakpoint, sprint ability was primarily 
associated with leg length, which was the only signifi
cant predictor of step length and maximal sprint speed.

• After this breakpoint, the determinants shifted to 
neuromuscular factors: muscle strength and thickness 
became significant predictors of maximal sprint speed, 
mainly by influencing step frequency.
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anterior superior iliac spine and the medial malleolus, was 
measured in the supine position using a tape measure.

2.2 | Experimental Design

All participants were randomly assigned to either the outdoor or 
indoor test, and the remaining test was completed after the first 
test. As an outdoor test protocol, after a 15‐min standardised 
warm‐up (jogging, dynamic stretch and submaximal short 
sprint), participants undertook two 30‐m maximal sprints from 
a 2‐point start, on an outdoor artificial grass pitch. The rest 
period between sprints was 3–5 min. For the indoor test pro
tocols, participants underwent anthropometric measurements, 
muscle thickness measurement and maximal voluntary 
contraction in knee extensor (MVC) measurements.

2.3 | Sprint Test

The participants started from a stationary 2‐point standing po
sition at 0.5 m before starting a line. Photocells (WT24‐2B410, 
SICK, Waldkirch, Germany) were set up at 0 and 30 and 2‐m 
calibration markers were placed on the ground from 20 to 
30 m to aid kinematic analysis. Video images (1980 × 1080 
pixels) were captured at 240 Hz (LUMIX GH6; Panasonic, 
Tokyo, Japan). The camera was positioned 30 m from and 
perpendicular to the 25 m point of the running lane to capture 
sagittal plane images from touchdown and toe‐off across the last 
three steps for each athlete from 20 to 30 m. Faster trials enabled 
the identification of participants suitable for further analysis. 
The key frames of touchdown and toe‐off were visually identi
fied from the video images using 4× zoom‐in digitising software 
(Frame‐DIAS6, Q'sfix, Tokyo, Japan). The right and left toes 
were manually digitised to get the two‐dimensional coordinates 
at the instant of touchdown. CT and flight time (FT) were 
calculated by multiplying the number of frames between each 
event by the reciprocal of the camera frame rate. The SF was 
calculated as the reciprocal of the step durations, which were 
determined as the sum of the CT and subsequent FT. The SL 
was calculated from the scaled horizontal distance between 
each adjacent toe coordinate at touchdown. Maximal sprint 
speed (MSS) was calculated as the product of SF and SL.

2.4 | Muscle Thickness Measurement

Muscle thicknesses (MT) of the vastus lateralis (VL) and vastus 
intermedius (VI) were measured before MVC measurement. 
Participants were asked to sit on a chair with their knees and 
hips at 90°. The reference line for MT measurement was made 
from the right greater trochanter to the upper lateral edge of the 
right patella. A longitudinal view of the ultrasound image was 
captured from the midpoint of the reference line by using an 
ultrasound B‐mode system (MicrUS EXT‐1H; TELEMED, Vil
nius, Lithuania). All MT measurements were performed by one 
investigator for all participants, and the view of the ultrasound 
image was carefully checked for consistency. The probe (L12‐ 
5L40S‐3) was initially set perpendicular to the skin, and the 

image was captured when the brightness of the boundary be
tween the femur and the VI was the highest. Distances from the 
boundary of the subcutaneous tissue to the deep fascia of the VL 
and femur were calculated and scaled using imaging software 
(Image J, National Institutes of Health, Bethesda, MD, USA). 
The MT was calculated as the sum of VI and VL.

2.5 | Force Measurement and Analysis

The participants sat on a custom‐made dynamometer (Takei 
Scientific Instruments Co. Ltd., Niigata, Japan) with their knees 
and hips at 90° and their ankles fixed to a force transducer 
(LU100KSE; Kyowa Electronic Instruments, Tokyo, Japan). 
After a standardised warm‐up session (submaximal isometric 
contractions of 2 × 50% and 1 × 70% of their subjective effort), 
the participants performed maximal voluntary isometric con
tractions of the knee extensor. To elicit maximal contraction, 
the participants were instructed to gradually increase the knee 
extension force over 2 s and exert the maximum force for 3 s, 
with verbal encouragement from the investigators. The force 
signal was amplified by using a strain amplifier (TSA‐110; Takei 
Scientific Instruments Co. Ltd., Niigata, Japan), and the 
maximum force recorded by the system was used as the MVC. 
MVC measurements were performed twice, with a 2‐min rest 
interval between trials. The exerted torque was calculated from 
the product of the extension force and moment arm, which was 
defined as the distance between the centre of the knee joint and 
the ankle attachment. The highest MVC value was used for 
further analyses.

