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Abstract 

This study examined whether differences in countermovement jump (CMJ) and 

isometric mid-thigh pull (IMTP) force-time metrics exist between starters and non-

starters in professional female basketball players. Twenty-two athletes (7 starters, 

15 non-starters) competing in the first Spanish basketball league completed CMJ 

and IMTP testing using dual force plate system. CMJ variables included jump height, 

peak and mean braking and propulsive force, time-to-takeoff, and net impulse. 

IMTP variables included peak force and rate of force development (RFD) at 0−100 

and 0−250 ms. Independent t-tests and Hedges’ g effect sizes were used to assess 

between-group differences. No statistically significant differences were observed 

between starters and non-starters for any CMJ or IMTP force-time metrics of inter-

est (p > 0.05). Both groups displayed similar values in jump height, force production, 

and RFD, with effect sizes ranging from small to moderate (g = 0.04–0.49). However, 

starters were significantly older than non-starters (p = 0.018), while no differences 

were found in body mass and height (p > 0.05). Overall, the findings of the present 

study indicate that, at the professional level of play, CMJ and IMTP performance 

characteristics are not capable of distinguishing starters from non-starters in women’s 

basketball. Starting status may be shaped more by competitive experience, technical 

proficiency, and tactical awareness. Although monitoring neuromuscular performance 

remains valuable, player selection and role differentiation appear to depend more on 

skill execution and contextual game demands than on strength characteristics alone.
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Introduction

Basketball performance depends on a complex interplay between technical skills, 
tactical understanding, and physical attributes [1–3]. The ability to perform explosive 
movements such as jumps, accelerations, and rapid changes of direction is partic-
ularly relevant at the professional level, where physical and cognitive demands are 
high [1,4]. Researchers and practitioners often implement a diverse combination of 
tests that assess sport-specific skills aimed to replicate certain basketball-specific 
demands (e.g., dribbling speed tests) [5], as well as physical tests (e.g., counter-
movement jump, linear sprint speed) [6–8]. Evidence indicates that several contex-
tual and individual variables, such as age, sex, playing position, and competitive 
level, influence strength and power characteristics in basketball players [9–13]. Spe-
cifically, Cabarkapa et al. [9] have found that U18 athletes exhibited greater strength 
and power-producing capabilities (e.g., peak power, or mean and peak force) than 
U16 athletes. Moreover, Petrovic et al. [10] observed that male athletes demon-
strated better performance in several force-time metrics during the concentric phase 
of the countermovement vertical jump (CMJ), including impulse, peak velocity, and 
mean power, as well as vertical jump height when compared to their female coun-
terparts. In addition, in a follow-up investigation, Cabarkapa et al. [11] reported that 
centers generally exhibit higher CMJ force and power outputs than guards.

However, neuromuscular assessments have been less frequently employed to 
compare starters and non-starters in basketball. Investigations in handball [14], vol-
leyball [15], and rugby [16] have explored whether vertical jump characteristics can 
help distinguish starters from non-starters. Among these, Radovic et al. [14] found 
that starters attained superior performance within the eccentric phase of the CMJ 
when compared to non-starters, when examining a cohort of professional female 
handball players. Nevertheless, both Chiwaridzo et al. [16] and Cabarkapa et al. [17] 
reported no significant differences in CMJ performance between starters and their 
substitutes in male rugby players and female volleyball players, respectively. Despite 
the rapid growth and increasing competitiveness of the women’s game, there is still a 
notable lack of investigations examining neuromuscular performance characteristics 
between starters and non-starters in women’s basketball [18].

The CMJ is widely used to evaluate lower-body neuromuscular performance in 
basketball [19]. Jump performance is most commonly quantified using force plat-
forms, which provide reliable and time-efficient data while avoiding invasive measure-
ment techniques [20]. Although CMJ testing has been established across a variety of 
sports [21], it has been suggested that an athlete’s rate of force development (RFD), 
the ability to rapidly generate high force outputs, may be a strong indicator of sport 
performance [22–24]. Accordingly, incorporating assessments that specifically cap-
ture RFD may provide additional insights into the physiological profile of basketball 
athletes. The isometric mid-thigh pull (IMTP) is a reliable and accurate test for mea-
suring peak force production and RFD across multiple time intervals [24]. Increas-
ingly, the IMTP has been adopted in both laboratory-based and applied sport science 
settings [25–27], including basketball [24,28]. Together, CMJ and IMTP assessments 
are commonly used in basketball to monitor changes in neuromuscular performance 
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across a season [29], evaluate fatigue-induced performance decrements (e.g., after games or practices) [30,31], and 
differentiate players based on strength characteristics [32].

Based on the aforementioned research studies, there is a lack of scientific literature that uses in-depth CMJ and IMTP 
force plate assessment to differentiate between starters and non-starters in female basketball players, especially at the 
professional level of competition. Therefore, the purpose of the present study was to identify whether force-time metrics 
obtained via CMJ and ITMP may distinguish starters from non-starters at the professional level of basketball play. Based 
on the currently available literature, it was hypothesized that none of the dependent variables would differ significantly 
between groups.

Materials and methods

Participants

Written informed consent was obtained from all participants prior to data collection. The study was approved by the 
University Alfonso X el Sabio (2982024) and conducted in accordance with the Declaration of Helsinki. Twenty-two profes-
sional female basketball players (x̄ ± SD; height = 181.8 ± 0.1 kg, body mass = 73.7 ± 8.8 kg, age = 25.2 ± 4.2 years) volun-
teered to participate in the present investigation. The data was collected between 25/10/2024 and 10/9/2025. Players who 
were included in the starting lineup for more than 75% of the total games played across the full season [20,38] were clas-
sified as starters (n = 7), while the remaining players were classified as non-starters (n = 15). The cohort of athletes encom-
passed two basketball teams competing at a similar level of play in Spain (e.g., Liga Endesa) during a single competitive 
season. All athletes were: i) free of musculoskeletal injuries, ii) were granted permission to participate in team activities by 
their respective sports medicine staff, iii) participated in structured strength and conditioning training sessions more than 
two times per week at least six months prior to the data collection.

