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ABSTRACT 64 

This study investigated the influence of biological maturity on the athletic profile and physical 65 

performance of adolescent females to provide much-needed data-driven considerations for training 66 

prescription. A cross-sectional design assessed 116 female athletes (age: 13.5 ± 2.8 years; stature: 67 

155.9 ± 14.0 cm; body mass: 50.1 ± 16.0 kg; PAH%: 93.4 ± 6.9%) categorised by maturity offset into 68 

pre-, circa-, and post-peak height velocity (PHV) groups. Participants completed a testing battery 69 

comprising an isometric mid-thigh pull (IMTP) with absolute (i.e., Peak Force [PF]) and time-locked (i.e., 70 

Force at 50 [Force50], 100 [Force100] and 200 [Force200] ms) variables, and maximal aerobic speed 71 

(MAS) and maximal sprinting speed (MSS) to obtain athletic profiles based on Anaerobic Speed 72 

Reserve (ASR). Results indicated significant increases across maturity groups for PF and all time-73 

locked variables (p < 0.05), with large effect sizes observed between pre- and post-PHV groups. While 74 

MSS significantly improved following PHV (p < 0.001, d = 1.59), no significant differences were 75 

observed for MAS across the maturity spectrum (p > 0.05). The study concludes that biological maturity 76 

stimulates significant gains in absolute and reactive strength and sprinting speed in adolescent females, 77 

yet qualities such as aerobic capacity remain stagnant, leading to an increased ASR across maturation. 78 

These findings suggest that athletes transition from aerobic towards anaerobic dominance, which may 79 

have implications for performance, recovery and injury risk if sufficient profile-specific training 80 

adaptations are not implemented.  81 

 82 

KEYWORDS: Maturation, phenotype, youth, multisport, injury risk 83 

 84 
 85 
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INTRODUCTION 87 

More than ever, adolescent athletes are engaged in regular training and competition. This frequent 88 

exposure, combined with age-related increases in load, often occurs at a time when these athletes are 89 

developing most rapidly. As youth development is a complex and dynamic process with biological, 90 

functional, psychological and social aspects, managing adolescent athletes can be challenging (10). 91 

With limited research on training prescription and response in adolescent athletes compared with adult 92 

athletes, training errors leading to functional over-reaching, under-performance, burnout, and injury are 93 

not uncommon (6,55). One important aspect of development requiring consideration when planning 94 

training and competition for adolescent athletes is biological maturation. 95 

 96 

Biological maturation is the progression towards adulthood via developmental processes impacting 97 

anthropometric, physical and psychological standing (46). The timing and tempo of biological 98 

maturation can significantly vary between individuals within the same chronological age group. The 99 

onset of the adolescent growth spurt (i.e., peak height velocity; PHV) typically occurs in adolescent 100 

female athletes between 11-12 years (20,46), although the timing of PHV may differ by up to 4 years 101 

(19,32). As such, adolescent athletes can be classified based on their status relative to PHV (e.g., pre-102 

, circa-, post-PHV) to reduce the heterogeneity between individuals (10). While progressing through 103 

PHV is associated with a complex myriad of physical adaptations that may be beneficial to athletic 104 

performance (e.g., change in stature, strength, speed, power, aerobic capacity), less is known about 105 

the extent of this in female populations (6,53). A topic area that might be important in further 106 

understanding how biological maturation is positively associated with performance is that of athletic 107 

profiles. 108 

 109 

To better manage athletes, there has been growing interest in athletic profiles from research and applied 110 

perspectives (5,28,47). In this context, the concept of athletic profile refers to the specific biological 111 

properties of skeletal muscle that underpin human locomotor performance (9,27). Using this concept, 112 

individuals can be categorised into three athletic profiles: slow, fast or hybrid, which is indicative of their 113 

biological predisposition (i.e., phenotype). A slow athletic profile indicates more aerobic-dominant 114 

muscle qualities with a higher proportion of slow-twitch oxidative muscle fibres. A fast athletic profile 115 

indicates more anaerobic-dominant muscle qualities with a higher proportion of fast-twitch glycolytic 116 
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muscle fibres, and a hybrid profile is indicative of blended endurance and speed muscle qualities with 117 

a balance of slow- and fast-twitch muscle fibres (47). As such, an individual's athletic profile may be 118 

important in influencing performance, recovery, and injury risk (5,21,26,44). 119 