2.6 | Statistical Analysis

Statistical analyses were performed using R software version 
4.3.1 (R Core Team, R Foundation for Statistical Computing, 
Vienna, Austria). The Shapiro–Wilk test was used to test the 
normal distribution of all variables. To identify a potential BP in 
the relationship between the MSS and MO, the Davies test was 
performed using the Davies.test function from the ‘segmented’ 
package (v 2.0.1) in R. Following the Davies test, segmented 
regression analysis was conducted using the segmented function 
within the same package R (Muggeo 2003). Based on previous 
findings (Towlson et al. 2018), the number of BPs was hypoth
esised to be either one or two, and the model with the lowest 
Akaike Information Criterion (AIC) value was selected as the 
optimal model to describe maturational changes in the MSS. 
The precision of the estimated BP was evaluated using a Wald‐ 
based 95% confidence interval [CI]. For subsequent analyses, 
the participants were divided into distinct groups based on the 
BP identified using this procedure. Multiple linear regression 
analyses were performed to identify the predictors of MSS, SL, 
SF, CT and FT within each group. In five separate models, each 
of these variables was treated as the dependent variable and 
MVC, MT and LL were simultaneously entered as independent 
variables. Multicollinearity among independent variables was 
assessed using the variance inflation factor (VIF). Statistical 
significance was set at P < 0.05.
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3 | Results

3.1 | Maximal Sprint Speed

Segmented regression analyses identified a single statistically 
significant BP at +1.1 years of MO (95% CI = −0.08–2.29) in a 
relationship between MSS and MO (Figure 1 and p < 0.001). 
Before BP, a significant positive correlation was observed be
tween the MSS and MO (Figure 2, r = 0.812 and p < 0.001). 
However, no significant relationship was observed after BP 
(Figure 2 and p = 0.251). We then divided our participants into 
two groups: a pre‐BP group and participants younger MO than 
+1.1 years (n = 49). Post‐BP group, participants who showed 
older MO than +1.1 years (n = 49).

3.2 | Spatiotemporal Variables

In the pre‐BP group, a significant positive correlation was 
observed between SL and MO (Figure 3A, r = 0.840 and 
p < 0.001). In contrast, no significant correlation was observed 
in the post‐BP group (Figure 3A, p = 0.119). SF was not 
significantly correlated with MO in the pre‐BP group (Figure 3B, 
p = 0.537); however, a significant positive correlation was 
observed between SF and MO in the post‐BP group (Figure 3B, 
r = 0.364 and p = 0.010).

Regarding CT, no significant correlation with MO was observed 
in either the pre‐BP or post‐BP groups (Figure 3C, p = 0.080 and 
0.363, respectively), although a significant negative correlation 
was observed when all participants were pooled (Figure 3D, 
r = −0.433 and p < 0.001). No significant correlation was 
observed between FT and MO in the pre‐BP group (Figure 3D
and p = 0.204); however, a significant negative correlation was 
found in the post‐BP group (Figure 3D, r = −0.351 and 
p = 0.014).

3.3 | Anthropometric Variable

LL showed significant positive correlation with MO in the pre‐ 
BP group (Figure 4, r = 0.849 and p < 0.001), but a significant 
negative correlation was found in the post‐BP group (Figure 4, 
−0.300 and p = 0.036).

3.4 | Maximal Strength and Muscle Thickness

The MVC was significantly and positively correlated with the 
MO in the pre‐BP group (Figure 5A, r = 0.741 and p < 0.001), 
whereas no significant relationship was found in the post‐BP 
group (Figure 5A and p = 0.380). MT demonstrated a signifi
cant positive correlation with MO in both the pre (Figure 5B, 
r = 0.670 and p < 0.001) and post‐BP groups (Figure 5B, 
r = 0.319 and p = 0.025).

3.5 | Multiple Linear Regression Analysis on 
Maximal Sprint Speed and Spatiotemporal Variables

For MSS, the regression models were statistically significant for 
both groups. In the pre‐BP group, the model explained 65.3% of 
the variance (adjusted R2 = 0.653), with LL being the only sig
nificant positive predictor (Table 1). In contrast, in the post‐BP 
group, the model explained 26.1% of the variance (adjusted 
R2 = 0.261), and the significant predictors shifted to MVC and 
MT, both of which were positive predictors (Table 1).

