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Editorial on the Research Topic

Optimizing player health, recovery, and performance in basketball,

volume II

Introduction

This second Research Topic on “Optimizing player health, recovery, and performance

in basketball” extends upon the first Research Topic in this area we edited (Ferioli et al.,

2022). In this regard, we noted the upward trajectory in journal publications focused on

basketball between 2002 and 2021 previously (Ferioli et al., 2022), with outputs remaining

consistently strong since this time (Figure 1A). This sustained output in basketball research

might be attributed to the high participation rate and interest for the sport on a global scale

(Hulteen et al., 2017), with basketball journal publications being authored by researchers

from a wide dispersion of countries (Figure 1B). In support of this global attention for

basketball research, data acquired from SciVal (retrieved 14 February 2025) indicate∼25%

of basketball publications involve international collaborations and authors from >100

countries cite basketball publications on average each year (between 2021 and 2024).

Indeed, the research published in this Research Topic involves authors from nine countries,

directly showcasing the internationalization of evidence being generated in basketball.

New insights provided in this Research Topic

The growth in basketball research across recent years has created more opportunities

for researchers to synthesize evidence in areas of interest. Systematic reviews present a

means to collate evidence on a particular topic to better inform decision-making processes

among policy-makers, practitioners, researchers, and the public (Bangdiwala, 2024). In

this regard, four systematic reviews, including three with meta-analyses, are published in

this Research Topic, focusing on performance-related outcomes resulting from training

interventions and fatigue. More precisely, Cao, Liu et al. and Cao, Wang et al. synthesized

the literature across separate reviews to demonstrate the benefits of functional training for
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FIGURE 1

Scopus search results between 2021 and 2024 showing (A) yearly trends in total basketball journal publications and (B) the proportion of publications

according to the country of the leading author. The term “basketball” was searched within the “Article title, Abstract, Keywords” field, with “Journal”

selected as source type and “Article in Press” excluded on 14 February 2025. Total publications alongside the proportion (%) of these publications

relative to all basketball journal publications are shown in (B).

enhancing different physical performance outcomes across

various basketball players (Cao, Liu et al.), and the positive

outcomes of plyometric training on fitness and skill attributes

specifically in female players (Cao, Wang et al.). Similarly,

Zhou et al. showed plyometric training improves several

physical performance outcomes among youth players, with

specific insight provided according to age range, sex, and

training protocols. Finally, Li et al. reported how some shooting

performances were negatively impacted in response to varying

extents of physical and mental fatigue among adolescent and

adult players.

A notable element of this Research Topic concerns the inclusive

nature of the participant samples examined across studies. In

this regard, half of the published studies, including two original

articles and four reviews, encompassed female participants, who

have historically received far less research attention than males

within the basketball literature (Paul et al., 2023; O’Grady et al.,

2020). However, the sex breakdown in participants across studies

included within the reviews published in this Research Topic

further emphasize the deficiencies in research evidence specifically

in female players across the topics examined. Consequently, there

is a strong need for improved balance via effective research

designs with female players in future work as advocated (Elliott-

Sale et al., 2021; Smith et al., 2022). Moreover, other studies

published in this Research Topic recruited participant samples

that are not readily examined in the basketball literature. For

instance, Yasuda et al. identified outcomes from various tactical

strategies applied during screening scenarios in male, wheelchair

basketball players during Paralympic competition. Likewise, Wang

et al. focused on high-level basketball referees, showing that mood

state was indirectly impacted by coping style with mediating roles

of psychological resilience and frustration tolerance. It should be

noted that although the title of this Research Topic was oriented

toward players, referees are essential for the continuation of

basketball competitions, with their contribution to games having

the potential to directly impact player performance and health.

In addition, Cabarkapa, Aleksic et al. showed that eccentric-based

metrics derived from countermovement jump testingmay be useful

in detecting neuromuscular-related fatigue surrounding play in

3 × 3 basketball players. Indeed, we previously recommended

(Ferioli et al., 2022) that more applied research should explore

3 × 3 basketball contexts given the rapid growth in this

form of the sport (Sansone et al., 2023)—along with other

innovative strategies that could positively impact practice in

basketball settings.

Other studies in this Research Topic exploring innovative

strategies yield outcomes that hold application in many important

areas for basketball practitioners. In this regard, Ferioli et al.

investigated a novel, game-specific basketball simulation protocol

in male and female players with reliability and discriminative

validity data provided to inform its utility for repeated testing

occasions and selecting or benchmarking purposes. Using

similar discriminatory analyses, Cabarkapa, Cabarkapa et al.

showed various force-time metrics from countermovement

jump testing do not differentiate between starting and non-

starting, professional male players, limiting its utility in this way.

Adopting a novel approach, Wellm et al. quantified the contact

demands faced by professional, male players during games,

showing they undergo regular physical contact during specific

play scenarios with distinct profiles emerging for each playing

position. Expanding beyond novel exploration of approaches

to measure physical attributes, Hogan et al. demonstrated the

importance of cognitive abilities (via the Athletic Intelligence

Quotient) for performance among players in the National

Basketball Association. Finally, Zhang et al. showed that a 10-

week targeted unilateral compound training program reduced

strength and power-related asymmetries in the lower limbs

to enhance performance in these attributes. The evidence

these studies provide regarding physical and psychological

profiling, load measurement, and training approaches are

highly relevant to end-users given they can inform practice

in key areas in which research is used like load monitoring,
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strength and conditioning, mental training, and tactical

strategies (Schwarz et al., 2021).

Future research directions

When editing this Research Topic, some notable trends were

identified regarding the areas examined and designs adopted

across studies, which may help to inform future research pathways

in basketball. First, many applied basketball studies, including

those in this Research Topic, are descriptive, which is likely

due to the accessibility of routinely collected data among

basketball teams without the ability to manipulate approaches

(e.g., training contents) in a controlled manner (Buchheit, 2019).

Consequently, higher quality evidence stemming from well-

planned interventional research is essential to identify the most

efficacious and pragmatic approaches for specific contexts within

basketball teams (Bishop, 2008). In this regard, several studies

across various research groups are needed to identify the best

intervention strategies for a particular area of interest (Bishop,

2008).

Second, no studies in this Research Topic gathered insights

from end-users in practice. Input from basketball players, coaches,

and other practitioners can help identify practical problems,

which can assist in developing research questions that carry a

stronger impact (Bishop, 2008). Likewise, perceptions from end-

users can also help identify barriers and motivators for the

uptake of new evidence to guide implementation research in

real-world basketball settings (Bishop, 2008). In this way, more

studies utilizing appropriate quantitative and qualitative methods

to gather insights from end-users should be conducted to better

ensure research outcomes effectively translate to practice (Abt

et al., 2022). This type of approach is lacking in the wider

basketball literature, with data from end-users scarcely reported

in recent years and restricted to specific topics like recovery

strategies (Pernigoni et al., 2022), flywheel training (Younes-Egaña

et al., 2023), and injury prevention strategies (Bel et al., 2022).

Moreover, data acquired from SciVal (retrieved 14 February 2024)

indicate >70% of basketball publications involve academic-only

collaborations (between 2021 and 2024), further emphasizing the

need to involve end-users in the development, design, and conduct

of basketball studies.

Third, we previously encouraged more interventional

research exploring strategies to minimize injury risk, enhance

return-to-play progression, and optimize recovery in basketball

(Ferioli et al., 2022). No studies in this Research Topic

examined injury prevention or rehabilitation strategies,

which is surprising given the high volume of research

historically focused on injuries in the basketball literature

(Scanlan and Dalbo, 2019). Likewise, exploration of recovery

practices was lacking across studies, despite being recognized

as important for various fundamental functions among

basketball practitioners (Pernigoni et al., 2022). In this way,

survey data encompassing perceptions of end-users on the

practices, efficacy, barriers, and facilitators of different injury

prevention strategies (Bel et al., 2022) and recovery practices

(Pernigoni et al., 2022) have been recently published and

could help inform the development of future studies in these

areas. Consequently, further research is encouraged exploring

novel injury prevention and recovery strategies applicable to

basketball players.
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The mediating roles of 
psychological resilience and 
frustration tolerance in the 
relationship between coping styles 
and mood states of high-level 
basketball referees
Qiulin Wang *, Wei Wang , Huanhuan Huang  and Binghui Wan 

College of Physical Education, Yangzhou University, Yangzhou, Jiangsu, China

Objective: In order to promote the development of high-quality professional 
basketball referees in China, we explored the relationship between their coping 
styles and mood states during the game and assessed the contributions of 
psychological resilience and frustration tolerance to this relationship.

Methods: A total of 364 national and international male and female basketball 
referees were recruited and surveyed via the online questionnaire platform 
“Questionnaire Star”. All participants signed an informed consent form and 
completed the questionnaire. Common method bias test and Pearson correlation 
tests were used to analyze the study indicators, and the theoretical model for this 
study was validated using Process plug-in developed by Hayes.

Results: The results of the study showed that the coping style of the referees 
significantly predicted their psychological resilience, frustration tolerance, and 
mood state. Coping style enhanced psychological resilience (β = −0.30) and 
frustration tolerance (β = 0.38) and improved the mood states (β = 0.33) of the 
referees. In addition, coping style directly predicted mood state but also indirectly 
predict mood state through the intermediary variables of psychological resilience 
(β = 0.14) and frustration tolerance (β = 0.11), and the mediating effects accounted 
for 24.20 and 18.90% of the total effect, with psychological resilience playing a 
greater role than frustration tolerance. (β: standardized regression coefficient).