 120 

Considering the importance and utility of athletic profiles, few studies have been carried out in 121 

adolescent athletic populations. This may make this population more susceptible to errors in talent 122 

identification and/or load prescription, potentially inhibiting long-term engagement and success (3,8). In 123 

one example, Metaxis et al. (34) examined the impact of athletic profile on performance in 28 youth 124 

athletes, finding that a fast profile was associated with better 10m sprint performance. In another study, 125 

Salter et al. (44) examined the influence of athletic profiles on neuromuscular fatigue in 117 youth 126 

athletes and found that those with hybrid or fast profiles experience greater acute neuromuscular 127 

fatigue. While this limited body of research provides insight into the implications of athletic profile, it 128 

doesn’t address how this may change based on the biological maturity of youth athletes.  As biological 129 

maturity is associated with several changes to structural and functional muscle properties (e.g., 130 

percentage of fast-twitch fibres, distribution of satellite cells, cross-sectional area) (42), the maturity-131 

specific adaptations in athletic profile seem an important but understudied consideration (34). 132 

 133 

Despite this being an important research area with clear implications for the management of youth 134 

athletes, like most research areas in sport and exercise science, our understanding and practice are 135 

challenged by the under-representation of populations other than adult male populations (13,38). This 136 

potentially means adolescent athletes are managed like mini adults, and female athletes are managed 137 

like male athletes (16,36). As such, the study seeks to, in part, address the bias in research and practice 138 

by using an adolescent female athletic population so that maturity-related adaptations in athletic profile 139 

can be better understood. Therefore, this study aimed to i) examine the relationship between biological 140 

maturity status and athletic profile, and ii) investigate the impact of biological maturity status on physical 141 

performance in adolescent female athletes.  142 

 143 

METHODS 144 

Experimental Approach to the Problem 145 
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A cross-sectional design utilising adolescent athletes from multiple sports was used to explore whether 146 

athletic profiles are influenced by biological maturity status. Athletes attended the University Sports 147 

Science facility on two occasions: 1) anthropometric assessment and maximal aerobic speed testing; 148 

and 2) performance testing (IMTP and sprint speed), separated by 7 days. Athletes were grouped based 149 

on their biological maturity status using established percentage of predicted adult height (PAH%) 150 

thresholds (i.e., <88%, pre-, 88-96%, circa- and >96%, post-PHV) (32). Anaerobic Speed Reserve 151 

(ASR) was used to determine athletic profile and was calculated based on performance tests (Maximal 152 

Sprint Speed minus Maximal Aerobic Speed) (48), and then participants were categorised into one of 153 

three athletic profiles utilising Z-scores based on sample distribution (<-0.5, Slow; -0.5 to 0.5, Hybrid 154 

and >0.5, Fast) (9,26). Relationships between maturity status and athletic profile were examined, with 155 

performance scores used to support the mechanism of any variations in athletic profile across 156 

maturation.  157 

 158 

Subjects 159 

116 female multisport athletes aged between 8.9 and 21.6 (age: 13.5 ± 2.8 years; stature: 155.9 ± 14.0 160 

cm; body mass: 50.1 ± 16.0 kg; PAH%: 93.4 ± 6.9%) agreed to participate in this study. To be eligible, 161 

athletes were required to be part of a competitive sports team that participated in organised, coach-led 162 

training sessions a minimum of twice per week and be injury-free at the time of testing. Participants 163 

were recruited from a convenience sample and included football, rugby, athletics, tennis and swimming 164 

athletes. Parental assent and participant consent were obtained following ethical approval from the 165 