For SL, the models were statistically significant in both groups. 
LL was the only significant positive predictor of SL in both the 

FIGURE 1 | Segmented regression model denoting the breakpoint in 
the relationship between maximal sprint speed and maturity offset 
(MO). The vertical dotted line represents +1.1 years of MO and the 
horizontal line represents 95% CI of the breakpoint.

FIGURE 2 | Relationship between maximal sprint speed and 
maturity offset (MO) in the pre‐BP group (open circles) and the post‐ 
BP group (closed circles). The vertical dotted line represents 
+1.1 years of MO (breakpoint in maximal sprint speed development). 
The solid line represents the regression line when correlations were 
significant within groups, and the shaded area represents the 95% 
confidence interval.
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pre‐BP group (adjusted R2 = 0.779) and the post‐BP group 
(adjusted R2 = 0.169) (Table 1).

For SF, the models were statistically significant for both groups. In 
the pre‐BP group, the model explained 12.8% of the variance 
(adjusted R2 = 0.128), with MVC and LL as significant positive and 
negative predictors, respectively (Table 1). In the post‐BP group, 
the explanatory power of the model increased substantially and 
accounted for 44.0% of the variance (adjusted R2 = 0.440). The 
same predictors were significant, with MVC as a positive pre
dictor and LL as a negative predictor; however, MT also emerged 
as a significant positive predictor in this group (Table 1).

Regarding CT, the overall model for the pre‐BP group did not 
reach statistical significance (p = 0.129) (Table 1). However, 
when examining individual predictors within the model, MVC 
was identified as a significant negative predictor of CT (Table 1). 
By contrast, the model for the post‐BP group was significant, 
explaining 21.0% of the variance (adjusted R2 = 0.210). In the 
post‐BP model, MT was a significant negative predictor, 
whereas LL was a significant positive predictor (Table 1).

Finally, for FT, the model for the pre‐BP group was not statis
tically significant (p = 0.331). However, the model for the post‐ 
BP group was significant and explained 13.4% of the variance 

FIGURE 3 | Relationship between spatiotemporal variables and maturity offset (MO) in the pre‐BP group (open circles) and the post‐BP group 
(closed circles). A, B, C and D represent step length (SL), step frequency (SF), contact time (CT) and flight time (FT). The vertical dotted line 
represents +1.1 years of MO (breakpoint in maximal sprint speed development). The solid line represents the regression line when correlations 
were significant within groups, and the shaded area represents the 95% confidence interval.

FIGURE 4 | Relationship between leg length (LL) and maturity offset 
(MO) in the pre‐BP group (open circles) and the post‐BP group (closed 
circles). The vertical dotted line represents +1.1 years of MO 
(breakpoint in maximal sprint speed development). The solid line 
represents the regression line when correlations were significant 
within groups, and the shaded area represents the 95% confidence 
interval.
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(adjusted R2 = 0.134), with LL being the only significant positive 
predictor (Table 1).

4 | Discussion

This study aimed to identify the developmental process of sprint 
ability and spatiotemporal variables and to identify the key de
terminants of sprint ability in relation to LL and muscle 
strength. Our findings revealed that the development of MSS in 

response to MO did not follow a linear trend from −4.80 to 
+7.42 years of MO and demonstrated a BP at +1.1 years of MO. 
A significant increase in MSS was observed up to BP, followed 
by a plateau or a relative stabilisation in MSS improvement 
compared to the accelerated improvement phase. In the pre‐BP 
group, LL was the only significant predictor of MSS, primarily 
influencing SL. By contrast, MVC and MT emerged as signifi
cant predictors of MSS in the post‐BP group, mainly influencing 
SF. Although the nonlinear developmental trend of sprinting 
ability has been reported previously, the novel finding of this 
study is the shift in the relative importance of determinants, 

FIGURE 5 | Relationship between (A) maximal voluntary contraction (MVC) in knee extensor and (B) muscle thickness (MT) of the vastus 
lateralis and vastus intermedius and maturity offset (MO) in the pre‐BP group (open circles) and the post‐BP group (closed circles). The vertical 
dotted line represents +1.1 years of MO (breakpoint in maximal sprint speed development). The solid line represents the regression line when 
correlations were significant within groups, and the shaded area represents the 95% confidence interval.

TABLE 1 | Multiple linear regression analysis on maximal sprint speed and spatiotemporal variables.