Procedures

Athletes were instructed to abstain from training for 48 hours prior to testing and to maintain consistent fluid and dietary 
intake on the testing day, similar to their normal skill-training routine. Testing was conducted during the preseason period, 
beginning with the CMJ protocols followed by the IMTP test. Before testing, athletes completed a standardized warm-up 
protocol consisting of activation and mobilization exercises (e.g., bodyweight lunges, squats), along with low-level 
plyometric drills that replicated their standardized pre-training warm-up routine. Additionally, progressive standardized 
warm-up protocols were applied before each test to minimize potential confounding variables and enhance measurement 
reliability.

For the CMJ testing modality, athletes were instructed to jump “as high and as fast as possible”. CMJs were performed 
with the hands on the hips (i.e., no arm swing), and the countermovement depth was self-selected by the subjects to 
maximize CMJ height and ecological validity. Each athlete performed three jump trials. To minimize fatigue-induced per-
formance changes, each jump was separated by a 10–15s rest interval. The mean performance of the three trials for CMJ 
was used for further analysis. CMJ data were collected using a portable dual force platform sampling at 1000 Hz using 
Hawkin Dynamics (Westbrook, ME, USA). The force platform was interfaced with a tablet to allow for direct measurement 
of force-time characteristics via a validated software interface (Hawkin Capture Version 8.6.1) [33]. Prior to the onset of 
the countermovement, subjects remained stationary on the force platform for three seconds to enable an accurate mea-
surement of body mass. While different researchers choose different means of quantifying and labeling CMJ phases, in 
this study, in line with manufacturer guidelines, the CMJ was divided into an unweighting phase, braking phase, propulsive 
phase, flight phase, and landing phase [34,35].

Isometric strength was assessed using the IMTP on a portable force platform sampling at 1000 Hz (Hawkin Dynamics, 
Westbrook, ME, USA). Subjects adopted self-selected knee and hip angles (knee = 130–150°, hip = 140–160°), consistent 
with previous research [36]. Following the same standardized warm-up used for CMJ testing, athletes completed two 
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submaximal IMTP trials at 50% and 75% of perceived maximal effort [37]. Maximal IMTP trials were performed with lifting 
straps to prevent grip loss [37]. The bar was attached to a chain anchored to a wooden platform, allowing height adjust-
ments to accommodate athletes of different statures. Each subject performed two maximal IMTP trials, instructed to pull 
against the bar as forcefully and rapidly as possible while simultaneously driving the feet into the force plate, a cue shown 
to optimize testing outcomes [38]. Each maximal effort lasted five seconds, with two minutes of rest between trials. The 
mean of the two trials was used for subsequent analysis. Strong verbal encouragement was provided during all maximal 
attempts.

Variables

Force-time metrics selected were then automatically calculated by the software using a forward dynamics approach: 
jump height (i.e., calculated from takeoff velocity), peak and mean propulsive force, peak and mean braking force, 
time to take-off, and propulsive and braking phase duration, braking and propulsive net impulse (Table 1) [39]. Peak 
force during the IMTP was defined as the highest absolute force recorded during the trial. RFD was calculated at 
two intervals: 0–100 ms and 0–250 ms, representing early and late phases of rapid force production, respectively. 
RFD values were derived as the average slope of the vertical ground reaction force from contraction onset to 
100 ms and 250 ms post-onset [40], providing a more detailed assessment of the athletes’ explosive strength capa-
bilities. Additional information pertaining to data analysis procedures can be found at https://www.hawkindynamics.
com/hawkin-metric-database.

Statistical analysis

Shapiro–Wilk test and Q–Q plots corroborated that the assumption of normality was not violated. Independent t-tests were 
used to examine statistically significant differences in each CMJ force-time metric between starters (n = 7) and non-starters 
(n = 15). Due to the within-group sample size (n < 20), Hedge’s g was used to calculate the magnitude of between-group 
differences (g = 0.2-small effect, g = 0.5-moderate effect, g = 0.8-large effect) [41]. Statistical significance was set a priori to 
p < 0.05. All statistical analyses were completed with JASP (JASP Team, version 0.17.3).

Table 1.  Selected force-time countermovement vertical jump variable calculations.

Variables Calculation

Jump height (cm) The change in center of mass position between the instant of take-off 
and peak positive vertical displacement of the center of mass.

Jump momentum (kg·m·s-1) The vertical momentum of the system center of mass at the instant of 
take-off.

Peak braking force (N) The peak instantaneous vertical ground reaction force applied to the 
center of mass during the braking phase.

Peak propulsive Force (N) The peak instantaneous vertical ground reaction force applied to the 
center of mass during the propulsive phase.

Braking phase (s) The time taken to complete the braking phase.

Propulsive phase (s) The time taken to complete the propulsive phase.

Time-to-takeoff (s) The total time taken from the onset of movement to the instant of 
take-off.

Net braking Impulse (N·s) The net vertical impulse applied to the center of mass during the 
braking phase.

Net propulsive Impulse (N·s) The net vertical impulse applied to the center of mass during the 
propulsive phase.

https://doi.org/10.1371/journal.pone.0344022.t001

https://www.hawkindynamics.com/hawkin-metric-database
https://www.hawkindynamics.com/hawkin-metric-database
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Results

Descriptive statistics, means and standard deviations (x̄ ± SD), for each dependent variable are presented in Table 2 
(anthropometric and comparison statistics) and Table 3 (CMJ and IMTP force-time metrics and comparison statistics). Due 
to no statistically significant differences being found in body mass between the groups (p = 0.777; g = 0.132), the depen-
dent variables were reported in absolute terms. Significant differences were found between groups in age (p = 0.018; 
g = 1.175), No statistically significant differences were found in any force-time metrics of interest between starters and 
non-starters (p > 0.05), including both CMJ and IMPT testing modalities.