University, Science, Technology and Health Ethics Committee (ETH2223-0250). 166 

 167 

Procedures 168 

Anthropometrics. On arrival, a baseline health assessment was conducted on all participants. This 169 

assessment included the completion of a Physical Activity Readiness Questionnaire (PARQ) and resting 170 

measures of heart rate (HR) and blood pressure (BP) to ensure they were considered safe for 171 

participation. Following this, a standardised assessment of standing stature and body mass utilising 172 

pre-determined protocols (50) was administered to obtain standing stature (cm), sitting stature (cm) and 173 

body mass (kg). The Khamis & Roche (23) percentage of predicted adult height (%PAH) method was 174 

selected to estimate biological maturity. This somatic approach was selected as evidence suggests 175 
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greater validity compared with other commonly used somatic methods (39,51), previously demonstrated 176 

almost perfect agreement (r = 0.96) with contemporary developments in maturity estimation technology 177 

(14,43) and is the most used method to categorise players when implementing maturity-specific 178 

interventions in youth sport (10,32,54). Assessment of standing stature using the Frankfort plane and 179 

stretch-stature technique (217 Stable Stadiometer, Seca, Hamburg, Germany to the nearest 0.1cm) 180 

and body mass (Seca, Hamburg, Germany to the nearest 0.1kg) were measured by an experienced 181 

member of the research team following published International Society for the Advancement of 182 

Kinanthropometry (ISAK) guidelines (40,50), conducting a minimum of two measurements of standing 183 

stature and body mass on each player. Where significant deviations between these two readings were 184 

observed (i.e., 0.2 cm or 0.2 kg), a third measurement was conducted, and the median was selected 185 

(52). Due to all birth parent heights being self-reported (via the parental consent process), these were 186 

corrected for over-estimation (18) before maturity estimation equations were applied using a 187 

customised spreadsheet (53). Participants were subsequently categorised using absolute %PAH 188 

thresholds (i.e., pre-PHV (<88%), mid-PHV (88-96%) or post-PHV (>96%). 189 

 190 

Maximal Aerobic Speed (MAS). To calculate MAS and facilitate categorisation by ASR (9,48), a 1000 191 

m time trial on an athletics track was performed. Evidence (4) suggests that time trials above 1200 m 192 

are suitable for predicting MAS; however, these studies have been conducted in adult athletes. Based 193 

on the population used here (pre- and post-pubescent females), it was deemed that 1000 m was more 194 

suitable and sufficient for MAS calculation and has previously demonstrated high reliability (ICC, 0.82) 195 

(11) and validity in youth female populations (44). Time in seconds (s) was measured using a stopwatch. 196 

Subsequently, MAS (m/s) was calculated by dividing 1000 by the completion time in seconds. 197 

 198 

Isometric Mid-Thigh Pull (IMTP). IMTP was collected using unilateral portable force platforms sampling 199 

at 1000 Hz (Hawkin Dynamics, Westbrook, USA) using a specifically designed isometric mid-thigh pull 200 

rig (Absolute Performance Ltd). Before the protocol, participants completed a standardised dynamic 201 

warm-up consisting of pulse-raising exercises and low-amplitude plyometrics. Participants were then 202 

assessed to identify the correct bar height and position as instructed by Comfort et al. (12) and followed 203 

an IMTP-specific standardised familiarisation and warm-up (i.e., 1 x 50% max effort, 1 x 75% max effort, 204 

and 1 x 90% max effort) to ensure measurement accuracy and minimise systematic error. Participants 205 
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were instructed to grasp the bar with an overhand grip but were not provided with lifting straps or tape 206 

to enhance grip strength. Once in position, participants were initiated with a countdown of ‘3, 2, 1, pull’ 207 

and instructed to ‘pull as fast and hard as possible’ and ‘push their feet into the ground’ for a minimum 208 

of 5 seconds. Participants performed two maximal repetitions, interspersed by a period of at least 3 209 

minutes of passive recovery for energy system replenishment. The same verbal instruction and 210 

encouragement were given to all participants. A selection of absolute (i.e., Peak Force [PF], the peak 211 

instantaneous vertical ground reaction force applied during the test) and time-locked (i.e., Force at 50 212 

[Force50], peak instantaneous vertical ground reaction force applied at 50 ms, 100 [Force100] peak 213 

instantaneous vertical ground reaction force applied at 100 ms,  and 200 ms [Force200] peak 214 

instantaneous vertical ground reaction force applied at 200 ms) that all demonstrated ‘very high’ 215 

reliability across all maturity groups (45) were recorded to explore both explosive strength and rate of 216 

force development components of the force-time curve (7,22). 217 

 218 

Sprint Speed. Following the IMTP, participants performed two 40 m maximal sprints. Before the 219 

measured repetitions, participants were allowed two sub-maximal strides (~60 and 80%) to familiarise 220 

themselves with the procedures, but also to offer an extended warm-up to reduce injury risk. 221 