Dependent 
variables

Independent 
variables

Pre‐PB Post‐PB
Standardised regression 

coefficient p value
Standardised regression 

coefficient p value
Maximal MVC 0.262 0.170 0.368 < 0.01**

Sprint speed MT 0.008 0.951 0.358 < 0.01**

LL 0.573 < 0.01** −0.069 0.584

Step length MVC −0.153 0.313 0.169 0.210

MT −0.026 0.796 −0.01 0.941

LL 1.043 < 0.001*** 0.448 < 0.01**

Step frequency MVC 0.926 < 0.01** 0.225 < 0.05*

MT 0.081 0.686 0.377 < 0.01**

LL −0.904 < 0.01** −0.461 < 0.001***

Contact time MVC −0.673 < 0.05* −0.112 0.392

MT 0.056 0.788 −0.370 < 0.01**

LL 0.405 0.237 0.274 < 0.05*

Flight time MVC −0.318 0.321 −0.176 0.200

MT −0.165 0.444 −0.143 0.298

LL 0.598 0.091 0.337 < 0.05*
Note: Bold values indicate statistically significant standardized regression coefficients and corresponding p‐values (*p < 0.05, **p < 0.01, ***p < 0.001).
Abbreviations: BP, breakpoint; LL, leg length; MT, muscle thickness and MVC, maximal voluntary contraction.
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where the contribution of anthropometric growth diminishes 
and neuromuscular factors (e.g., muscle strength and thickness) 
become more predominant. These findings provide valuable 
insights for athletes and practitioners by offering a foundation 
for designing effective training programmes and refining talent 
identification strategies.

4.1 | Development Trend in the Pre‐BP Period

Children in the pre‐BP group showed a significant positive 
correlation between MSS and MO (Figure 2), indicating that 
more mature children demonstrated better MSS up to 
+1.1 years of MO. There is no clear consensus on the rela
tionship between sprinting ability and maturation (Philippaerts 
et al. 2006; Meyers et al. 2015; Rumpf et al. 2015; Towlson 
et al. 2018). For example, Towlson et al. (2018) reported a 
significant improvement in sprint ability before PHV, followed 
by stagnation approximately 1.2 years after PHV, which closely 
aligns with the present results. Conversely, Meyers et al. (2015) 
found no significant improvement in MSS before PHV but 
observed substantial development afterwards. Additionally, 
studies examining sprint ability trends based on chronological 
age reported stagnation before PHV (Nagahara, Takai, Har
amura, et al. 2018), which contrasts with our findings. This 
discrepancy may be attributed to differences in the develop
mental patterns of the SL and SF. In the present study, the SL 
significantly in the pre‐BP group, whereas the SF showed no 
consistent trend (Figure 3). Previous studies reported a 
decreasing trend in SF before PHV (Meyers et al. 2015; 
Nagahara, Takai, Haramura, et al. 2018), which has been 
linked to factors such as reduced motor coordination 
(commonly referred to as adolescent awkwardness) (Beunen 
and Malina 1988; Meyers et al. 2015) and the inability to 
generate force relative to body mass (Nagahara, Takai, Har
amura, et al. 2018). Consequently, the SF tends to stagnate or 
decline around the PHV, potentially hindering the develop
ment of MSS (Meyers et al. 2015; Nagahara, Takai, Haramura, 
et al. 2018). Therefore, although the increase in SL before 
+1.1 years after PHV plays a crucial role in MSS improvement, 
the extent of this improvement may depend on whether the SF 
declines around the PHV.

4.2 | Development Trend in the Post‐BP Period

In the post‐BP group, no relationship was identified between 
MSS and MO (Figure 2), suggesting that beyond 1.1 years after 
PHV, the direct contribution of maturation to MSS may 
become less apparent in cross‐sectional observations. This 
relative stabilisation can be explained by the lack of further 
increases in SL as no significant relationship was found be
tween SL and MO in the post‐BP group (Figure 3A). SL 
development is significantly influenced by anthropometric 
factors such as LL (Hunter et al. 2004). A correlation between 
LL and MO was observed in the pre‐BP group; however, no 
such relationship was found in the post‐BP group (Figure 4), 
which consequently limited further MSS development. How
ever, the deceleration in anthropometric growth alone may not 

fully account for the MSS stagnation as our data showed that 
maturational gains in muscle size continued (Figure 5B). This 
divergence between the trajectory of muscle growth and that of 
functional performance is attributed to the participants' lack of 
systematic resistance training. Such training is considered 
essential for inducing the neuromuscular adaptations required 
to translate increased muscle mass into functional strength 
(e.g., MVC) (Stricker et al. 2020; Naimo et al. 2021) and, 
consequently, MSS.