Conclusion: These findings suggest that when training high-level basketball 
referees, increasing the psychological indicators related to the coping styles 
and psychological resilience of high-level basketball referees can avoid their 
large emotional fluctuations and improve their accuracy in judging when facing 
unexpected events on the court.
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Introduction

Mood state

In basketball matches, referees’ calls are the result of cognitive 
decision-making processes in which the referee (observer) judges the 
behavior of the players (observed). Given that the referee can 
be considered the subject and the athlete considered the object, the 
referee’s decision-making behavior is affected by the subject, object, 
and the interactive environment between the subject and object (i.e., 
the referee, the athlete, and the competition environment). Sports 
competitions provide people with a source of tension and stimulation 
as staged, planned social conflicts. Sports spectators who participate 
in the event through their own perceptions release their emotions in 
both positive and negative ways. Thus, during competition, spectators 
may show antagonistic or anti-hierarchical emotional characteristics. 
They may not accept the decision of the referee silently but instead 
show direct emotional reactions, which may include poor behavior, 
such as loudly voicing criticism or even abusing the referee (Tao, 
2016). Referees who are affected by these emotional displays may 
experience mood swings. Previous studies have assessed the ability of 
referees to perform their job based on their personal qualities. With 
the development of referee discretion and audience marketing of 
spectator sports in China, the importance of the referee’s psychological 
qualities has become particularly prominent.

The relationship between emotion and cognition is a consistent 
focus in the field of emotional psychology research. From Schacht’s 
emotional cognition theory to the positive emotion expansion theory 
of positive psychology, all research findings indicate that emotion 
influences cognition. In the past, research assessing emotion and 
cognitive decision-making in the field of competitive sports was 
mainly conducted with athletes. However, referees, an indispensable 
part of the modern competitive arena, are also under tremendous 
pressure, especially at critical moments in competition; thus the 
pressure on referees is no less than that on athletes. Therefore, the 
emotional state of referees will inevitably affect their cognition and 
behavior, in this case their decision-making abilities. Mood states (i.e., 
persistent and weak emotional states) exacerbate an individual’s 
emotional experience (Wang et al., 2021), and a change in a mood 
state affects an individual’s movement or behavior (Zhu, 1995). There 
is a high correlation between mood state and a referee’s on-the-spot 
performance (Pizzera et al., 2022). Unstable mood states adversely 
affect a referee’s decision-making ability (Brandão et al., 2014). The 
work of basketball referees requires comprehensive abilities, including 
the understanding of the theories and rules underlying the sport and 
their physical abilities, psychological qualities, and the ability to make 
accurate immediate judgment calls. Among them, strong 
psychological qualities help a referee to maintain a good mood state 
in the game and thus maintain better on-the-spot judgment calls 
(Wang, 2017). Therefore, it is of great practical significance to assess 
mood states of basketball referees and the related variables that affect 
their mood states.

Coping style

Coping style refers to the way in which people use conscious 
and behavioral efforts to evaluate their own abilities and to reduce 

internal and external pressure. There is a correlation between coping 
style and mood state. Previous studies have shown that coping style 
directly affects depression (Zhang et al., 2005); negative avoidance 
coping is positively correlated with depression, whereas positive 
action coping is negatively correlated with depression (Niu et al., 
2013). The interaction model of coping asserts that the choice of an 
individual’s coping style is the result of interactions among 
personality traits, individual differences, and environmental stress. 
The factors influencing coping styles are generally divided into 
stability factors and situational factors. Stability factors include an 
individual’s gender, age, personality traits, and the like. However, the 
influence of personality factors on coping styles is restricted by 
situational factors, which mainly include the objective characteristics 
of the stressful situation (such as the degree of stress, the degree of 
controllability, and the variability of the situation) and the subjective 
understanding and evaluation of the situation by individuals. 
According to the classification of coping styles from the perspective 
of coping function, there are general functional dimensions in 
individual coping styles. Individuals take these general functional 
dimensions as a starting point and then combine their own coping 
resources, situational characteristics, and other factors to establish 
their own coping styles (Ye and Shen, 2002). However, situations in 
high-level basketball matches are highly variable. As the executor of 
the rules of the game, the referee needs to combine rich experience 
in refereeing with reasonable and accurate judgments of complex 
situations to establish an immediate response when facing complex 
and changing game situations. Research assessing coping styles and 
improving an individual’s psychological and mental states shows 
that higher positive coping scores are associated with better mood 
states, whereas higher negative coping scores are associated with 
worse mood states (Anshel et al., 2014). Wang and Jiang (2018) 
found that football referees’ coping styles of facing and yielding are 
negatively correlated with their negative mood state, but avoiding is 
positively correlated with a negative mood state. Therefore, a 
positive coping style is a psychological quality that a referee must 
possess to maintain a good mood state and carry out effective 
refereeing. Given that coping style is related to the mood state of 
basketball referees when they make decisions on the spot, which is 
directly related to the accuracy of referees’ decisions. 
We hypothesized that: The coping style of basketball referees would 
positively predict mood state.

Psychological resilience

Psychological resilience generally refers to the ability of an 
individual to recover quickly after experiencing setbacks and to 
develop corresponding coping styles with constant repetition so that 
the individual becomes increasingly better at handling setbacks and 
thus achieves growth (Wang and Jiang, 2018). Onwukwe (2010) found 
that a positive coping style is a protective factor in psychological 
resilience. Research assessing psychological resilience across different 
populations, ages, occupations, social strata, and physical health 
conditions has shown a positive correlation between positive coping 
styles and psychological resilience. Studies examining the relationship 
between psychological resilience and mood state have found that 
psychological resilience improves mood state and promotes mental 
health (Li and Li, 2014). Compared with professional referees, amateur 
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referees are more likely to be affected by all aspects of stress, whereas 
professional referees have more reasonable coping strategies to deal 
with their emotions. As an important psychological behavior in the 
process of self-regulation, coping style is a protective factor to promote 
individual psychological resilience. Individuals with high 
psychological resilience show a high degree of adaptability and better 
mood states (Han and Wang, 2022). Thus, the second hypothesis of 
this study was that: Psychological resilience would play a mediating 
role between coping styles and mood states of high-level 
basketball referees.

Frustration tolerance

Frustration tolerance refers to the extent to which an individual 
accepts setbacks. It is one of the most basic internal qualities of human 
psychology, an essential factor in a person’s personality structure, and 
a core part of a person’s self-expression consciousness (Luo and Zhou, 
2015). The concept of frustration tolerance is similar to that of 
psychological resilience, but there are some differences. Whereas 
frustration tolerance is an essential factor in personality structure, 
psychological resilience is a factor in personality traits (Friborg et al., 
2005). It is inevitable that referees will be condemned by others during 
their career and will make mistakes in judgment, which may lead to 
self-blame, regret, and frustration. In addition, extreme behaviors by 
coaches, athletes, or spectators may lead to referees having negative 
emotions and thus affect their ability to referee (Lin, 2008). When an 
individual experiences a setback, whether caused by external or 
internal factors, the setback will be  accompanied by complex 
emotional reactions, such as anxiety, tension, worry, unease, fear, 
depression, and anger, as well as an imbalance in psychological and 
physiological activities (Li et al., 2020). Individuals with poor tolerance 
are more likely to adopt negative coping styles, whereas individuals 
with strong tolerance are more likely to adopt positive coping styles 
(Li and Li, 2014; He and Chen, 2021). Frustration may enhance 
tolerance to setbacks, improve the ability to withstand setbacks, and 
enable individuals to maintain good mood states when in a state of 
high tension, emotional depression, sleeplessness, hunger, or anxiety. 
Therefore, this study’s third hypothesis was that: Frustration tolerance 
would play a mediating role between coping styles and mood states in 
high-level basketball referees.

Therefore, this study investigated whether the coping style of 
high-level basketball referees positively predicted their mood state and 
whether psychological resilience or frustration tolerance played a 
mediating role between coping styles and mood states.

Materials and methods

This study was approved by the Ethics Committee of Yangzhou 
University Medicine College (approval No. YXYLL-2022-126). All 
participants provided written informed consent prior to answering 
questionnaires. As for the specific research structure diagram, see 
Figure 1.

Participants

In total, 364 national and international basketball referees 
(37.73 ± 6.91 years) from basketball leagues of all levels in the 2021–
2022 season participated in this study. The referees worked in first-tier 
professional basketball leagues in China, including the Chinese 
Basketball Association (CBA), the Women’s Chinese Basketball 
Association (WCBA), the National Basketball League (NBL), and 
other leagues, which included the Chinese University Basketball 
Association (CUBA) and the Women’s Chinese University Basketball 
Association (WCUBA). At present, they are the highest-level 
representatives of basketball referees in China. See Table 1 for referee 
demographic characteristics and league-related information.

FIGURE 1

Research structure diagram.

TABLE 1 Demographic and league information for 364 basketball 
referees who participated in this study.

Variable Category Number 
of 

referees

Sanction 
time 

(years)

Average 
age 

(years)

Gender
Male 312 3.22 37.87

Female 52 4.48 36.79

Type of 

league

CBA 48 8.1 41.29

WCBA 98 5.0 37.49

NBL 36 2.83 37.33

Other 182 1.41 36.97

Referee 

grade

International 29 8.41 37.55

National 335 2.96 37.73
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Measures

All scales and questionnaires used in the study were distributed 
through the website Questionnaire star. Questionnaire Star is an 
online platform that distributes questionnaires for individuals to 
complete and provides an informed consent form for individuals to 
sign. A total of 450 sets were distributed and 425 sets were recovered, 
leading to a recovery rate of 94.44%. All participants e-signed an 
informed consent form and completed the questionnaire. Participants 
filled in each set of four questionnaires according to the stated 
guidelines. Questionnaires were evaluated to ensure they met 
pre-study set standards, and we removed 86 invalid questionnaires 
after screening. This left a total effective sample size of 364 complete 
sets (85.6% of the recovered total). The scales used in this study have 
been widely used in many studies and have good reliability 
and validity.

Psychological resilience scale
We used the psychological resilience scale originally developed 

by Connor and Davidson (2003) and modified for Chinese 
participants (Yu and Zhang, 2007). There were 25 items that assessed 
tenacity, psychological strength, and optimism. Each item was rated 
by the participant as 0 to 4 points (5-point scale). The higher the 
score, the higher the individual’s psychological resilience level. In this 
study, Cronbach’s α was 0.952, and the Kaiser-Meyer-Olkin (KMO) 
value was 0.962, indicating that the scale had high reliability 
and validity.