Participants were asked to start 0.5 m behind the line in a split stance position to standardise the start. 222 

Infrared timing gates (Witty Microgate, Italy) were placed at 0 m, 5 m, and 40 m to assess acceleration 223 

and maximal speed running time in seconds (s). Each sprint was separated by 3 minutes of passive 224 

recovery to allow energy system replenishment. Maximal sprint speed (MSS) was collected using a 225 

radar gun (Stalker 2, version 5.0.2.1, Applied Concepts Inc., Texas, USA) with a sampling rate of 47 226 

Hz, placed exactly 5 m behind the start line on a tripod. Participants were instructed to sprint maximally 227 

to a fixed marker 5 m beyond the 40 m line to ensure no deceleration within the specified range. 228 

Standardised verbal instructions and encouragement were used with all participants to maintain the 229 

reliability of the protocol, which has been reported as typically high to near-perfect in adolescent females 230 

(45). Time, in seconds, was recorded for 5 m and 40 m, with the peak velocity recorded (m/s) for each 231 

sprint. 232 

 233 

Statistical Analysis 234 
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First, data were visually inspected for outliers and normal distribution through Q-Q plots and 235 

descriptively presented as mean ±SD (Table 1), with clear outliers (N = 2) removed from analysis. 236 

Second, distributions of athlete profiles across the maturity groups were visually examined for linear 237 

relationships using scatterplots that presented standard error, regression slopes and densities using 238 

Jamovi (v.2.6, Sydney, Australia), supported by heat-mapped contingency tables considering absolute 239 

and relative (i.e., percentages) distributions.  Third, Pearson’s r was employed to measure the direction 240 

and strength of the relationship between chronological age, biological age and PAH% using traditional 241 

thresholds for qualitative inference applied; <0.10, negligible; 0.10-0.39, weak; 0.40-0.69, moderate; 242 

0.70-0.89, strong; and >0.90, very strong (49). Last, to help examine if, and where, any statistical 243 

differences in performance characteristics existed between maturity groups, ANOVA was conducted 244 

using a Bonferroni corrected threshold (p =0.05) for statistical significance and 95% confidence intervals 245 

(95% CI), with Cohen's effect sizes interpreted in adherence to published norms: <0.2 (trivial), 0.2 246 

(small), 0.5 (moderate), and 0.8 (large) (25). 247 

 248 

 249 

RESULTS 250 

Anthropometric and physical performance characteristics for each maturity group are presented in Table 251 

1. Distributions and densities of athletic profiles across maturation are presented in Figure 1. 252 

Regression slopes indicate a linear improvement in ASR that aligns with maturation, although slow and 253 

fast dominant athletes observe larger improvements than hybrid athletes. Figure 1 illustrates that most 254 

fast dominant athletes are clustered following the adolescent growth spurt (i.e., >95% PAH). The 255 

reduced occurrence of slow-dominant, post-PHV and fast-dominant, pre-PHV athletes is further 256 

illustrated by the wider thresholds of standard error (shaded area). Heat-mapped contingency tables 257 

provide objective support for this and demonstrate a fair distribution of slow, hybrid and fast dominant 258 

athletes across the sample (Table 2), but a higher frequency of hybrid and fast dominant athletes at 259 

both circa-PHV (70%) and post-PHV (92.2%), compared with slow dominant athletes (30% and 7.8%, 260 

respectively). 261 

***Table 1 Here*** 262 

***Figure 1 Here*** 263 

***Table 2 Here*** 264 
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 265 

Relationships between anthropometric and performance characteristics are presented in Table 3. MAS 266 

has a negligible to weak relationship with both chronological age (r = -0.01), biological age and PAH% 267 

(r = 0.17-18), albeit significantly correlated with biological age. MSS (r = 0.42-64), ASR (r = 0.41-44), 268 