Discussion

The aim of this study was to examine potential differences in CMJ and IMTP force-time metrics between starters and 
non-starters in professional basketball. The findings showed that starters and non-starters demonstrated similar neuro-
muscular characteristics across both CMJ and IMTP assessments. Specifically, no statistically significant differences were 
observed in any of the key CMJ or IMTP variables, including peak and mean propulsive force, RFD 0−100 ms, and RFD 
0−250 ms. Jump height and jump strategy metrics (e.g., time to take-off) were also comparable between groups, with most 
effect sizes ranging from small to moderate (g = 0.04–0.49). The only significant difference observed was that starters 
were older than non-starters, while no group differences were found in other anthropometric measures.

Previous literature has shown that differences in physical performance between starters and non-starters are often 
minimal, which seems to be in the agreement with the findings of the present investigation [14–16,42,43]. Evidence from 

Table 2.  Anthropometric characteristics (x̄ ± SD) and comparison statistics (starters vs. non-starters).

Variable (unit) All players Starters Non-Starters p-value ES

Height (cm) 181.8 ± 4.2 180.4 ± 4.0 182.5 ± 7.3 0.500 0.132

Body mass (kg) 73.7 ± 8.9 72.9 ± 8.5 74.1 ± 9.3 0.777 0.132

Age (years) 25.2 ± 6.4 28.1 ± 4.3 23.8 ± 3.3 0.018* 1.175

Note: *significantly different when compared to starters (p < 0.05); ES – effect size.

https://doi.org/10.1371/journal.pone.0344022.t002

Table 3.  Countermovement vertical jump and isometric mid-thing pull metrics (x̄ ± SD) comparison between starters and non-starters.

Variable (unit) All players Non-starters Starters p-value ES

Jump height (cm) 30.0 ± 4.0 30.7 ± 4.2 28.7 ± 3.5 0.295 0.492

Jump momentum (kg·m·s-1) 181.8 ± 23.6 184.3 ± 22.4 176.5 ± 26.9 0.481 0.328

Peak braking force (N) 1,883.6 ± 281.6 1,917.9 ± 295.6 1,810.1 ± 254.5 0.417 0.379

Peak propulsive force (N) 1,893 ± 295.1 1,928.4 ± 309.5 1,817.1 ± 267.4 0.423 0.374

Braking phase (s) 0.14 ± 0.03 0.14 ± 0.03 0.14 ± 0.02 0.876 0.072

Propulsive phase (s) 0.25 ± 0.04 0.25 ± 0.04 0.25 ± 0.04 0.697 0.181

Time-to-takeoff (s) 0.72 ± 0.08 0.71 ± 0.07 0.73 ± 0.09 0.941 0.035

Braking net impulse (N·s-1) 95.2 ± 16.0 95.6 ± 13.2 94.3 ± 22.1 0.865 0.079

Propulsive net impulse (N·s-1) 183.3 ± 23.7 185.9 ± 22.5 177.9 ± 27.0 0.474 0.334

Peak force (N) 2,372.1 ± 296.1 2,349.2 ± 311.7 2,421.3 ± 275.7 0.607 0.239

Net peak force (N·s-1) 1,523.8 ± 254.3 1,502.1 ± 261.9 1,570.1 ± 250.2 0.572 0.263

RFD 0–100ms (N·s-1) 5,494.6 ± 2,900 5,400.7 ± 3,266 5,695.7 ± 2,153.7 0.831 0.099

RFD 0–250ms (N·s-1) 4,225.8 ± 750.8 4,199.7 ± 709.9 4,281.7 ± 889.9 0.818 0.107

Note: RFD – rate of force developement.

https://doi.org/10.1371/journal.pone.0344022.t003

https://doi.org/10.1371/journal.pone.0344022.t002
https://doi.org/10.1371/journal.pone.0344022.t003
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collegiate and youth team sports supports the notion that playing status does not necessarily correspond to superior phys-
ical or neuromuscular qualities [44,45]. Fry et al. [44] and Gabbett et al. [45] observed comparable outcomes between 
starters and non-starters across several performance test (e.g., vertical jump, sprint or agility). Notably, previous studies 
have also reported no meaningful differences in age, height, or weight between starters and non-starters [15]. In contrast, 
the present study identified a significant age difference, with starters being older than non-starters. Taken together, these 
results suggest that starting status at the professional level is not primarily determined by anthropometric or physical 
performance characteristics. Instead, the observed age difference may reflect greater competitive experience and superior 
technical-tactical knowledge of the game, which are likely critical factors in distinguishing starters from non-starters [15].

The absence of significant differences in lower-body strength and power metrics between starters and non-starters 
in the present study may also reflect the relative homogeneity of professional female players, who undergo similar long-
term training and must meet high neuromuscular standards to compete at this level [46,47]. Still, Cormie et al. [48] noted 
that beyond a certain threshold, further increases in strength may not provide additional performance benefits if other 
factors, such as technical execution or tactical understanding, are limiting. Indeed, playing time and starting status in 
basketball are shaped by multiple determinants, including shooting accuracy, defensive positioning, decision-making, and 
tactical fit [49,50]. Hoare et al. [51] found that skill-related indicators (e.g., shooting percentage, turnovers, assists) were 
stronger predictors of playing time than physical fitness in elite female athletes. Similarly, Conte et al. [48] reported that 
game-related statistics (e.g., efficiency ratings, points, assists) were more predictive of starter versus bench status than 
neuromuscular test results. Overall, these findings suggest that while neuromuscular qualities are essential for overall 
preparedness, role differentiation at the professional level is often determined by skill execution and contextual perfor-
mance demands rather than isolated physical metrics. This directly aligns with the Hoffman et al. [52], who found that a 
large portion of athlete selection is influenced by coaches’ subjective evaluations, underscoring the importance of talent 
identification and on-court skills. Additionally, Gómez et al. [53] reported that tactical roles and situational strategies (e.g., 
opponent style, positional needs) often dictate rotation patterns more than physical characteristics.