Although MSS remained relatively stable, a significant correla
tion was observed between SF and MO in the post‐BP group 
(Figure 3B). SF is determined by the combination of CT and FT. 
Although no correlation was observed between CT and MO in 
post‐BP children, FT showed a significant correlation with MO 
(Figure 3C and 3D), suggesting that SF beyond 1.1 years after 
PHV may be driven by a reduction in FT. The present study does 
not provide direct evidence regarding the mechanisms under
lying FT reduction. However, given that shorter FT and higher 
SF in maximal sprinting are associated with large hip flexion 
moments (Dorn et al. 2012), it can be hypothesised that 
maturation‐related reductions in FT are linked to the develop
ment of hip flexor muscle strength. However, further research is 
required to confirm this hypothesis.

4.3 | Determinants of Maximal Sprint Speed in 
the Pre‐BP Period

Multiple regression analysis revealed that in the pre‐BP group, 
both MSS and SL were significantly predicted by LL but not by 
MVC or MT (Table 1). Because LL is directly associated with 
contact and take‐off distances (Hunter et al. 2004), this finding 
suggests that LL is the primary determinant of SL, thereby 
contributing to MSS in pre‐BP children. Indeed, the high 
explanatory power of this model (Adjusted R2 = 0.779 for SL) 
underscores the dominant contribution of anthropometric 
growth to SL during this period. The nonsignificant contribu
tion of MVC to these performance outcomes should be inter
preted with some caution, given the moderate multicollinearity 
observed between LL and MVC (VIF = 5.81 and 4.87, respec
tively). This statistical relationship likely reflects the fact that 
increases in limb length and muscle strength are concurrent 
features of development during this period.

Although the MVC was not a direct predictor of MSS or SL, it 
was a significant predictor of both SF and CT (Table 1). Spe
cifically, greater MVC was associated with higher SF. These 
results indicate that even during this early developmental phase, 
when overall sprint ability is determined by physical growth, 
muscle strength plays a crucial role in modulating the spatio
temporal characteristics of sprinting. However, the overall 
explanatory power of the SF model was relatively low (Adjusted 
R2 = 0.128), suggesting that other unmeasured factors also 
played a role in determining the SF during this period. Simi
larly, MVC was a significant predictor of shorter CT. However, 
this finding must be interpreted with caution as the overall 
model for CT did not reach statistical significance (P = 0.129).
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4.4 | Determinants of Maximal Sprint Speed in 
the Post‐BP Period

Multiple regression analysis of the post‐BP group revealed that 
LL was not a significant predictor of MSS. However, LL 
remained a significant predictor of all spatiotemporal variables; 
it was a positive predictor of SL, CT and FT and a negative 
predictor of SF (Table 1). These results suggested that LL played 
a crucial role in mediating the interaction between SL and SF, 
whereas its direct effect on MSS appeared to be minimal. Pre
vious studies have indicated that an increase in LL provides a 
geometric advantage for greater SL but may also lead to an in
crease in the moment of inertia of the lower limb, resulting in 
greater mechanical demands on leg recovery (Ropret et al. 1998; 
Hunter et al. 2004). Indeed, previous research reported a 
negative relationship between LL and SF (Miyashiro et al. 2019), 
supporting the present findings in the post‐BP group. This 
suggests that although LL directly determines sprinting ability 
via SL before BP, its role shifts after BP to influence the inter
action between SL and SF, making it no longer a direct deter
minant of sprinting ability.

By contrast, the influence of MVC and MT on sprinting ability 
was more pronounced in the post‐BP group. Multiple regression 
analysis demonstrated that MVC and MT were significant pos
itive predictors of MSS (Table 1). Furthermore, MVC and MT 
were significant positive predictors of SF, whereas MT was a 
significant negative predictor of CT (Table 1). This is likely 
because increased maximal strength and muscle mass allow for 
greater ground reaction force (GRF) during the support phase of 
sprinting. Specifically, a greater vertical GRF can simulta
neously result in shorter CT and higher SF (Weyand et al. 2010).

Taken together, these results highlight a shift in the de
terminants of sprinting ability, from a reliance on anthropo
metric growth in the pre‐BP phase to a dominance of 
neuromuscular factors in the post‐BP phase.