Coping style scale
We used the Coping Styles Questionnaire, which is composed of 

62 items with six subscales: avoidance, fantasy, self-blame, help-
seeking, rationalization, and problem solving (Zhang et al., 2021). 
Each item was answered by the participant as “yes” (1 point) or “no” 
(0 points). When participants chose yes, they were asked to evaluate 
the effectiveness by selecting “effective,” “relatively effective,” and 
“invalid.” The higher the score, the more inclined the participant was 
to adopt a certain coping style. In this study, Cronbach’s α was 0.891, 
and the KMO value was 0.888, indicating that the scale had high 
reliability and validity.

Frustration tolerance scale
We used the Chinese revised version of the Frustration 

Tolerance questionnaire (Wang et al., 2014), which comprised 28 
items with 4 dimensions: avoidance, difficulty, power, emotional 
tolerance, and achievement. Each item was rated by the participant 
on a 5-point Likert scale. Higher scores indicated worse frustration 
tolerance. In this study, Cronbach’s α was 0.952, and the KMO 
value was 0.949, indicating that the scale had high reliability 
and validity.

Mood state scale
Mood state was measured using the Mood State Scale 

developed by Zhu (1995). In total, 40 items assessed 7 dimensions 
of mood states, including tension, anger, fatigue, depression, 
panic, energy, and self-esteem. Each item was rated by the 
participant on a 5-point Likert scale. Higher total scores indicated 
greater negative emotional states, that is, the more upset or 
maladjusted the mood (the higher the score, the worse the mood). 

In this study, the overall Cronbach’s α was 0.937, and its subscale 
Cronbach’s α were 0.850, 0.906, 0.859, 0.905, 0.855, 0.904, and 
0.727. The KMO value was 0.961, indicating that the scale had 
high reliability and validity. (The total score is equal to the score 
of the five negative scales minus the score of the two positive 
scales plus one hundred).

Statistical analysis

We used SPSS 26.0 for statistical analysis. T-tests and analyses of 
variance were used as appropriate to assess the differences among 
referees at all levels and among league variables. Pearson correlation 
analysis and regression analysis were conducted among the variables. 
We use the SPSS macro program Process plug-in compiled by Hayes 
for mediation analyses and bootstrap analyses. In the statistical 
analysis of the data, we set p < 0.05 as the significant level, and Cohen’s 
d = 0.2 (η2 = 0.01), Cohen’s d = 0.5 (η2 = 0.059), and Cohen’s d = 0.8 
(η2 = 0.138) correspond to small, medium and large effect sizes 
respectively (Hu, 2010).

Results

Assessment of common method bias

Because the measurement method in this study comprised only 
questionnaire surveys, we used the Harman single-factor test to assess 
common method bias. The results show that the number of common 
factors for extracting feature roots >1 was 32, and the first common 
factor explained 18.732% of the total variation. This value was less 
than the 40% threshold standard, indicating that there was no serious 
common method bias.

Psychological differences between 
referees in national versus international 
leagues and across leagues

Independent sample T-tests were used to assess differences in 
coping style, mood state, psychological resilience, and frustration 
tolerance of basketball referees working at the national vs. 
international level. The results indicated that psychological 
resilience among international referees was better than that 
among national referees (t = 2.571, p < 0.05, Cohen’s d = 0.56), but 
there was no significant difference in coping styles, mood state, or 
frustration tolerance between the international and national 
referees (Table 2).

Single factor analysis of variance was used to compare the 
differences in psychological resilience, coping style, mood state, and 
frustration tolerance of referees in different types of competitions. The 
results showed that mood state for referees in the CBA league was the 
same as that for referees in the WCBA, NBL, and other leagues 
(F = 2.818, p < 0.05, η2 = 0.023). By contrast, frustration tolerance for 
referees in the CBA league was superior to that for referees in the 
WCBA, NBL, and other leagues (F = 4.386, p < 0.01, η2 = 0.035). There 
was no difference in coping style and resilience among the referees 
across the various leagues (Table 3).
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Correlations among coping style, 
psychological resilience, mood state, and 
frustration tolerance

Correlation analysis was used to analyze the relationships among 
the psychological variables. The results showed that coping style was 
negatively correlated with psychological resilience but positively 
correlated with mood state and frustration tolerance. Mood state was 
negatively correlated with psychological resilience but positively 
correlated with frustration tolerance. Psychological resilience was not 
correlated with frustration tolerance (Table 4).

Regression analysis for coping style, mood 
state, age, referee grade, referee type, and 
referee period

We assessed the predictive effect of the independent variables on 
the dependent variables. On the basis of previous studies, we included 
age, referee grade, referee type, and referee period as control variables. 
For the control variables, the results of hierarchical regression showed 
that coping styles significantly and positively predicted mood state 
(β = 0.568, p < 0.001). The higher the level of coping style, the more 
stable was the mood state. However, only when age was used as a 
control variable was the result statistically significant, indicating that 
age was an important control factor for coping style to affect mood 
state (Table 5).

Intermediary roles of frustration tolerance 
and psychological resilience

We used the SPSS macro program Process compiled by Hayes and 
selected Model 4  in Templates to analyze the parallel mediation 
model. Coping style was the independent variable, psychological 
resilience and frustration tolerance were intermediary variables, and 
mood state was a dependent variable. The results showed that coping 
style had a negative predictive effect on psychological resilience 
(β = −0.30, p < 0.01), a positive predictive effect on frustration 
tolerance (β = 0.38, p < 0.01), and a positive predictive effect on mood 
state (β = 0.33, p < 0.01). In addition, psychological resilience had a 
negative predictive effect on mood state (β = −0.48, p < 0.01), and 
frustration tolerance had a positive predictive effect on mood state 
(β = 0.27, p < 0.01) (Table 6; Figure 2).

Statistical assessment of the non-standardized effect value 
corresponding to the action path of coping style influencing mood 
state indicated that the bootstrap 95% confidence interval of the total 
indirect and direct effects of coping style and mood state did not 
contain zero; Thus, the coping style of the referees significantly 
predicted their mood state (the effect value was 0.33, accounting for 
56.9% of the total effect). This result was consistent with our first 
hypothesis. Moreover, the two intermediary variables psychological 
resilience and frustration tolerance have intermediary effects between 
coping style and mood state. The parallel mediation consisted of two 
indirect effects: (1) an indirect effect was produced by the path of 
coping style → psychological resilience → mood state. Its bootstrap 
confidence interval did not contain zero, indicating that psychological 
resilience had a significant mediating effect between coping style and 
mood state (the effect value was 0.14, accounting for 24.2% of the total 
effect). This result was consistent with our second hypothesis. (2) 
Another indirect effect was produced by the path of coping style → 
frustration tolerance → mood state. Its bootstrap confidence interval 
did not contain zero, indicating that frustration tolerance had a 
significant intermediary effect between coping style and mood state 
(the effect value was 0.11, accounting for 18.9% of the total effect). 
This result was consistent with our third hypothesis. The intermediary 
role of psychological resilience was greater than that of frustration 
tolerance (Table 7).

Discussion

Relationship between coping style and 
mood state of high-level basketball 
referees

The results of this cross-sectional survey study showed that the 
coping style of basketball referees positively predicted their mood 
state, which was consistent with our first hypothesis and with 
previous research results (Kardum and Hudek-Knežević, 1996). 
Whether an individual has psychological problems with negative 
emotions, such as depression and anxiety, after encountering a 
stressful event depends mainly on two aspects: the attributes of the 
event itself and the individual’s psychological susceptibility (Taylor 
et al., 1990). Psychological susceptibility includes having a negative 
cognitive tendency and cognitive process deviations from the norm, 
which emphasizes that an individual’s susceptibility quality is 

TABLE 3 Psychological resilience, coping style, mood state, and 
frustration tolerance among referees across different leagues.

Sum of 
squares

Degrees 
of 

freedom

Mean 
square

F

Coping style 142.786 3 47.595 0.507

Mood state 3622.366 3 1207.455 2.818**

Frustration 

tolerance
4282.52 3 1427.507 4.386**

Psychological 

resilience
1913.315 3 637.772 2.452

**p < 0.01. F: Ratio of mean square between groups to mean square within groups.

TABLE 2 Coping Style, mood state, psychological resilience and 
frustration tolerance of referees at national vs. international levels.

Variable International 
level (n = 29)

National 
level 

(n = 335)

t p

Mean ± SD 
score

Mean ± SD 
score

Psychological 

resilience 76.17 ± 11.31 68.16 ± 16.44 2.571 0.011

Coping style 29.52 ± 8.29 32.1 ± 9.76 −1.381 0.168

Mood state 103.86 ± 21.56 111.28 ± 20.72 −1.843 0.066

Frustration 

tolerance 82.28 ± 17.02 80.08 ± 18.41 0.619 0.536

13

https://doi.org/10.3389/fpsyg.2023.1096649
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Wang et al. 10.3389/fpsyg.2023.1096649

Frontiers in Psychology 06 frontiersin.org

activated in a specific environment. Among susceptibility qualities, 
coping style receives the most interest. Relevant research shows that 
when individuals encounter a stressful event, if they cannot 
effectively cope with the pressure brought about by a related event, 
they are prone to have negative emotions, such as depression and 
anxiety (Dyrbye et al., 2006; Min et al., 2013). Job burnout and 
negative emotions based on the individual’s thoughts, emotions, 
behaviors, and personality characteristics reflect the level of their 
psychological flexibility. Individuals are affected by experience and 
other factors. Even when stressors are similar, an individual may 
use different coping strategies to deal with stress cognitive 
reappraisal at different times. During basketball matches, referees 
are typically in a highly stressed state. Having a positive coping 
styles helps referees calmly face various disturbances in the game, 
ensure the stability of his or her state of mind, and thus facilitate the 
orderly progress of the game. When basketball referees are facing 
pressure situations and self-perception decisions, their coping style 
may enable them to make intentional or unintentional attempts to 
adapt to the high-pressure environment or situation. Influenced by 
past experience, positive adaptation may help individuals avoid 
psychological crisis. Therefore, basketball referees with good coping 
styles can maintain a good state of mind to a certain extent and 
ensure the fairness and justice of the game.