When examining the magnitudes of force–time metrics, values observed in this investigation were comparable to those 
reported in previous studies on female basketball players. Philipp et al. [8], for instance, found moderate to large effect 
sizes favoring high-minutes players over low-minutes players in jump height (34.1 vs. 28.1 cm). Similar values have been 
reported for jump height (31.1 vs. 30.4 cm) and time to take-off (0.71 vs. 0.72 s), suggesting performance similarities 
among female athletes across cohorts. However, Philipp et al. [8] reported greater braking and propulsive net impulse val-
ues, which may be partly explained by higher body mass in their sample (86.6 vs. 73.7 kg), since greater mass increases 
the mechanical demands for both deceleration and propulsion (i.e., impulse = force × time). Furthermore, CMJ force-time 
metrics (e.g., peak and mean propulsive force, jump height) in this investigation exceeded those reported by Cabarkapa 
et al. [9] who focused on studying U16 and U18 top-tier female basketball players. Marked differences have also been 
noted between professional male and female players in concentric peak force (2.573,6 vs. 1.893,0 N), highlighting poten-
tial sex-related variations in neuromuscular performance. In addition, although Comfort et al. [54] reported no meaning-
ful sex differences in relative peak force during the IMTP across collegiate and semi-professional team-sport athletes, 
Townsend et al. [24] observed significantly higher IMTP peak force in NCAA Division-I male basketball players compared 
with females (2,534.1 vs. 1,248 N). Interestingly, female basketball players in the current sample achieved an average 
IMTP peak force of 2,372.1 N, a value comparable to a NCAA Division-I male players in Townsend et al. [24]. While 
variations in reported force–time characteristics across studies are likely influenced by differences in competitive level, as 
consistently highlighted in previous literature [55], the findings of the present study suggest that the ability to produce high 
levels of maximal force may represent a requisite physical quality for performance at the professional level, irrespective of 
sex. Furthermore, these findings underscore the importance of systematic, well-designed resistance training programs in 
female basketball players, particularly given that this population remains relatively underserved and understudied within 
the strength and conditioning literature.
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Previous research suggests that in women’s basketball, technical and tactical proficiency may be more decisive for 
role differentiation than absolute neuromuscular performance. Gonzalez et al. [56] emphasized the multifactorial nature 
of the sport in explaining differences between starters and non-starters across NCAA Division-I season. Similarly, Erculj 
et al. [55] highlighted that although physical attributes such as speed, agility, and explosive strength are important, suc-
cess among elite female players is often more strongly associated with tactical decision-making. These findings align 
with literature on game-related statistics, where metrics such as efficiency ratings, assists, and shooting accuracy better 
discriminate competitive outcomes than isolated physical performance measures [49]. Collectively, this evidence supports 
the notion that “basketball IQ”, the ability to interpret the game, anticipate actions, and make effective decisions, plays a 
central role in determining starting status in women’s professional basketball.

The findings enhance current knowledge of basketball performance characteristics, yet some constraints inherent 
to the study design should be recognized. First, position-specific differences were not considered, which may influ-
ence force-time characteristics in basketball players, and sample size could have been larger. Second, although all 
participants competed at the professional level, differences associated with team competitive level as reflected by 
league standings may exist, potentially limiting the generalizability of the findings. Third, external load and injury his-
tory were not accounted for, both of which could have impacted performance outcomes. Finally, coaching strategies 
and rotations, which vary considerably on team-to-team basis, were not examined and may have influenced starter 
versus non-starter status.

Conclusions

In professional female basketball players, starters and non-starters demonstrated similar CMJ and IMTP characteristics. 
This indicates that playing status is influenced more by technical execution, tactical decision-making, and experience than 
by strength or power alone. CMJ and IMTP tests remain useful for monitoring performance and adaptation but should be 
interpreted within a broader sport-specific framework.

Supporting information

S1 File. Inclusivity Statement. 
(PDF)

Author contributions

Conceptualization: Raúl Nieto-Acevedo, Carlos García-Sánchez, Blanca Romero-Moraleda, Moisés Marquina Nieto.

Data curation: Raúl Nieto-Acevedo.

Formal analysis: Raúl Nieto-Acevedo.

Methodology: Raúl Nieto-Acevedo, Carlos García-Sánchez, Blanca Romero-Moraleda, Moisés Marquina Nieto.

Project administration: Carlos García-Sánchez.

Resources: Raúl Nieto-Acevedo.

Supervision: Raúl Nieto-Acevedo.

Validation: Raúl Nieto-Acevedo, Carlos García-Sánchez.

Writing – original draft: Carlos García-Sánchez, Enrique Canadas-Garcia, Blanca Romero-Moraleda, Moisés Marquina 
Nieto, Dimitrije Cabarkapa.

Writing – review & editing: Carlos García-Sánchez, Enrique Canadas-Garcia, Blanca Romero-Moraleda, Moisés 
Marquina Nieto, Dimitrije Cabarkapa.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344022.s001


PLOS One | https://doi.org/10.1371/journal.pone.0344022  March 9, 2026 8 / 10

References
	 1.	 Power CJ, Fox JL, Dalbo VJ, Scanlan AT. External and internal load variables encountered during training and games in female basketball players 

according to playing level and playing position: a systematic review. Sports Med Open. 2022;8(1):107. https://doi.org/10.1186/s40798-022-00498-9 
PMID: 35984581

	 2.	 Torres-Ronda L, Beanland E, Whitehead S, Sweeting A, Clubb J. Tracking systems in team sports: a narrative review of applications of the data 
and sport specific analysis. Sports Med Open. 2022;8(1):15. https://doi.org/10.1186/s40798-022-00408-z PMID: 35076796

	 3.	 Delextrat A, Badiella A, Saavedra V, Matthew D, Schelling X, Torres-Ronda L. Match activity demands of elite Spanish female basketball players by 
playing position. International Journal of Performance Analysis in Sport. 2015;15(2):687–703. https://doi.org/10.1080/24748668.2015.11868824

	 4.	 Reina M, García-Rubio J, Ibáñez SJ. Training and competition load in female basketball: a systematic review. Int J Environ Res Public Health. 
2020;17(8):2639. https://doi.org/10.3390/ijerph17082639 PMID: 32290569