5m (r = -0.51-53), and 40m (r = -55-63) had significant and moderate relationships with all measures of 269 

age and maturity, suggesting a developmental increase in locomotive performance aligned to 270 

chronological age and maturation. This trend was exacerbated for explosive strength, where there was 271 

a significant and strong relationship for Peak Force (r = 0.75-79), and Force at 50 (r = 0.69-76), 100 (r 272 

= 0.70-75), and 200 (r = -0.01) ms for both age and maturity (Table 3). 273 

 274 

***Table 3 Here*** 275 

 276 

Between-maturity group differences illustrate significant, moderate to large differences in performance 277 

characteristics between pre-circa, circa-post and pre-post-PHV, almost unanimously, except for MAS, 278 

which reported trivial to small non-significant (p = 0.342-1.000) differences between any group (Table 279 

4). The significant and large differences in MSS (p = <0.001-0.030) and 40m (p = <0.001-0.005) 280 

performance indicate that athletic profile is most likely influenced by increased anaerobic mechanisms 281 

rather than aerobic (i.e., MAS) and that a moderate to large trend to expressing higher forces at speed 282 

(e.g., Peak Force, 50m, 100ms, 200ms) throughout maturation supports this neuromuscular adaptation.   283 

 284 

***Table 4 HERE*** 285 

 286 

DISCUSSION 287 

The purpose of this study was twofold: (1) to examine the relationship between biological maturity and 288 

athletic profile, and (2) to investigate the impact of biological maturity on physical performance in 289 

adolescent female athletes. As such, this study has several potentially important findings that offer a 290 

novel and incremental contribution to existing literature. The findings demonstrate that biological 291 

maturity is strongly associated with an anaerobic shift in athlete profile and physical performance 292 

outcomes. The disproportionate representation of fast-dominant profiles post-PHV (Table 2) and 293 

significant improvements in MSS, ASR and explosive force capabilities (Table 3) are attributed to natural 294 
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physical adaptations owing to biological maturity. In contrast, MAS showed trivial associations with 295 

maturity, highlighting divergent developmental trajectories between aerobic and anaerobic systems 296 

across maturation. These findings will be discussed considering the research aims, along with potential 297 

applied implications (e.g., physical performance, injury risk and talent identification). 298 

 299 

The clustering of fast, anaerobic dominant athletes in post-PHV groups likely reflects the natural 300 

neuromuscular adaptations instigated by maturation. Increases in muscle cross-sectional area during 301 

growth enhance sprinting and explosive capabilities, as shown in youth athletes, where muscularity 302 

strongly predicts sprint performance (17,42). Concurrently, tendon stiffness develops through 303 

maturation, improving force transmission and efficiency in explosive actions (15,24). In addition, 304 

enhanced neural drive and neuromuscular coordination also accompany maturation, supporting the 305 

gains observed in sprint and jump-related performance (29). Collectively, these points may explain the 306 

apparent shift towards fast, anaerobic-dominant profiles after PHV and are consistent with systematic 307 

reviews highlighting maturity-related differences in sprint and jump performance (2). While findings of 308 

this nature are well-established in male adolescent populations (35), they are novel within female 309 

athlete populations. 310 

 311 

Importantly, the relatively even distribution of slow, hybrid and fast profiles observed pre- and circa-PHV 312 

reflects the variability in physical capabilities before the onset of the adolescent growth spurt, when 313 

biological maturation has yet to initiate major neuromuscular adaptations (42). The emergence of fast-314 

dominant profiles post-PHV suggests a developmental readiness for high-intensity speed and power 315 

training consistent with maturational adaptations such as increased muscle cross-sectional area, 316 

tendon stiffness, and neural drive, which consistently enhance sprinting and explosive force capabilities. 317 

These findings align with the Youth Physical Development Model (30), which emphasises that high-318 

intensity, speed and power training should be strategically emphasised during and after PHV, when 319 

athletes are biologically primed to respond to such training stimuli appropriately.  320 