The mediating effects of frustration 
tolerance and psychological resilience 
among high-level basketball referees

This study found that the influence of coping styles on the mood 
states of high-level basketball referees was mainly realized through 
frustration tolerance and psychological resilience, both of which 
played an intermediary role between coping styles and mood states. 
Research shows that most basketball referees believe that a good 
pre-match meeting and communication with coaches, players, and 
peers effectively relieves their own psychological pressure while they 
are refereeing and that a good pre-match meeting and communication 
are also effective ways to deal with emergencies on the court (Wang, 
2011). The frustration of basketball referees mainly comes from 
interference of family, life, work, coaches, players, fans, and spectators 
as well as the pressure of public opinion (Warner et al., 2013; Ridinger 
et al., 2017; Webb et al., 2020; Tingle et al., 2021). These setbacks 
require basketball referees to have better setback tolerance. If setback 
tolerance is low, it will have a negative psychological impact on the 
referees, which may easily lead to their unfairness on the court. Studies 
have found that individuals who show more positive attitudes, coping 
styles, and tenacity will also have higher resilience to setbacks (Si et al., 
2022). Adopting a positive coping style may offset or avoid the 
negative impacts of setbacks or may even turn setbacks into favorable 
factors. Adopting a negative coping style will not eliminate the 
negative impact of setbacks but may actually strengthen their impact 
(Chen, 2008). In addition, Massey et al. (2009) found that individuals 
with lower anti-frustration abilities experience a stronger sense of 
frustration, lower sense of happiness, and higher negative emotions 
(Zhou et al., 2020). By contrast, the stronger the anti-frustration ability 
of adolescents, the less depressive symptoms they have and the more 
positive emotions they experience, thus improving their mood and 
their state of mind. In addition to this, the sense of community 
between referees could confirm the findings of this study, which is 
consistent with previous research (Kim et al., 2022). In the present 
study, frustration tolerance scores were high, indicating that basketball 
referees had a good frustration tolerance to adjust a negative state of 
mind. Good setback tolerance helps referees develop a strong will and 
maintain a positive state of mind, enabling them to have good 

TABLE 4 Correlations among coping style, psychological resilience, 
mood state, and frustration tolerance.

Mean SD 1 2 3 4

Coping style 31.89 9.68 1

Psychological 

resilience
68.8 16.23

−0.180** 1

Mood state 110.69 20.86 0.267** −0.412** 1

Frustration 

tolerance 80.26 18.3 0.203** −0.053 0.291** 1

**p < 0.01. SD, standard deviation; 1: Coping style, 2: Psychological resilience, 3: Mood state, 
4: Frustration tolerance.

TABLE 5 Hierarchical regression results.

Variable Model 1 Model 2 Model 3 Model 4 Model 5

E STE E STE E STE E STE E STE

Intercept 92.31 106.5 95.42 94.68 93.04

Coping style 0.576 0.267 0.585 0.271 0.573 0.266 0.568 0.263 0.568 0.263

Age −0.39 −0.13 −0.39 −0.13 −0.36 −0.12 −0.45 −0.14

Referee grade 6.004 0.078 4.226 0.055 5.048 0.066

Referee type 1.082 0.059 1.538 0.084

Referee period 0.287 0.063

R2 0.071 0.088 0.094 0.097 0.099

F 27.823*** 17.328* 12.399 9.587 7.864

ΔR2 0.071 0.016 0.006 0.003 0.002

ΔF 27.823 6.416 2.408 1.137 0.974

E, coefficient; STE, standardized coefficient. *p < 0.05; ***p < 0.001.
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adaptability during matches and to avoid anger and trouble caused by 
negative states of mind. Therefore, frustration tolerance plays a 
mediating role in the influence of coping styles on the state of mind in 
high-level basketball referees.

Increased individual resilience is due to the use of problem-
solving and help-seeking coping styles, with a decreased use of 
fantasy and patience-coping styles. Problem-solving and help-
seeking coping styles may be  important protective factors in 
promoting the development of resilience, and a good emotional 

state is a positive influence on psychological resilience and coping 
styles. Emotioncy is a blend of the terms emotion and frequency 
and is commonly defined as sense-induced emotions that can 
relativize cognition. According to emotioncy, “individuals can 
be exvolved (hearing and seeing something) and involved (direct 
experience of something)” (Pishghadam et al., 2016). The level of 
emotioncy affects resilience and coping strategies. Depending on 
whether individuals are exvolved or involved in something changes 
their degree of resilience. The higher the level of emotioncy, the 

TABLE 6 Comparison of the statistical significance of path coefficients.

Path β SE Bias-corrected 95% CI

Lower limit Upper limit

Coping style → Psychological resilience −0.3 0.087 −0.473 −0.132

Coping style → Frustration tolerance 0.38 0.097 0.192 0.575

Psychological resilience → Mood state −0.48 0.059 −0.594 −0.362

Frustration tolerance → Mood state 0.27 0.053 0.171 0.378

Coping style → Mood state 0.33 0.101 0.128 0.526

β, standardized regression coefficient; SE, standardized error.

FIGURE 2

Parallel mediation model of coping style and mood state. ***p < 0.001.

TABLE 7 Mediation effects and quantity tests.

Path Effect value Effect size Bias-corrected 95% CI

Lower limit Upper limit

Coping style → Psychological 

resilience → Mood state
0.14 24.20% 0.038 0.257

Coping style → Frustration 

tolerance→ Mood state
0.11 18.90% 0.352 0.199

Indirect effect 0.25 43.10% 0.110 0.395

Direct effect 0.33 56.90% 0.128 0.526

Total effect 0.58 100% 0.361 0.791
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more probable emotioncy might be  (Pishghadam et  al., 2016). 
Individuals with strong coping styles continually strengthen their 
cognitive self-regulation and evaluation when dealing with negative 
events so as to adopt a positive perspective when facing diseases, 
establish a self-protection mechanism, and enhance internal anti-
stress factors and psychological resilience (Friedberg and Malefakis, 
2018). Sun et al. (2018) reported that the stronger an individual’s 
ability to resist pressure and adversity, the more stable and even 
positive the psychology in a disease period. State of mind contains 
positive psychological resources that are crucial for successful 
experiences and mental health, while resilience is related to a 
positive and optimistic state of mind, effective coping strategies, 
and positive results in education and mental health. The relationship 
between resilience and mood state can be  understood through 
common genetic factors or non-common environmental factors. 
Riolli et al. (2010) found that state of mind is closely related to 
psychological resilience, and a positive state of mind better predicts 
psychological adjustment. In the face of adversity, individuals 
identify stressful stimuli, mobilize their own psychological 
resources that can cope with the stimuli, generate emotions, enter 
the stress process through cognitive evaluation, and finally reach an 
adaptive level of behavior (Min et al., 2013). Thus, psychological 
resilience is a mediating variable that indirectly predicts individual 
mood state.

As already mentioned, psychological resilience and frustration 
tolerance have some similarities. Individuals with high 
psychological resilience may reduce psychological distress caused 
by frustrating events through their flexible adjustment abilities. 
The study of psychological resilience originates from a study of 
children in adversity (experiencing setbacks). Researchers 
believed until the 1980s that adversity was disadvantageous to the 
development of children, with development following a linear 
model of adversity (frustration) leading to pressure, leading to 
maladjustment (Zhou and Cai, 2013). In the 1980s, researchers 
found that the model of development for children in adversity was 
not straight but curved: in the face of different setbacks, some 
children’s development was greatly limited, whereas other 
children’s development was very good, even beyond the normal 
level. Garmezy (1993) stated that people with high levels of 
resilience maintain strong competitiveness and adaptability in 
setbacks and can recover from setbacks without being defeated. 
Psychological resilience is a type of tolerance in personality traits, 
and tolerance belongs to psychological resilience in personality 
structure. Therefore, psychological resilience and frustration 
tolerance play parallel mediating roles in coping styles affecting 
mood states. The emo-sensory load may be an important variable 
in this study, just as the participants’ emotional sensory load also 
contribute to coping strategies, but this was not explored in the 
present study (Pishghadam and Shayesteh, 2017; Akbari and 
Pishghadam, 2022; Naji et  al., 2022; Pishghadam et  al., 2022). 
Individuals mostly do not pay attention to the emotional load of 
their own experiences, an issue that has been investigated in other 
studies (Pishghadam et al., 2019; Chang and Sun, 2021). Thus, our 
findings suggest that when training high-level basketball referees, 
increasing the psychological indicators related to the coping styles 
and psychological resilience of high-level basketball referees can 
avoid their large emotional fluctuations and improve their 
accuracy in judging when facing unexpected events on the court.

Study limitations

This was a cross-sectional study and thus has limitations typical 
to that type of study. In the future, long-term follow-up studies 
should be conducted to confirm and extend our findings. Based on 
previous relevant research investigating coping style and mood state 
of high-level basketball referees in China, this study explored 
predictive results, analyzed mechanisms underlying the mood state 
of referees, and provided empirical research for exploring causality. 
However, the psychological variables assessed in this study do not 
include all the psychological activities of basketball referees and do 
not reveal causal relationships. Therefore, future research, should 
improve on our methods by using longitudinal studies to study 
participants over time and more deeply explore the factors that affect 
the psychological mechanisms of referees and that may reasonably 
explain any causal relationships. Although the variables selected in 
the present study are psychological reactions of referees in general, 
the psychological level of high-level basketball referees may be quite 
different. In the future, high-level referees should be interviewed 
first, and more comprehensive psychological indicators should 
be selected to make the results more compelling.