	 5.	 Sansone P, Gasperi L, Makivic B, Gomez-Ruano MA, Tessitore A, Conte D. An ecological investigation of average and peak external load 
intensities of basketball skills and game-based training drills. Biol Sport. 2023;40(3):649–56. https://doi.org/10.5114/biolsport.2023.119291 PMID: 
37398975

	 6.	 Nieto-Acevedo R, García-Sánchez C, Romero-Moraleda B, Varela D, Cabarkapa D. The effect of a short-term detraining period on neuromuscular 
performance in elite U18 male basketball players. J Strength Cond Res. 2025;39(11):e1305–12. https://doi.org/10.1519/JSC.0000000000005208 
PMID: 40845251

	 7.	 Philipp NM, Blackburn SD, Cabarkapa D, Fry AC. The effects of a low-volume, high-intensity preseason microcycle on neuromuscular performance 
in collegiate female basketball players. J Strength Cond Res. 2024;38(12):2136–46. https://doi.org/10.1519/JSC.0000000000004906 PMID: 
39808809

	 8.	 Philipp NM, Cabarkapa D, Nijem RM, Blackburn SD, Fry AC. Vertical Jump Neuromuscular Performance Characteristics Determining On-Court 
Contribution in Male and Female NCAA Division 1 Basketball Players. Sports (Basel). 2023;11(12):239. https://doi.org/10.3390/sports11120239 
PMID: 38133106

	 9.	 Cabarkapa D, Cabarkapa DV, Nagy D, Szabo K, Balogh L, Safar S, et al. Differences in anthropometric and vertical jump force-time characteristics 
between U16 and U18 female basketball players. Front Sports Act Living. 2024;6:1425475. https://doi.org/10.3389/fspor.2024.1425475 PMID: 
38983713

	10.	 Petrovic M, Cabarkapa D, Aleksic J, Cabarkapa DV, Ramos J, Hafsteinsson T, et al. Sex-Specific Differences in Vertical Jump Force–Time Metrics 
in Youth Basketball Players. Biomechanics. 2024;4(4):805–11. https://doi.org/10.3390/biomechanics4040059

	11.	 Cabarkapa D, Philipp NM, Cabarkapa DV, Fry AC. Position-specific differences in countermovement vertical jump force-time metrics in professional 
male basketball players. Front Sports Act Living. 2023;5:1218234. https://doi.org/10.3389/fspor.2023.1218234 PMID: 37547821

	12.	 Albishi AM. Physical activity levels, agility skills and speed among female basketball players compared to non-basketball players in Saudi Arabia: A 
cross-sectional study. PLoS One. 2024;19(11):e0312431. https://doi.org/10.1371/journal.pone.0312431 PMID: 39576821

	13.	 Pehar M, Sekulic D, Sisic N, Spasic M, Uljevic O, Krolo A, et al. Evaluation of different jumping tests in defining position-specific and 
performance-level differences in high level basketball players. Biol Sport. 2017;34(3):263–72. https://doi.org/10.5114/biolsport.2017.67122 PMID: 
29158620

	14.	 Radovic K, Cabarkapa D, Aleksic J, Cabarkapa DV, Mirkov DM, Knezevic OM, et al. Vertical jump neuromuscular performance of professional 
female handball players-starters vs. non-starters comparison. Front Sports Act Living. 2024;6:1407601. https://doi.org/10.3389/fspor.2024.1407601 
PMID: 38783868

	15.	 Cabarkapa DV, Cabarkapa D, Fry AC. Starters vs. non-starters differences in vertical jump force-time metrics in female professional volleyball 
players. Front Sports Act Living. 2024;6:1389001. https://doi.org/10.3389/fspor.2024.1389001 PMID: 38590296

	16.	 Chiwaridzo M, von der Heiden C, Kamba FE, Mkumbuzi NS. Differences in playing experience, anthropometry and performance measures 
between Under 16 schoolboy rugby players classified as starters or non-starters: A comparative cross-sectional study. S Afr J Sports Med. 
2025;37(1):v37i1a19947. https://doi.org/10.17159/2078-516X/2025/v37i1a19947 PMID: 40574996

	17.	 Cabarkapa D, Cabarkapa D, Bankovic V, Long H, Philipp N, Fry A. Changes in Countermovement Vertical Jump Force-Time Metrics Across Differ-
ent Competitive Levels in Women’s Volleyball. Int’l Journal of Strength & Conditioning. 2024;4(1). https://doi.org/10.47206/ijsc.v4i1.294

	18.	 Cabarkapa D, Cabarkapa DV, Aleksic J, Scott AA, Fry AC. Relationship between vertical jump performance and playing time and efficiency in 
professional male basketball players. Front Sports Act Living. 2024;6:1399399. https://doi.org/10.3389/fspor.2024.1399399 PMID: 38887688

	19.	 Morrison M, Martin DT, Talpey S, Scanlan AT, Delaney J, Halson SL, et al. A Systematic Review on Fitness Testing in Adult Male Basketball 
Players: Tests Adopted, Characteristics Reported and Recommendations for Practice. Sports Med. 2022;52(7):1491–532. https://doi.org/10.1007/
s40279-021-01626-3 PMID: 35119683

	20.	 Badby AJ, Mundy PD, Comfort P, Lake JP, McMahon JJ. The Validity of Hawkin Dynamics Wireless Dual Force Plates for Measuring Countermove-
ment Jump and Drop Jump Variables. Sensors (Basel). 2023;23(10):4820. https://doi.org/10.3390/s23104820 PMID: 37430733