 321 

The shift towards an anaerobic-dominant phenotype across maturation occurred because the 322 

neuromuscular adaptations that elicit enhanced sprinting and force production were not matched by 323 

concomitant adaptations in aerobic energy systems, represented by a stagnation in MAS across 324 
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maturation. This divergent adaptation conforms with previous literature from male populations (33,41), 325 

albeit to a greater extent than reported previously. This plateau in female aerobic performance, reported 326 

previously (1,37), may be attributed to several physiological adaptations, including proportions of fat-327 

free mass (FFM), alterations in running economy, cocontraction of antagonist muscles and substrate 328 

utilisation (31). Therefore, interpretations influenced by theoretical concepts from Sandford et al (47), 329 

suggest that the ‘ceiling’ (i.e., MSS) increases across maturation, but the ‘floor’ (i.e., MAS) remains the 330 

same (Table 4), meaning that, potentially, less mature athletes are required to work at a relatively higher 331 

proportion of their ASR to execute the same external loads, thus influencing the relative cost of matched 332 

activity. This is an important consideration based on typical biological diversities reported within 333 

chronological age groups (i.e., 3-5 years) (16,46), resulting in less mature individuals likely having to 334 

consistently overreach to keep up (55). 335 

 336 

Frequent or extensive overreaching, particularly when combined with phenotype-dominance, may 337 

contribute to an increased predisposition to injury. Recent work from Lievens and colleagues (28) 338 

outlines that fast dominant athletes are 5.3-fold higher risk of hamstring injury, albeit in adult 339 

populations. Associated with this, the same research group outlined that fast-dominant athletes 340 

experience extended recovery times from high-intensity exercise and a greater propensity for 341 

overreaching (5,26). Although it is not appropriate to apply adult, male research to adolescent females, 342 

our recent study (44) did illustrate a similar phenotype-specific decrement in acute sprint performance 343 

in the same female sample utilised here. This requires further investigation, but early observations 344 

would suggest that practitioners should be mindful of the prescription of high-intensity activities in 345 

relation to biological maturity status and that individualised, or at least profile-specific interventions (47) 346 

should be implemented from a young age to mitigate injury and/or overreaching risk. 347 

 348 

Limitations 349 

Several limitations should be acknowledged when interpreting the findings of this study. First, the 350 

cross‑sectional design restricts causal inference and prevents examination of longitudinal changes in 351 

athletic profile and performance across maturation. Future research using repeated measures would 352 

provide greater insight into the intraindividual timing and trajectory of neuromuscular adaptations. 353 

Second, the sample comprised female athletes from multiple sports, recruited via purposive sampling. 354 
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While this enhances generalisability across sporting contexts, it also introduces heterogeneity in training 355 

exposures, which may confound the observed relationships between maturation and performance. 356 

Sport‑specific demands (e.g., endurance in swimming vs. sprinting in athletics) were not controlled for, 357 

limiting the ability to isolate maturational effects from training influences. This is linked with the important 358 

note that athletic profiling, albeit important, should be considered one component of development 359 

alongside a myriad of others, including technical, tactical and psycho-social characteristics. Third, 360 

although athletes were required to be injury‑free at the time of testing, training history, menstrual status, 361 

and prior injury exposure were not systematically recorded and accounted for. All these variables may 362 

influence maturation trajectories and physical performance outcomes. Future research along this 363 

avenue should adopt longitudinal designs to explore the dynamic interplay between biological 364 

maturation and physical performance development in female athletes. While cross-sectional data 365 

provide valuable snapshots and have produced incremental gains in research understanding, only 366 

repeated measures using longitudinal, prospective designs can clarify the timing and magnitude of 367 

adaptations. Finally, although considered, the analysis did not include any control for confounding 368 

influences of morphological attributes (e.g., stature, body mass) via allometric scaling or similar. The 369 

best practice approaches to allometric analysis and the specific variables to scale on (i.e., body mass, 370 

stature, leg length), particularly within adolescent female populations, are currently unclear, so they 371 

were omitted to prevent convoluted interpretations for the reader. However, as the body of literature on 372 

female adolescent athletes expands, this is an important consideration for future research. 373 