Conclusion

The findings of this study showed that the coping style of high-
level basketball referees in China was positively correlated with 
psychological resilience, frustration tolerance, and mood state, such 
that the higher the level of coping style was, the higher the level of 
psychological resilience, the higher the level of frustration tolerance, 
and the better the mood state. Psychological resilience and 
frustration tolerance played parallel intermediary roles between 
coping style and mood state of these basketball referees. Coping style 
had an indirect impact on mood state through psychological 
resilience and an indirect impact on mood state through frustration 
tolerance, with the intermediary effect of psychological resilience 
playing a greater role than the intermediary effect of frustration 
tolerance. These findings suggest that when training high-level 
basketball referees, increasing the psychological indicators related to 
the coping styles and psychological resilience of high-level basketball 
referees can avoid their large emotional fluctuations and improve 
their accuracy in judging when facing unexpected events on 
the court.
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The Athletic Intelligence Quotient 
and performance in the National 
Basketball Association
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Prior to selecting an NBA player, teams consider multiple factors, including 
game film and tests of agility, strength, speed, anthropometry, and personality. In 
recent years, as the other major professional sports have begun to place greater 
emphasis on the measurement of cognitive abilities, so too have representatives 
in the NBA. In this study, the predictive validity of an empirically-supported 
measure of cognitive ability (AIQ) was examined vis-à-vis performance outcomes 
in the NBA. Specifically, AIQ scores were obtained from 356 NBA prospects 
prior to their draft between 2014 and 2019. The players’ professional status and 
subsequent performance were assessed through composite and isolated NBA 
statistics. ANOVAs demonstrated that there were significant differences between 
NBA and non-NBA players, and subsequent independent samples t-tests revealed 
that NBA players had significantly higher AIQ scores than non-NBA players for 
3 out of 4 factors and the Full Scale AIQ Score. Additionally, using hierarchical 
multiple regression analyses, it was demonstrated that the AIQ predicted some 
modest statistically significant relationships with multiple NBA stats (e.g., Player 
Efficiency Rating, Effective Field Goal Percentage), after controlling for the impact 
of draft placement. While the effect sizes for these differences and relationships 
were somewhat small, such findings are consistent with sport analytics and the 
restricted range when evaluating professional athletes. Given the expanding role 
of analytics and cognitive assessment in the NBA, the potential importance of the 
AIQ is considered in the draft process.

KEYWORDS

NBA, NBA draft, basketball, intellectual ability assessment, AIQ, Athletic Intelligence, 
athletes, cognitive abilities

Introduction

Basketball ranks among the top sports in both the United States and the world in terms of 
participation rate (Hulteen et al., 2017). In addition to being one of the most popular sports, 
basketball is also one of the most profitable. Each of the 30 organizations in the NBA is valued 
at greater than $1 billion. As of 2020, player contracts (12–15 per team) totaled approximately 
$100 million annually, with a plurality of the money often being devoted to superstars, who may 
account for up to 35% of a team’s salary cap each. Success is typically measured in wins and 
losses, and never was that clearer than in 2019 when the value of the Toronto Raptors increased 
by an incredible 25% following their first NBA championship (Badenhausen, 2020).
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Identifying talent early in players’ careers is critical for NBA 
organizations, and the draft offers each team an annual opportunity 
to improve their roster and build for the future. Navigating the inexact 
science of player selection is of premium interest to scouts, general 
managers and other front office personnel. To this end, organizations 
spend a great deal of time and resources finding novel ways to predict 
the future abilities of both young athletes and free agents in an effort 
to successfully build and bolster their rosters.

College basketball performance

Players’ college basketball performance is perhaps the most 
readily available source of data for NBA teams to consider. In addition 
to reviewing game statistics, NBA scouts and other team 
representatives attend games and watch detailed footage of players to 
try to project how they might fare in the NBA. Research on the effects 
of college basketball performance on subsequent NBA performance 
suggests that there is good reason to place emphasis on their past 
performance. For instance, according to Moxley and Towne (2015), 
the “percent of college win shares” in a player’s final season was 
significantly correlated with NBA win shares in each of a player’s first 
three seasons in the NBA, with moderate correlation coefficients.

Although this factor appears to be  a significant predictor of 
subsequent NBA performance, one of the challenges of quantifying 
college performance is determining the impact of college quality 
(Moxley and Towne, 2015). That is, some college teams and 
conferences play at a higher level than others. Thus, a player averaging 
25 points per game for Duke University is likely to be different from a 
player who averages 25 points per game for Iona College.

Another challenge when evaluating prior college basketball 
performance is that there may be a limited sample of game play to 
evaluate. Although some players play multiple seasons in college, 
basketball is unique in that players can declare for the NBA draft at 
19 years old. Therefore, some of the best players in a given draft year 
may only have a year or two of college basketball experience for teams 
to consider. In fact, out of the 58 draft picks in the 2022 NBA draft, 21 
played only 1 year of college basketball (Breaking Down the NBA 
Draft by College Experience, 2022).

Assessment of physical skills and 
anthropometry

The NBA Draft Combine is an annual event designed to examine 
the league’s top prospects by testing athletes’ anthropometry, strength, 
agility, and shooting skills, with teams also conducting medical 
examinations and interviews with prospective players. The current 
format for the Combine was developed by the National Basketball 
Coaches Association (NBCA) testing committee in 2000, allowing for 
standardized performance testing and leading to more efficient talent 
evaluation (Milan et al., 2019). Each drill or measurement was selected 
to represent the most valid and reliable assessment available of 
basketball performance and the physical qualities that underpin 
success in this sport (Teramoto et al., 2018).

In the past 20 years, the NBA Combine has become an important 
date for agents, players, and front office staff alike. Anecdotal reviews 
of players are highly prevalent, particularly in the media, and physical 

metrics and performance can generate considerable interest. However, 
empirical research on the predictive validity of these measurements is 
inconsistent. For instance, Ranisavljev et al. (2020) found that NBA 
Combine physical assessments showed only low to moderate 
correlations with basketball performance variables within a player’s 
first season. The highest correlation was reported between upper body 
strength and the number of rebounds and blocked shots a player 
would garner. Similarly in 2015, Moxley and Towne reported that 
physical anthropometry played an insignificant role in success in the 
NBA. Further, in a detailed analysis of the NBA Combine metrics 
from 2000 to 2005, Teramoto et al. (2018) indicated that only the 
anthropometric data, labeled as ‘length-size’ was a significant predictor 
of on-court performance in first and third-year players.

Conversely, others have found a variety of significant relationships 
between the results of physical testing and future performance. 
Specifically, low body fat percentage and leaping ability showed 
potential to predict defensive abilities in players. Additionally, lateral 
quickness was an important indicator of the ability to steal the ball 
from opposing players (Huyvaert et al., 2015).

One significant factor that limits the discriminability of physical 
assessments, however, is range restriction, as there tends to be great 
parity in physical skills when comparing the top players in sports 
(Bergkamp et  al., 2019). This undoubtedly makes comparisons of 
physical skills/attributes among potential lottery picks more 
challenging. However, this may be less problematic when looking at a 
broader and more diverse range of players. In a recent study by Cui 
et al. (2019), comparisons were made among drafted and undrafted 
players who participated in the NBA Draft Combine tests from 2000 
to 2018. The drafted players from all five positions had significantly 
higher scores than undrafted players in height, wingspan, vertical 
jump height and reach, line agility, and three-quarter sprint test (Cui 
et al., 2019).

Although physical assessments and anthropometry certainly 
represent one piece of the puzzle, in terms of success in the NBA, these 
metrics alone clearly do not account for differences in performance. 
For instance, using only these kinds of metrics would not explain 
outliers such as Kevin Durant, who was unable to perform even a 
single repetition on the upper body strength test (bench press) yet 
went on to average 4.5 rebounds and nearly one block a game during 
his rookie year (Gleeson, 2017). More impactful still, Durant is 
considered a generational talent in his own right and is in the NBA’s 
top  10 all-time player efficiency ratings (PER), per Basketball 
Reference (2020).

As the case of Durant illustrates, a player’s success in the league is 
driven by more than pure athleticism and feats of strength. While the 
current research does show some statistically significant relationships 
between certain physical tests and measurements and subsequent 
NBA performance, there remains a lack of consensus on which 
physical capacities tested can spotlight career success. Moreover, there 
appears to be a significant amount of variance in NBA performance 
that may be explained by other factors.

Psychological assessment in sports

The psychological attributes of athletes represent an area that has 
consistently been acknowledged but typically not measured with 
fidelity within the selection process. Research has been conducted on 
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various aspects of an athlete’s psychological makeup for over 40 years. 
As early as the late 1970’s, investigators such as Morgan and his 
associates pioneered work in the profiling of an athlete’s mood state 
(Nagle et  al., 1975; Morgan and Johnson, 1978; Morgan, 1985). 
Measures such as mood profiling are typically administered as a way 
to quantify the training response of an athlete. While mood has been 
shown to be a performance predictor, it must be noted that the time 
frame of assessment holds a major influence, which limits the utility 
of the results (Terry et al., 2005).

Other common psychological tools used in training contexts 
among athletes are the Emotional Recovery Questionnaire, the Total 
Quality Recovery Scale, the Daily Analyses of Life Demands for 
Athletes, the Recovery-Stress Questionnaire, the Acute Recovery and 
Stress Scale, the Short Recovery and Stress Scale, and the Multi-
Component Training Distress Scale (Nässi et al., 2017). Each of these 
tests has shown the capacity to deliver valuable information for 
athletes and coaches, but they are all simply monitoring assessments 
used for observing phenomena such as changes in mood, emotions, 
levels of perceived stress, recovery, and sleep quality. While these tools 
may be helpful for guiding training interventions, psychometrics from 
tools such as these do not aid in predicting long term achievements or 
differentiating between elite and average athletes.