4.5 | Practical Implications

The findings of this study provide important insights for 
designing sprint training programs for children and for refining 
talent identification processes. First, the determinants of sprint 
ability differed between the children before and after +1.1 years 
of MO. Specifically, before +1.1 years of MO, anthropometric 
factors, such as LL, exhibited a greater influence on sprint 
ability than on muscle strength. In this pre‐BP phase, given that 
LL is strongly associated with maturity (Figure 4), it is reason
able to assume that more mature children exhibit greater LL 
and superior sprinting abilities than less mature children within 
this specific group. However, because individual differences in 
LL exist even among children of the same chronological age and 
maturity status, it is essential to consider both maturity status 
and LL in the talent identification process for athletes in the pre‐ 
BP period.

In contrast, after +1.1 years of MO, sprinting ability is less 
influenced by maturity level and LL. Consequently, direct 
comparison of sprinting ability among children at this 

developmental stage may be more appropriate without heavily 
considering their maturity status. This shift in the determinants 
of sprinting ability also has implications for the optimisation of 
sprint training interventions. Although strength training is 
beneficial for long‐term athletic development at all stages, our 
findings suggest that its direct impact on sprinting ability 
improvement may become more pronounced after BP. In the 
pre‐BP phase, in which performance gains are strongly linked to 
anthropometric growth, training can prioritise the development 
of motor skills and coordination to help athletes effectively 
manage their growth. Subsequently, in the post‐BP phase, as 
sprint speed becomes more dependent on neuromuscular fac
tors, targeted strength and power training are likely to become a 
more direct stimulus for enhancing sprint performance.

4.6 | Limitations

This study has certain limitations. First, although our maturity 
estimation utilised retrospective longitudinal height data, the 
analysis of the performance variables was cross‐sectional. 
Therefore, the developmental trends observed in this study 
require confirmation through fully longitudinal studies that 
track both maturation and performance over time. Second, our 
categorisation of participants into pre‐ and post‐BP groups based 
on a single point (+1.1 years of MO) did not account for the 
error term associated with MO estimation, meaning that some 
individuals near the BP may have been misclassified. Although 
this approach preserved our sample size, the potential impact of 
this misclassification should be considered when interpreting 
group comparison results. Third, potential multicollinearity was 
observed in the regression models for the pre‐BP group as 
indicated by the elevated VIF values for LL (5.81) and MVC 
(4.87). This suggests a moderate correlation between these 
predictors, which likely reflects the natural tendency of both 
limb length and muscle strength to increase concurrently during 
this phase of maturation. Consequently, the individual contri
butions of LL and MVC to the pre‐BP models should be inter
preted with caution. Finally, some key findings may have been 
specific to this sample. For instance, the negative correlation 
between MO and LL observed in the post‐BP group (Figure 4). 
Biologically, body height and limb length are generally expected 
to increase or remain stable as maturation progresses beyond 
PHV; however, our data showed no such positive correlation 
between MO and Height as well (Figure S1, r = 0.081 and 
P = 0.582). This result may reflect a recruitment bias in the post‐ 
BP group, where more mature individuals happened to have 
shorter stature or shorter limbs. This trend likely influenced the 
observed stagnation in MSS, and its generalisability warrants 
caution. Both this finding and the timing of BP itself (+1.1 years 
of MO) should be reexamined in other samples with longitu
dinal designs to validate their applicability to a wider 
population.

5 | Conclusions

This study aimed to clarify the developmental process of 
sprinting ability and spatiotemporal variables in developing 
children aged 7.6–17.9 years and to identify the determining 
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factors from the perspective of muscle strength and leg length. 
Our results demonstrated that BP in the developmental trend of 
sprinting ability occurred at 1.1 years after PHV. Anthropo
metric factors, particularly LL, had a significant effect on SL and 
MSS before BP. In contrast, after BP, strength‐related compo
nents, such as MVC and MT, influenced SF and MSS in addition 
to anthropometric variables. These findings indicate that the 
determinants of sprinting ability shifted by approximately 
1.1 years after PHV.
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Figure S1: Relationship between height, body mass and maturity offset 
(MO) in the pre‐BP group (open circles) and the post‐BP group (closed 
circles). A and B represent height and body mass. The vertical dotted 
line represents +1.1 years of MO (breakpoint in maximal sprint speed 
development). The solid line represents the regression line when cor
relations were significant within groups, and the shaded area represents 
the 95% confidence interval.
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