 374 

Practical Applications 375 

The findings of this study provide several applied insights for coaches, practitioners and other 376 

stakeholders when working with adolescent female athletes. First, maturation strongly influences speed 377 

and explosive force capabilities, whereas MAS remains relatively unaffected. This divergence highlights 378 

the natural shift towards anaerobic dominance across maturation, which requires consideration for 379 

programme and training session design. Failure to accommodate this transition through appropriate 380 

prescription of training activities and associated recovery may exacerbate the injury risk for anaerobic 381 

phenotypes, which are more prevalent as maturity increases. Second, the relative cost of prescribed 382 

external load is not equal across maturation, in that less mature individuals (i.e., those with a lower 383 

‘ceiling’) may be required to work at a relatively higher percentage of their ASR to compete. Practitioners 384 



 14 

should therefore consider individual biological diversity when delivering chronologically grouped 385 

sessions, to ensure appropriate loading of young female athletes. Finally, the clustering of fast-dominant 386 

athlete profiles post-PHV suggests that practitioners should anticipate greater readiness for high-387 

intensity speed and power training. Progressive exposure to plyometric, sprint, and strength training 388 

modalities before and during this window can maximise performance gains while supporting injury 389 

resilience. Importantly, broad physical development should be maintained before puberty (pre-PHV) to 390 

ensure movement competency and prepare female athletes for later specialisation. Collectively, this 391 

reiterates the need for a maturity-conscious approach to session and program design to optimise 392 

training intervention and minimise the impact of natural physical development on sports performance 393 

whilst providing much-needed female-specific evidence that can inform long-term athlete development.  394 

 395 
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TABLES & FIGURES 551 

 552 
Table 1. Descriptive characteristics of anthropometric and performance characteristics (Mean ± SD) across maturity groups 

 
Pre-PHV 
(N = 31) 

Circa-PHV 
(N = 20) 

Post-PHV 
(N = 65) 

Anthropometric Characteristics    

Age (years) 10.6 ± 1.0 11.8 ± 1.4 15.4 ± 2.1 

Height (cm) 143.5 ± 10.9 152.7 ± 6.7 162.7 ± 12.8 

Weight (kg) 35.8 ± 8.6 42.3 ± 9.4 59.3 ± 13.9 

PAH% 83.5 ± 2.5 90.9 ± 2.2 98.9 ± 1.4 

Biological age (years) 9.5 ± 0.8 11.7 ± 0.6 14.8 ± 0.9 

Biological-Chronological Offset (years) -1.1 ± 1.1 -0.09 ± 1.1 -0.6 ± 1.9 

    

Performance Characteristics    

Maximal Sprint Speed (m/s) 6.69 ± 0.63 7.10 ± 0.39 7.57 ± 0.55 

Maximal Aerobic Speed (m/s) 3.31 ± 0.40 3.36 ± 0.43 3.48 ± 0.53 

Anaerobic Speed Reserve (m/s) 3.37 ± 0.68 3.74 ± 0.58 4.08 ± 0.61 

5m (s) 1.32 ± 0.09 1.24 ± 0.07 1.20 ± 0.07 

40m (s) 7.33 ± 0.60 6.88 ± 0.34 6.52 ± 0.37 

Peak Force (N) 816.9 ± 226.4 1009.4 ± 181.8 1395.4 ± 268.1 

Force @50 (N) 425.8 ± 110.8 501.8 ± 112.9 716.9 ± 167.8 

Force @100 (N) 481.2 ± 131.7 557.5 ± 137.9 805.2 ± 186.4 

Force @200 (N) 591.8 ± 154.7 694.0 ± 185.4 1004.1 ± 227.3 

 553 

 554 
Figure 1. Distribution of athlete profile, measured via ASR, across maturation showing regression slope, standard error (shaded area) 555 
and distribution densities (top and right borders) 556 
 557 
 558 
 559 
 560 
 561 
 562 
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Table 2. Distribution of athlete profile across maturity groups 

Status 
Slow 

(N = 31) 
Hybrid 
(N = 20) 

Fast 
(N = 65) 

Total 
(N = 116) 

Pre-PHV 16 (51.7%) 11 (35.4%) 4 (12.9%) 31 (26.7%) 

Circa-PHV 6 (30.0%) 13 (65%) 1 (5%) 20 (17.2%) 

Post-PHV 5 (7.7%) 36 (55.3%) 24 (36.9%) 65 (56.0% 

Total 27 (23.2%) 60 (51.8%) 29 (25.0%)  