	21.	 Luo H, Zhu X, Nasharuddin NA, Kamalden TFT, Xiang C. Effects of Strength and Plyometric Training on Vertical Jump, Linear Sprint, 
and Change-of-Direction Speed in Female Adolescent Team Sport Athletes: A Systematic Review and Meta-Analysis. J Sports Sci Med. 
2025;24(2):406–52. https://doi.org/10.52082/jssm.2025.406 PMID: 40469857

https://doi.org/10.1186/s40798-022-00498-9
http://www.ncbi.nlm.nih.gov/pubmed/35984581
https://doi.org/10.1186/s40798-022-00408-z
http://www.ncbi.nlm.nih.gov/pubmed/35076796
https://doi.org/10.1080/24748668.2015.11868824
https://doi.org/10.3390/ijerph17082639
http://www.ncbi.nlm.nih.gov/pubmed/32290569
https://doi.org/10.5114/biolsport.2023.119291
http://www.ncbi.nlm.nih.gov/pubmed/37398975
https://doi.org/10.1519/JSC.0000000000005208
http://www.ncbi.nlm.nih.gov/pubmed/40845251
https://doi.org/10.1519/JSC.0000000000004906
http://www.ncbi.nlm.nih.gov/pubmed/39808809
https://doi.org/10.3390/sports11120239
http://www.ncbi.nlm.nih.gov/pubmed/38133106
https://doi.org/10.3389/fspor.2024.1425475
http://www.ncbi.nlm.nih.gov/pubmed/38983713
https://doi.org/10.3390/biomechanics4040059
https://doi.org/10.3389/fspor.2023.1218234
http://www.ncbi.nlm.nih.gov/pubmed/37547821
https://doi.org/10.1371/journal.pone.0312431
http://www.ncbi.nlm.nih.gov/pubmed/39576821
https://doi.org/10.5114/biolsport.2017.67122
http://www.ncbi.nlm.nih.gov/pubmed/29158620
https://doi.org/10.3389/fspor.2024.1407601
http://www.ncbi.nlm.nih.gov/pubmed/38783868
https://doi.org/10.3389/fspor.2024.1389001
http://www.ncbi.nlm.nih.gov/pubmed/38590296
https://doi.org/10.17159/2078-516X/2025/v37i1a19947
http://www.ncbi.nlm.nih.gov/pubmed/40574996
https://doi.org/10.47206/ijsc.v4i1.294
https://doi.org/10.3389/fspor.2024.1399399
http://www.ncbi.nlm.nih.gov/pubmed/38887688
https://doi.org/10.1007/s40279-021-01626-3
https://doi.org/10.1007/s40279-021-01626-3
http://www.ncbi.nlm.nih.gov/pubmed/35119683
https://doi.org/10.3390/s23104820
http://www.ncbi.nlm.nih.gov/pubmed/37430733
https://doi.org/10.52082/jssm.2025.406
http://www.ncbi.nlm.nih.gov/pubmed/40469857


PLOS One | https://doi.org/10.1371/journal.pone.0344022  March 9, 2026 9 / 10

	22.	 McLellan CP, Lovell DI, Gass GC. The role of rate of force development on vertical jump performance. J Strength Cond Res. 2011;25(2):379–85. 
https://doi.org/10.1519/JSC.0b013e3181be305c PMID: 20093963

	23.	 Taber C, Bellon C, Abbott H, Bingham GE. Roles of maximal strength and rate of force development in maximizing muscular power. Strength Cond 
J. 2016;38(2):1. https://doi.org/10.1519/ssc.0000000000000206

	24.	 Townsend JR, Bender D, Vantrease WC, Hudy J, Huet K, Williamson C, et al. Isometric Midthigh Pull Performance Is Associated With Athletic 
Performance and Sprinting Kinetics in Division I Men and Women’s Basketball Players. J Strength Cond Res. 2019;33(10):2665–73. https://doi.
org/10.1519/JSC.0000000000002165 PMID: 28777249

	25.	 Grgic J, Scapec B, Mikulic P, Pedisic Z. Test-retest reliability of isometric mid-thigh pull maximum strength assessment: a systematic review. Biol 
Sport. 2022;39(2):407–14. https://doi.org/10.5114/biolsport.2022.106149 PMID: 35309521

	26.	 Pasfield K, Ball N, Chapman DW. Using the Isometric Mid-Thigh Pull to Predict Three-Repetition Maximum Squat Values in Female Athletes. 
Sports (Basel). 2024;12(9):230. https://doi.org/10.3390/sports12090230 PMID: 39330707

	27.	 Merrigan JJ, Stone JD, Hornsby WG, Hagen JA. Identifying Reliable and Relatable Force-Time Metrics in Athletes-Considerations for the Isometric 
Mid-Thigh Pull and Countermovement Jump. Sports (Basel). 2020;9(1):4. https://doi.org/10.3390/sports9010004 PMID: 33396304

	28.	 Scanlan AT, Wen N, Guy JH, Elsworthy N, Lastella M, Pyne DB, et al. The Isometric Midthigh Pull in Basketball: An Effective Predictor of Sprint and 
Jump Performance in Male, Adolescent Players. Int J Sports Physiol Perform. 2020;15(3):409–15. https://doi.org/10.1123/ijspp.2019-0107 PMID: 
31605523

	29.	 Philipp NM, Cabarkapa D, Nijem RM, Fry AC. Changes in countermovement jump force-time characteristic in elite male basketball players: A 
season-long analyses. PLoS One. 2023;18(9):e0286581. https://doi.org/10.1371/journal.pone.0286581 PMID: 37756277

	30.	 Cabarkapa D, Johnson QR, Cabarkapa DV, Philipp NM, Eserhaut DA, Fry AC. Changes in Countermovement Vertical Jump Force-
Time Metrics During a Game in Professional Male Basketball Players. J Strength Cond Res. 2024;38(7):1326–9. https://doi.org/10.1519/
JSC.0000000000004795 PMID: 38900179

	31.	 Cabarkapa D, Cabarkapa DV, Philipp NM, Knezevic OM, Mirkov DM, Fry AC. Pre-Post Practice Changes in Countermovement Vertical 
Jump Force-Time Metrics in Professional Male Basketball Players. J Strength Cond Res. 2023;37(11):e609–12. https://doi.org/10.1519/
JSC.0000000000004608 PMID: 37883409

	32.	 Thomas C, Kyriakidou I, Dos’Santos T, Jones PA. Differences in Vertical Jump Force-Time Characteristics between Stronger and Weaker Adoles-
cent Basketball Players. Sports (Basel). 2017;5(3):63. https://doi.org/10.3390/sports5030063 PMID: 29910423