Despite their frequent use in the athletic realm, many 
psychological assessments suffer from issues of validity in a selection 
context, stemming from the fact that the tools available to most 
practitioners are based on self-reported measures. The limitations of 
self-reported assessments may be  attributed to the unknown 
motivations behind how individuals choose to answer questions, 
including biases associated with social desirability and the consistency 
motif (Park et al., 2016). Though there are certainly informative and 
valid self-report measures of mood state, perceived stress, personality, 
and other psychological factors that have demonstrated utility in a 
variety of contexts, the use of such measures for selection purposes in 
sports, in particular, is more fraught.

Measurement of cognitive functioning in 
sports

The relationship between cognitive skill and athletic performance 
has been an area of study for over 40 years. Investigations in this area 
have revealed that expertise in sport is underpinned by perceptual and 
cognitive skill as well as the capacity to execute effective patterns of 
movement. It has been reported that experts differ from novices across 
a spectrum of perceptual and cognitive measures such as enhanced 
capacity in recalling and recognizing patterns of play as well as a 
heightened ability to use advanced visual cues to anticipate an 
opponent’s actions (Williams et al., 2003). Additionally, elite athletes 
have shown a significant advantage in aspects of executive functioning 
(Jacobson and Matthaeus, 2014).

Within the field of cognitive assessment research in sports, the 
expert performance approach is performed in an environmentally 
valid context wherein displays of sport-specific skills are designed to 
simulate the context of sport. While athletes have shown increased 
cognitive output compared to non-athletes in this context, the athlete’s 
superior knowledge operating in this environment may confound the 
results (Voss et al., 2010). For instance, some measures may utilize 
real-life basketball scenarios in their assessment of cognitive 

functioning, thereby creating an uneven playing field based on factors 
such as experience and general basketball knowledge. This is an 
especially important limitation to consider in the selection process for 
the NBA, where players can potentially start in the league at the age of 
19, with much skill development still to come. Ultimately, being able 
to distinguish between acquired sport knowledge and skills from more 
fundamental cognitive abilities is critical because it is the latter which 
allows athletes to develop and perform sport-specific skills (Voss 
et al., 2010).

By contrast to the expert performance approach, the cognitive 
component skill approach instead seeks to determine the relationships 
among specific cognitive variables, measured in a neutral context, and 
sport performance. In the expert performance approach, there has 
been considerable research indicating that multiple aspects of 
cognitive functioning affect sport performance. In fact, based on 
growing research in this area, some have argued that the cognitive 
domain may be a determining factor distinguishing elite athletes (i.e., 
“playmakers”) from non-elite athletes (Zaichkowsky and 
Peterson, 2018).

Perhaps the most well-known test of intelligence in sports is the 
Wonderlic Personnel Test, which provides a measure of general 
mental ability (Solomon and Kuhn, 2014). The Wonderlic focuses 
primarily on the measurement of vocabulary, reading comprehension, 
and mathematical ability, which are all learned skills. Although the 
Wonderlic’s areas of focus are pertinent in many fields, they have 
consistently demonstrated a lack of predictive validity vis-à-vis sport 
performance (Outtz, 2002; Mirabile, 2005; Berri and Schmidt, 2010). 
An unfortunate conclusion from these findings has been that 
intelligence may not be important in sports (Lehrer, 2009). Although 
not all intellectual abilities may be relevant to sport, some aspects 
appear to be critical to an athlete’s success.

Cattell-Horn-Carroll theory

Historically, intelligence was considered to represent a single 
general factor referred to as “g;” however, research-backed 
contemporary theories now include multiple types of intelligence 
(Schneider and McGrew, 2018). Of all the competing theories, the 
Cattell-Horn-Carroll (CHC) theory of cognitive abilities has the most 
support for its foundational principles (Flanagan et  al., 2013). 
Consisting of an evidence base that includes developmental, 
neurocognitive and factor analytic research, CHC has been 
investigated widely and utilized across a variety of fields (Schneider 
and McGrew, 2018).

Through its vast underpinning of empirical support, CHC 
theory has provided a foundation for widespread revisions of 
notable intelligence and academic achievement tests such as the 5th 
Edition of the Wechsler Intelligence Scales for Children (Alfonso 
et al., 2005; Flanagan et al., 2013). Up to 18 broad cognitive abilities 
have been identified within CHC Theory, each of which is 
composed of several narrow abilities (Flanagan et  al., 2006). 
Grounded within the CHC theory, there appear to be several broad 
intellectual abilities that are germane to the world of athletics. 
Specifically, the four broad CHC abilities of Visual Spatial 
Processing, Long-Term Storage and Retrieval, Reaction Time, and 
Decision-Making are all bespoke for the demographic of sports 
(Bowman et al., 2020). Additionally, the application of CHC theory 
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potentially provides a common language for all coaches, athletes, 
and practitioners to facilitate the discussion of an individual’s 
cognitive strengths and weaknesses. Through this polyglottic 
framework and empirical foundation, conclusions about an athlete’s 
intellectual makeup can be drawn with confidence. However, as yet 
CHC theory has not been applied to the assessment of elite 
basketball athletes.

The Athletic Intelligence Quotient (AIQ)

The AIQ was developed to apply CHC theory to the assessment 
of elite athletes by measuring a range of specific cognitive abilities that 
facilitate an athlete’s capacity to optimally visualize their surroundings 
in real-time, learn and recall game information fluently, react quickly 
and accurately to stimuli, and sustain rapid decision making for 
extended periods (Bowman et al., 2020). According to the authors of 
the AIQ, Athletic Intelligence focuses on a specific subgroup of CHC 
abilities, namely visual spatial processing (Gv), learning efficiency 
(Gl), reaction time (Gt), and decision-making (Gs). A fundamental 
difference between the AIQ and other measures that assess general 
mental ability is that it does not include more academic, cognitive 
abilities such as verbal knowledge and quantitative reasoning, though 
the learning efficiency subcategory correlates broadly with the more 
standard measures of intelligence (Bowman et al., 2020).

Due to its ease of implementation, rigorous validation, and broad 
utility based on the foundations of CHC Theory, the AIQ has become 
a psychological assessment of choice for professional athletes. Since 
2012, teams in the National Football League (NFL) and Major League 
Baseball (MLB), in particular, have utilized the assessment and 
research has been undertaken on its predictive validity in these sports. 
During 2015 and 2016, 146 NFL Scouting Combine prospects were 
administered the AIQ (Bowman et  al., 2020). Scores from these 
players’ AIQ performance were then used to predict subsequent 
on-field performance. The results of this investigation showed that 
factors within the AIQ accounted for a statistically significant increase 
in the explanation of variance in position-specific game statistics, such 
as rushing yards per carry. Additionally, significance was also found 
for the overall rating of player success (or weighted career approximate 
value) over other factors like draft order. In a separate study, the utility 
of the AIQ was also demonstrated in a cohort of minor league baseball 
players, as scores on a variety of subtests such as reaction time and 
decision making showed a significant effect on both hitting and 
pitching success (Bowman et al., 2021).

Although the AIQ has been used in the NBA for nearly 10 years, 
this is the first formal research investigation into the relationships 
among AIQ factors and performance outcomes in the NBA. Through 
the application of the AIQ to a large population of both NBA and 
other professional basketball players, our goal was to follow the 
cognitive component approach to clarify the role that specific 
cognitive abilities play in elite basketball.

Hypotheses

Considering the body of existing research on cognitive 
functioning and sport performance, we  proposed the 
following hypotheses:

H1: NBA players would have significantly higher scores than 
non-NBA players (i.e., International, G League) on the 4 factors 
of the AIQ (i.e., visual spatial processing, long-term storage and 
retrieval, reaction time and decision-making) and the Full Scale 
AIQ Score (FS-AIQ).

H2: Undrafted players who made it to the NBA would have 
significantly higher scores than non-NBA players on the 4 factors 
of the AIQ plus the FS-AIQ Score.

H3: The 4 factors of the AIQ would account for a statistically 
significant increase in the explanation of variance in specific NBA 
basketball statistics (i.e., points per game, free throw percentage, 
turnovers per game) beyond draft round.

H4: The 4 factors of the AIQ would account for a statistically 
significant increase in the explanation of variance in composite 
NBA basketball statistics (i.e., Player Efficiency Rating, Effective 
Field Goal Percentage (eFG%), Passing Efficiency) beyond 
draft round.

Methods

Participants

Three hundred and fifty-six NBA prospects were administered the 
AIQ between 2014 and 2019 at the NBA Combine. Of these, 227 
players have some NBA experience (labeled NBA-only) while 129 
possess some professional basketball experience below the NBA level 
(non-NBA). The following position players were included in this 
study: PG (n = 97), SG (n = 85), SF (n = 72), PF (n = 67), C (n = 35). 
Participation in the study was voluntary. Data were collected from 
individual players with their written consent, as part of the standard 
NBA draft evaluation process. Additionally, only anonymized data 
were accessed and used for this study.

Instruments

Athletic Intelligence Quotient
The AIQ is a cognitive ability assessment composed of 10 subtests. 

During the time frame of this study, it was computer-administered by 
a software program on a 10.1” Samsung Galaxy Tab, running the 
Android Operating System. The AIQ subtests are presented in a fixed, 
successive order, with audio/visual instructions, practice problems, 
and feedback provided before the start of each task. The administration 
time for the AIQ generally ranges from 35 to 38 min.

The AIQ was designed to register a Full Scale AIQ score as well as 
scores across four main CHC factors: visual spatial processing, 
reaction time, decision-making, and learning efficiency. Although 10 
subtest scores can be interpreted, only the Full Scale AIQ Score and 
the 4 factors were analyzed and included in this study, in order to 
minimize Type I error.
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Each of the AIQ tasks was designed to minimize the impact of 
language, culture, formal education, and proficiency with technology. 
Thus, responses are generally made by simply tapping the chosen 
response choice on the screen. For instance, on a measure of visual 
spatial processing, individuals are asked to manipulate/rotate images 
in their minds to see how they would look under different 
circumstances. In particular, examinees are presented with a given 
target shape and they must decide whether the shapes below it are the 
same (only rotated) or are different and would need to be flipped over 
to look the same. The players select the shapes by touching the ones 
that are the same. For detailed information about each of the subtests 
and cognitive abilities measured by the AIQ, please refer to Bowman 
et al. (2021).