Table 3. Correlation coefficients (Pearson’s r) and qualitative inference between performance characteristics against chronological 
age, biological age and PAH% 

Variable  Chronological Age (years) 
Pearson r (95% CI) 

Qualitative inference 

Biological Age (years) 
Pearson r (95% CI) 

Qualitative inference 

PAH% (years) 
Pearson r (95% CI) 

Qualitative inference 

MAS (m/s) -0.01 (-0.19 to 0.18) 
Negligible 

0.18* (0.04 to 0.35) 
Weak 

0.17 (-0.01 to 0.34) 
Weak 

MSS (m/s) 0.42*** (0.26 to 0.56) 
Moderate 

0.64*** (0.52 to 0.74) 
Moderate 

0.57*** (0.43 to 0.68) 
Moderate 

ASR (m/s) 0.41*** (0.25 to 0.55) 
Moderate 

0.44*** (0.28 to 0.58) 
Moderate 

0.42*** (0.26 to 0.56) 
Moderate 

5m (s) -0.51*** (-0.63 to -0.36) 
Moderate 

-0.51*** (-0.64 to -0.37) 
Moderate 

-0.53 (-0.65 to -0.38) 
Moderate 

40m (s) -0.55*** (-0.66 to 0.41) 
Moderate 

-0.62*** (-0.72 to -0.50) 
Moderate 

-0.63*** (-0.72 to -0.51) 
Moderate 

Peak Force (N) 0.79*** (0.71 to 0.85) 
Strong 

0.76*** (0.67 to 0.83) 
Strong 

0.75*** (0.65 to 0.82) 
Strong 

Force @50 (N) 0.75*** (0.68 to 0.84) 
Strong 

0.73*** (0.63 to 0.81) 
Strong 

0.70*** (0.59 to 0.78) 
Strong 

Force @100 (N) 0.76*** (0.66 to 0.83) 
Strong 

0.72*** (0.61 to 0.79) 
Strong 

0.69*** (0.58 to 0.77) 
Moderate 

Force @200 (N) 0.75*** (0.66 to 0.83) 
Strong 

0.73*** (0.63 to 0.81) 
Strong 

0.70*** (0.59 to 0.78) 
Strong 

*p<.05, **p<.01, ***p<.001  
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Table 4. Between group differences in performance characteristics 

 Pre-PHV v Circa-PHV 
Mean Difference 

P value 
d, qualitative inference 

Pre-PHV v Post-PHV 
Mean Difference 

P value 
d, qualitative inference 

Circa-PHV v Post-PHV 
Mean Difference 

P value 
d, qualitative inference 

MAS (m/s) 0.04 
1.000 

0.08, trivial 

0.16 
0.342 

0.34, small 

-0.12 
0.914 

-0.26, small 

MSS (m/s) 0.41 
0.030* 

0.75, moderate 

0.88 
<0.001*** 
1.59, large 

-0.46 
0.004** 

-0.86, large 

ASR (m/s) 0.37 
0.119 

0.59, moderate 

0.71 
<0.001*** 
1.13, large 

-0.34 
0.109 

-0.54, moderate 

5m (s) -0.08 
0.002** 

-1.00, large 

-0.12 
<0.001*** 

-1.49, large 

0.04 
0.183 

0.46, moderate 

40m (s) -0.44 
0.002** 

-1.00, large 

-0.81 
<0.001*** 

-1.82 

0.36 
0.005** 

0.82, large 

Peak Force (N) 193.0 
0.020* 

0.79, moderate 

578.0 
<0.001*** 
2.38, large 

-386.3 
<0.001*** 

-1.58, large 

Force @50 (N) 76.0 
0.206 

0.52, moderate 

291.1 
<0.001*** 
2.02, large 

-215.1 
<0.001*** 

-1.49, large 

Force @100 (N) 76.4 
0.322 

0.46, moderate 

324.0 
<0.001*** 
1.97, large 

-247.6 
<0.001*** 

-1.51, large 

Force @200 (N) 102.0 
0.239 

0.50, moderate 

412 
<0.001*** 
2.04, large 

-310 
<0.001*** 

-1.54, large 

*p<.05, **p<.01, ***p<.001 
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