	33.	 Merrigan JJ, Stone JD, Galster SM, Hagen JA. Analyzing Force-Time Curves: Comparison of Commercially Available Automated Software and 
Custom MATLAB Analyses. J Strength Cond Res. 2022;36(9):2387–402. https://doi.org/10.1519/JSC.0000000000004275 PMID: 35916879

	34.	 Bishop C, Turner A, Jordan M, Harry J, Loturco I, Lake J, et al. A Framework to Guide Practitioners for Selecting Metrics During the Countermove-
ment and Drop Jump Tests. Strength & Conditioning Journal. 2021;44(4):95–103. https://doi.org/10.1519/ssc.0000000000000677

	35.	 McMahon JJ, Suchomel TJ, Lake JP, Comfort P. Understanding the Key Phases of the Countermovement Jump Force-Time Curve. Strength & 
Conditioning Journal. 2018;40(4):96–106. https://doi.org/10.1519/ssc.0000000000000375

	36.	 Comfort P, Jones PA, McMahon JJ, Newton R. Effect of knee and trunk angle on kinetic variables during the isometric midthigh pull: test-retest 
reliability. Int J Sports Physiol Perform. 2015;10(1):58–63. https://doi.org/10.1123/ijspp.2014-0077 PMID: 24912198

	37.	 Oranchuk DJ, Robinson TL, Switaj ZJ, Drinkwater EJ. Comparison of the Hang High Pull and Loaded Jump Squat for the Development of Vertical 
Jump and Isometric Force-Time Characteristics. J Strength Cond Res. 2019;33(1):17–24. https://doi.org/10.1519/JSC.0000000000001941 PMID: 
28426514

	38.	 Halperin I, Williams KJ, Martin DT, Chapman DW. The Effects of Attentional Focusing Instructions on Force Production During the Isometric 
Midthigh Pull. J Strength Cond Res. 2016;30(4):919–23. https://doi.org/10.1519/JSC.0000000000001194 PMID: 27003451

	39.	 Philipp N, Cabarkapa D, Eserhaut D, Cabarkapa D, Fry A. Countermovement jump forcetime metrics and maximal horizontal deceleration perfor-
mance in professional male basketball players. JASS. 2022;6(2):11–27. https://doi.org/10.37393/jass.2022.02.2

	40.	 García-Sánchez C, Jiménez-Ormeño E, Lominchar-Ramos JM, Giráldez-Costas V, McMahon JJ, Soriano MA. Effects of a Short-Term Detrain-
ing Period on Neuromuscular Performance in Female Handball Players. J Strength Cond Res. 2025;39(3):e469–77. https://doi.org/10.1519/
JSC.0000000000005008 PMID: 39590648

	41.	 Fritz CO, Morris PE, Richler JJ. Effect size estimates: current use, calculations, and interpretation. J Exp Psychol Gen. 2012;141(1):2–18. https://
doi.org/10.1037/a0024338 PMID: 21823805

	42.	 Magrini MA, Colquhoun RJ, Sellers JH, Conchola EC, Hester GM, Thiele RM, et al. Can Squat Jump Performance Differentiate Starters vs. Non-
starters in Division I Female Soccer Players?. J Strength Cond Res. 2018;32(8):2348–55. https://doi.org/10.1519/JSC.0000000000002053 PMID: 
30036265

	43.	 Cabarkapa D, Cabarkapa DV, Aleksic J, Philipp NM, Scott AA, Johnson QR, et al. Differences in countermovement vertical jump force-time 
metrics between starting and non-starting professional male basketball players. Front Sports Act Living. 2023;5:1327379. https://doi.org/10.3389/
fspor.2023.1327379 PMID: 38162698

	44.	 Fry AC, Kraemer WJ, Weseman CA, Conroy BP, Gordon SE, Hoffman JR, et al. The Effects of an Off-season Strength and Conditioning Program 
on Starters and Non-starters in Womenʼs Intercollegiate Volleyball. Journal of Strength and Conditioning Research. 1991;5(4):174–81. https://doi.
org/10.1519/00124278-199111000-00001

https://doi.org/10.1519/JSC.0b013e3181be305c
http://www.ncbi.nlm.nih.gov/pubmed/20093963
https://doi.org/10.1519/ssc.0000000000000206
https://doi.org/10.1519/JSC.0000000000002165
https://doi.org/10.1519/JSC.0000000000002165
http://www.ncbi.nlm.nih.gov/pubmed/28777249
https://doi.org/10.5114/biolsport.2022.106149
http://www.ncbi.nlm.nih.gov/pubmed/35309521
https://doi.org/10.3390/sports12090230
http://www.ncbi.nlm.nih.gov/pubmed/39330707
https://doi.org/10.3390/sports9010004
http://www.ncbi.nlm.nih.gov/pubmed/33396304
https://doi.org/10.1123/ijspp.2019-0107
http://www.ncbi.nlm.nih.gov/pubmed/31605523
https://doi.org/10.1371/journal.pone.0286581
http://www.ncbi.nlm.nih.gov/pubmed/37756277
https://doi.org/10.1519/JSC.0000000000004795
https://doi.org/10.1519/JSC.0000000000004795
http://www.ncbi.nlm.nih.gov/pubmed/38900179
https://doi.org/10.1519/JSC.0000000000004608
https://doi.org/10.1519/JSC.0000000000004608
http://www.ncbi.nlm.nih.gov/pubmed/37883409
https://doi.org/10.3390/sports5030063
http://www.ncbi.nlm.nih.gov/pubmed/29910423
https://doi.org/10.1519/JSC.0000000000004275
http://www.ncbi.nlm.nih.gov/pubmed/35916879
https://doi.org/10.1519/ssc.0000000000000677
https://doi.org/10.1519/ssc.0000000000000375
https://doi.org/10.1123/ijspp.2014-0077
http://www.ncbi.nlm.nih.gov/pubmed/24912198
https://doi.org/10.1519/JSC.0000000000001941
http://www.ncbi.nlm.nih.gov/pubmed/28426514
https://doi.org/10.1519/JSC.0000000000001194
http://www.ncbi.nlm.nih.gov/pubmed/27003451
https://doi.org/10.37393/jass.2022.02.2
https://doi.org/10.1519/JSC.0000000000005008
https://doi.org/10.1519/JSC.0000000000005008
http://www.ncbi.nlm.nih.gov/pubmed/39590648
https://doi.org/10.1037/a0024338
https://doi.org/10.1037/a0024338
http://www.ncbi.nlm.nih.gov/pubmed/21823805
https://doi.org/10.1519/JSC.0000000000002053
http://www.ncbi.nlm.nih.gov/pubmed/30036265
https://doi.org/10.3389/fspor.2023.1327379
https://doi.org/10.3389/fspor.2023.1327379
http://www.ncbi.nlm.nih.gov/pubmed/38162698
https://doi.org/10.1519/00124278-199111000-00001
https://doi.org/10.1519/00124278-199111000-00001