Procedures

The assessment protocol was briefly described before participants 
were asked to provide informed consent. This included their right to 
discontinue the assessment at any time. When the athletes arrived at 
the evaluation room, they were individually led to a station by a 
trained administrator who briefly explained the testing procedures. 
Next, an examiner initiated the computer program on the tablet for 
the participants and presented them with headphones for 
audio instructions.

Statistical analysis

Statistical analysis was completed using de-identified players 
codes rather than names (e.g., NBA1 or NNBA23) to ensure that the 
results of the study were free from bias or subjective associations. All 
statistical analyses described were completed using SPSS (IBM).

Results

A total of 356 professional basketball players were administered 
the AIQ, including 227 current or former NBA players and 129 players 
with no NBA experience, composed of a mix of international and 
G-League players. Additionally, of the 227 NBA players, 155 were 
drafted players while the remaining 72 players were undrafted but 
eventually played in the NBA.

AIQ score differences for NBA drafted, NBA 
undrafted, and non-NBA players

Each AIQ factor is reported as a standard score configured like IQ, 
with a mean value of 100 and standard deviation of 15. Athletes’ AIQ 
scores were examined across the four broad CHC factors of visual 
spatial processing, reaction time, decision-making, and learning 
efficiency, utilizing a series of parallel univariate one-way ANOVAs as 
a function of non-NBA players, undrafted NBA players, and drafted 
NBA players. Given the AIQ scoring, values obtained from the players 
for all four factors were normally distributed, with the bulk of scores 
falling between 70 and 130. Table 1 shows the mean differences in 
scores between the three groups across the four broad CHC factors. 

The univariate ANOVA for visual spatial processing revealed no 
difference across the three groups, F(2,353) = 1.92, p = 0.149, η2 = 0.011, 
but the remaining ANOVAs did yield group differences for reaction 
time, F(2,345) = 5.62, p  = 0.004, η2  = 0.032; decision-making, 
F(2,351) = 3.70, p  = 0.026, η2  = 0.021; and learning efficiency, 
F(2,353) = 4.75, p  = 0.009, η2  = 0.026; respectively.1 Specifically, in 
reaction time, drafted NBA players did better than both undrafted 
NBA and non-NBA players, who were not different from each other.

Further, drafted NBA players had higher decision-making scores 
than non-NBA players, while undrafted NBA players were not 
different from either drafted NBA or non-NBA players. Finally, in 
learning efficiency, both undrafted and drafted NBA players, who were 
not different from each other, had significantly higher scores than 
non-NBA players. Not surprisingly, this pattern across the subscales 
was reflected in the Full Scale AIQ, which also demonstrated that the 
non-NBA players scored significantly lower than the drafted NBA 
players, with the undrafted NBA players between the two groups and 
not significantly different from either, F(2,353) = 6.16, p  = 0.002, 
η2 = 0.034.

Relationship between NBA performance 
and AIQ

NBA performance statistics only exist for NBA players; thus, the 
non-NBA players were subsequently removed from the remaining 
analyses. Additionally, there were a number of players that only had a 
small amount of play, so rather than having their performance metrics 
unduly influence the results, all NBA players who played less than 10 
games were removed from analysis, leaving the final number of NBA 
players at 182. Players were separated into three rounds based on draft 
pick: Round 1 (Pick 1–30), Round 2 (Pick 31–60), and Round 3 
(undrafted). For each of the subsequent basketball performance 
statistics, a parallel hierarchical multiple regression was conducted 
with the performance statistic as the DV and the four AIQ subscales 
as predictor variables, after controlling for draft round.

The following basketball performance measures were analyzed in 
this series of hierarchical multiple regressions: average points scored 
per game (PTS), turnovers per game (TO), Free Throw Percentage 
(FT%), Player Efficiency Rating (PER), Effective Field Goal Percentage 
(eFG%), and Pass Efficiency. The first three measures are considered 
as performance metrics and the latter three as performance composites 
since they required additional calculations involving a number of 
factors. Table  2 presents the descriptive statistics and zero order 
correlations for these 6 performance measures with the four 
AIQ subscales.

Points and AIQ

The overall model for PTS as a function of draft pick round and 
the 4 subscales of the AIQ was significant, F(2,177) = 23.00, p < 0.001, 
R2 = 0.21, but only draft round was a unique contributor, explaining 

1 Differences in df reflect the loss of AIQ data from a handful of players 

randomly distributed across the larger data set.

23

https://doi.org/10.3389/fpsyg.2023.1197190
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Hogan et al. 10.3389/fpsyg.2023.1197190

Frontiers in Psychology 06 frontiersin.org

21% of the variance. This non-significant result for the 4 AIQ 
subscales, paired with the lack of any significant zero-order 
correlations between the 4 AIQ subscales, suggests that non-cognitive 
factors may account for much of the variance in points. The full 
statistics for this analysis are presented in Table 3.

Turnovers and AIQ

The overall model for turnovers as a function of draft pick round 
and the 4 subscales of the AIQ was significant, F(2,179) = 12.46, 
p < 0.001, R2 = 0.18. Draft round explained 15.5% of the variance, but 
visual spatial processing explained an additional 2.5% above and 
beyond the effect of draft pick. Lower scores on visual spatial 
processing were associated with a greater number of TO. Table  3 
shows the trimmed model for this HMR analysis.

Free throw percentage and AIQ

The overall model for FT% as a function of draft pick round and 
the 4 subscales of the AIQ was significant, F(2,177) = 3.25, p = 0.023, 
R2 = 0.05. Draft round was not related to FT%, but learning efficiency 
was a significant unique contributor, explaining 3% past the 
nonsignificant variance explained by draft round. It is worth noting 
that both decision-making and learning efficiency had significant 
positive zero-order correlations with FT%, but only learning efficiency 
had a unique contribution after adjusting for draft round. Higher 

scores on learning efficiency were associated with better FT%. Table 3 
shows the trimmed model for this HMR analysis.

Player efficiency rating and AIQ

The overall model for PER as a function of draft pick round and 
the 4 subscales of the AIQ was significant, F(3,175) = 6.95, p < 0.001, 
R2 = 0.107. Draft round and decision-making were both significant 
unique contributors, explaining 8.6% and an additional 2.1% of the 
variance, respectively. Higher scores on decision-making were 
associated with higher PER values, both in the regression model and 
in the zero-order correlations. Table 4 shows the trimmed model for 
this HMR analysis.

Effective field goal percentage and AIQ

The overall model for eFG% as a function of draft pick round and 
the 4 subscales of the AIQ was significant, F(3,176) = 6.71, p < 0.001, 
R2  = 0.103. Draft round pick and decision-making were both 
significant unique contributors, explaining 3% and an additional 7% 
of the variance, respectively. While reaction time and decision-making 
both had significant positive zero-order correlations with eFG%, only 
decision-making had a unique contribution after adjusting for draft 
round. Higher scores on decision-making were associated with better 
Effective Field Goal percentages. Table 4 shows the trimmed model 
for this HMR analysis.

TABLE 1 Means and standard deviations for 4 CHC factors and full scale AIQ across non-NBA, undrafted NBA, and drafted NBA players.

Visual spatial 
processing
M (SD)

Reaction time
M (SD)

Decision making
M (SD)

Learning efficiency
M (SD)

Full scale AIQ
M (SD)

Non-NBA players 95.9 (10.02) 93.4a (11.70) 97.9a (12.32) 92.7a (13.23) 95.2a (8.40)

Undrafted NBA players 97.9 (8.92) 93.6a (10.48) 100.2a,b (10.68) 96.7b (13.85) 97.32a,b (7.42)

Drafted NBA players 98.1 (9.84) 97.6b (11.04) 101.4b (10.05) 97.4b (12.92) 98.43b (7.60)

* Within each column, different superscripts denote groups that are significantly different from one another at p < 0.05.

TABLE 2 Descriptive statistics and zero-order correlations for performance metrics and AIQ factors (N = 182)1.

M SD Visual spatial 
processing

Reaction time Decision 
making

Learning 
efficiency

PTS 6.30 3.92 −0.09 −0.06 0.05 −0.02

Turnovers 0.84 0.55 −0.15* −0.10† −0.05 −0.04

FT% 71.2% 13.7% −0.08 0.07 0.16* 0.17*

PER 11.34 3.78 0.07 0.02 0.19** 0.02

Pass efficiency 1.70 0.94 0.10 0.07 0.14† 0.07

eFG% 49.3% 7.8% 0.17* 13† 0.30*** 0.12

Visual spatial 

Processing

98.52 9.97 – 0.37*** 0.43*** 0.33***

Reaction time 96.26 10.91 – 0.34*** 0.35***

Processing speed 101.21 9.69 – 0.21**

Learning efficiency 96.98 13.02 –

†p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001.
1All the analyses were pulled from 182 players, but there were one or two cases of missing data at the analysis level. N ranged from 180 to 182 across all the analyses.
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Pass efficiency and AIQ

The overall model for Pass Efficiency, defined more commonly as 
assist to turnover ratio, as a function of draft round and the 4 subscales 
of the AIQ was significant, F(3,176) = 4.51, p = 0.004, R2 = 0.07. Draft 
round and decision-making were both significant unique contributors, 
explaining 4% and an additional 3% of the variance, respectively. 
Higher scores on decision-making were associated with higher pass 
efficiency values. Table  4 shows the trimmed model for this 
HMR analysis.