PLOS One | https://doi.org/10.1371/journal.pone.0344022  March 9, 2026 10 / 10

	45.	 Gabbett T, Kelly J, Ralph S, Driscoll D. Physiological and anthropometric characteristics of junior elite and sub-elite rugby league players, with 
special reference to starters and non-starters. J Sci Med Sport. 2009;12(1):215–22. https://doi.org/10.1016/j.jsams.2007.06.008 PMID: 18055259

	46.	 Spiteri T, Nimphius S, Hart NH, Specos C, Sheppard JM, Newton RU. Contribution of strength characteristics to change of direction and agility 
performance in female basketball athletes. J Strength Cond Res. 2014;28(9):2415–23. https://doi.org/10.1519/JSC.0000000000000547 PMID: 
24875426

	47.	 Rodríguez-Rosell D, Mora-Custodio R, Franco-Márquez F, Yáñez-García JM, González-Badillo JJ. Traditional vs. Sport-Specific Vertical Jump 
Tests: Reliability, Validity, and Relationship With the Legs Strength and Sprint Performance in Adult and Teen Soccer and Basketball Players. J 
Strength Cond Res. 2017;31(1):196–206. https://doi.org/10.1519/JSC.0000000000001476 PMID: 27172267

	48.	 Conte D, Tessitore A, Gjullin A, Mackinnon D, Lupo C, Favero T. Investigating the game-related statistics and tactical profile in NCAA division I 
men’s basketball games. Biol Sport. 2018;35(2):137–43. https://doi.org/10.5114/biolsport.2018.71602 PMID: 30455541

	49.	 Cabarkapa D, Cabarkapa DV, Fry AC. Game-related statistics that discriminate winning from losing in NCAA Division-I men’s basketball. Front 
Sports Act Living. 2024;6:1387918. https://doi.org/10.3389/fspor.2024.1387918 PMID: 38840953

	50.	 Cabarkapa D, Deane MA, Ciccone AB, Jones GT, Cabarkapa DV, Fry AC. The home-court advantage in NCAA Division-I men’s basketball. jhse. 
2023;18(2). https://doi.org/10.14198/jhse.2023.182.13

	51.	 Hoare DG. Predicting success in junior elite basketball players--the contribution of anthropometic and physiological attributes. J Sci Med Sport. 
2000;3(4):391–405. https://doi.org/10.1016/s1440-2440(00)80006-7 PMID: 11235005

	52.	 Hoffman E, McCabe KA, Smith VL. Social Distance and Other-Regarding Behavior in Dictator Games. Bargaining and Market Behavior. Cam-
bridge University Press. 2000. p. 127–38. https://doi.org/10.1017/cbo9780511528347.009

	53.	 Gòmez M-Á, Lorenzo A, Ortega E, Sampaio J, Ibàñez S-J. Game Related Statistics Discriminating Between Starters and Nonstarters Players in 
Women’S National Basketball Association League (WNBA). J Sports Sci Med. 2009;8(2):278–83. PMID: 24149538

	54.	 Comfort P, McMahon JJ, Lake JP, Ripley NJ, Triplett NT, Haff GG. Relative strength explains the differences in multi-joint rapid force production 
between sexes. PLoS One. 2024;19(2):e0296877. https://doi.org/10.1371/journal.pone.0296877 PMID: 38359039

	55.	 Erčulj F, Blas M, Bračič M. Physical demands on young elite European female basketball players with special reference to speed, agility, explosive 
strength, and take-off power. J Strength Cond Res. 2010;24(11):2970–8. https://doi.org/10.1519/JSC.0b013e3181e38107 PMID: 20938356

	56.	 Gonzalez AM, Hoffman JR, Scallin-Perez JR, Stout JR, Fragala MS. Performance changes in National Collegiate Athletic Association Division 
I women basketball players during a competitive season: starters vs. nonstarters. J Strength Cond Res. 2012;26(12):3197–203. https://doi.
org/10.1519/JSC.0b013e318273665d PMID: 22996019

https://doi.org/10.1016/j.jsams.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18055259
https://doi.org/10.1519/JSC.0000000000000547
http://www.ncbi.nlm.nih.gov/pubmed/24875426
https://doi.org/10.1519/JSC.0000000000001476
http://www.ncbi.nlm.nih.gov/pubmed/27172267
https://doi.org/10.5114/biolsport.2018.71602
http://www.ncbi.nlm.nih.gov/pubmed/30455541
https://doi.org/10.3389/fspor.2024.1387918
http://www.ncbi.nlm.nih.gov/pubmed/38840953
https://doi.org/10.14198/jhse.2023.182.13
https://doi.org/10.1016/s1440-2440(00)80006-7
http://www.ncbi.nlm.nih.gov/pubmed/11235005
https://doi.org/10.1017/cbo9780511528347.009
http://www.ncbi.nlm.nih.gov/pubmed/24149538
https://doi.org/10.1371/journal.pone.0296877
http://www.ncbi.nlm.nih.gov/pubmed/38359039
https://doi.org/10.1519/JSC.0b013e3181e38107
http://www.ncbi.nlm.nih.gov/pubmed/20938356
https://doi.org/10.1519/JSC.0b013e318273665d
https://doi.org/10.1519/JSC.0b013e318273665d
http://www.ncbi.nlm.nih.gov/pubmed/22996019