Discussion

Through the use of an empirically-validated and reliable measure 
of sport-specific intelligence, the role of cognitive abilities was assessed 
vis-à-vis the success of elite basketball players. Historically, NBA draft 
strategy has prioritized college basketball performance, athleticism, 
and anthropometry, in the absence of relevant data surrounding 
players’ cognitive functioning. However, when the evaluation of 
prospect potential is limited to these factors alone, there is room for 
improved prediction. The inclusion of AIQ data in the current study 

TABLE 3 Hierarchical regression of performance metrics as a function of draft pick and AIQ factors.

Step and predictor 
variables

R2 ∆R2 sr2 β SEB

PTS

Step 1 0.20*** 0.20***

 Draft pick round

Turnovers

Step 1 0.16*** 0.16***

 Draft pick round

Step 2 0.18*** 0.02*

 Visual spatial processing −0.14 −0.14 0.004

FT%

Step 1 0.02 0.02

 Draft pick round

Step 2 0.05* 0.03*

 Learning efficiency 0.17 0.17 0.001

†p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 4 Hierarchical regression of performance metrics as a function of draft pick and AIQ factors.

Step and predictor 
variables

R2 ∆R2 sr2 β SEB

PER

Step 1 0.09*** 0.09***

 Draft pick round

Step 2 0.11*** 0.02*

 Decision making 0.15 0.14 0.029

eFG%

Step 1 0.03† 0.03†

 Draft pick round

Step 2 0.10*** 0.07***

 Decision making 0.27 0.27 0.001

Pass efficiency%

Step 1 0.04* 0.04*

 Draft pick round

Step 2 0.07*** 0.03*

 Decision making 0.18 0.18 007

†p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001.
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illustrates that the assessment of sport-specific intelligence contributes 
a modest but potentially important piece of the puzzle in the NBA 
draft process. Modest findings are often the norm in this area 
(Bergkamp et al., 2019), but offer the hope that there are opportunities 
to increase predictive power in the future, whether through better 
measurement, identifying other factors, or important interactions 
between factors.

Players drafted into the NBA were shown to possess higher scores 
across all AIQ factors when compared to their non-NBA counterparts 
(i.e., G League, International). Further, statistically significant 
differences were found between these two groups in 3 of the 4 broad 
categories that compose the AIQ (i.e., reaction time, decision-making, 
and learning efficiency) as well as the Full Scale AIQ Score. 
Additionally, drafted NBA players had significantly faster reaction 
times than either the non-NBA or undrafted NBA players. The effect 
sizes associated with these differences are generally small, but are 
consistent, both across the measures and with other studies that have 
attempted similar analyses for qualities such as anthropometry/
physical skills and NBA performance (Cui et al., 2019), adolescent 
motor and anthropometric variables and subsequent soccer 
performance (Honer et al., 2017), as well as cognitive abilities and 
performance in professional baseball (Bowman et al., 2021). Thus, not 
only do drafted NBA players possess greater physical capabilities 
compared to non-NBA players (Cui et al., 2019), they also tend to have 
greater cognitive capabilities, connoting additional advantage.

Interestingly, differences were also found between undrafted 
players who ultimately made it to the NBA and those who did not. For 
each of the 4 broad factors, scores were higher for the undrafted NBA 
players; however, these differences only achieved statistical significance 
for the learning efficiency factor. Considerable NBA Combine data on 
physical tests and anthropometry indicate that undrafted players tend 
to have lower scores and smaller physical measurements in multiple 
areas (Cui et al., 2019). Thus, players who do not possess these physical 
traits and abilities necessary to be initially selected in the NBA draft, 
but ultimately make it to the NBA, must have some other features that 
help them make it to the league. Our data offers the possibility that 
cognitive abilities may play a role in that compensatory action. For 
instance, if a less physically gifted player possesses superior learning 
efficiency and can learn and recall game information, technique, and 
strategy at a higher level than others, this may contribute to his 
success. Further research is recommended to better identify the 
pattern of physical traits and abilities and cognitive capacities that help 
this group of players exceed expectations.

Looking specifically at players who have made it to the NBA, there 
was a significant correlation between PER and decision-making in 
particular, and the 4 factors of the AIQ accounted for a statistically 
significant amount of variance in this metric beyond draft round in a 
hierarchical multiple regression analysis. Similarly, both decision-
making and visual spatial processing were significantly correlated with 
eFG%, and the 4 factors of the AIQ again explained a significant 
amount of variance in this statistic beyond draft round. In fact, the 
AIQ was more predictive of eFG% than draft placement. Significant 
relationships were also found between AIQ factors and the NBA 
statistics of FT%, Pass Efficiency, and TO, although not points 
per game.

Taken as a whole, the findings from this investigation suggest 
that cognitive ability may be  a differentiator between elite 
basketball players who make it to the NBA and those who nearly 

make it to that level. Once players rise to that highest level of play, 
there may be greater parity, in terms of cognitive processing, just 
as there seems to be for physical ability. However, there appear to 
be certain cognitive factors that correlate with greater success on 
the court. Specifically, players’ decision-making may help them in 
multiple facets in the game, as reflected with the significant 
correlations with PER, eFG%, FT%, and marginal significance 
with Pass Efficiency. For instance, a strength in two-option 
decision-making may enable a player to make the right read in 
pick and roll or pick and pop plays. Similarly, the ability to quickly 
scan the floor for important information and details could help a 
player locate an open teammate when passing to an off-ball 
screening action or identify opposing players as he backpedals 
on defense.

There are also clear bases for the significant correlations found 
between visual spatial processing and reaction time and factors like 
eFG% and turnovers. For instance, strengths in visual spatial processing 
may impact a player’s ability to find efficient routes in transition with or 
without the ball. It could also help them maintain proper floor spacing. 
Additionally, a faster reaction time could help a player get a shot off 
faster under pressure. Each of these advantages could lead to better shot 
opportunities and a decreased likelihood of turning the ball over.

As with all research, there were limitations in the current study. 
Although there certainly appears to be evidence of predictive utility of 
the AIQ in professional basketball, without a direct comparison with 
this sample, we cannot know for sure whether one set of cognitive 
measures is significantly better than another. Additionally, the inclusion 
of other metrics, such as college performance statistics, anthropometric 
measurements, physical tests, and personality inventories may also 
explain some of the variance in the dependent variables considered.

Future researchers should seek to replicate and build on the 
findings herein. There is still much variance in performance left 
unexplained, allowing for models with even greater predictability to 
be determined. With a larger data set, this could potentially be done 
by comparing which of the 10 subtests of the AIQ play the largest roles 
in NBA performance (as opposed to only the 4 broad factors). This 
was not done in the current study in order to minimize the risk of 
Type I error. Closer analysis of the predictive validity of each subtest 
could help tailor cognitive assessments as well as interpretations of 
findings to specific positions, as certain intellectual abilities may 
be more or less impactful depending on the position.

To some degree, one limitation of this study was that it included 
a sample composed of only NBA basketball prospects/players. With 
comparisons being made only among such an elite group of basketball 
players, range restriction may be an issue, just as it is for physical skills 
and attributes (Bergkamp et al., 2019). Indeed, consistent with such 
other findings in evaluating predictors of metrics in professional 
sports where there is known to be a restricted range, the effect sizes of 
the differences and relationships in our study are generally small. 
Thus, future research should be  undertaken to investigate the 
relationships between the cognitive abilities measured by the AIQ and 
performance in basketball for a more diverse group of players, such as 
those ranging from Division I to Division III in NCAA Basketball.

Finally, the dependent variables analyzed in the current study 
appear to adequately represent multiple aspects of NBA performance. 
However, future research may also benefit from the inclusion of other 
NBA metrics, such as Box Plus/Minus (BPM), Value over Replacement 
Player (VORP), and others. Our initial effort to explore these 
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relationships focused on individual level measures, but it is worth 
considering including other common metrics to measure NBA 
performance more comprehensively. Although BPM and VORP are 
highly correlated with PER, their inclusion may lead to a more 
nuanced understanding of the impact of cognitive abilities in the NBA.

In the end, prior college basketball performance as well as 
measures of athleticism and anthropometry will undoubtedly continue 
to be weighed heavily in the talent identification process for the NBA 
– as they should be. However, the current findings suggest that, after 
likely controlling for the impact of college performance, athleticism 
and anthropometry captured by the draft process, differences in 
cognitive abilities contribute a unique, modest piece of the puzzle for 
NBA prospects as they reach the highest echelons in basketball.
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Differences in countermovement
vertical jump force-time metrics
between starting and non-starting
professional male basketball
players
Dimitrije Cabarkapa1*, Damjana V. Cabarkapa1, Jelena Aleksic2,
Nicolas M. Philipp1, Angeleau A. Scott1, Quincy R. Johnson1

and Andrew C. Fry1

1Jayhawk Athletic Performance Laboratory – Wu Tsai Human Performance Alliance, Department of
Health, Sport and Exercise Sciences, University of Kansas, Lawrence, KS, United States, 2Faculty of Sport
and Physical Education, University of Belgrade, Belgrade, Serbia

With force plates being widely implemented for neuromuscular performance
assessment in sport-specific settings and various force-time metrics being able
to differentiate athletes based on their performance capabilities, the purpose of
the present study was to examine the differences in countermovement vertical
jump (CVJ) characteristics between starting and non-starting professional male
basketball players (e.g., ABA League). Twenty-three athletes (height = 199.2 ±

7.7 kg, body mass = 94.2 ± 8.2 kg, age= 23.8 ± 4.9 years) volunteered to participate
in the present investigation. Upon completion of a standardized warm-up
protocol, each athlete performed three maximal-effort CVJs without an arm
swing while standing on a uni-axial force plate system sampling at 1,000 Hz.
Independent t-tests were used to examine statistically significant differences
(p < 0.05) in each force-time metric between starters (n= 10) and non-starters
(n= 13). No significant differences in any of the CVJ force-time metrics of interest
were observed between the two groups, during both the eccentric and
concentric phases of the movement (i.e., impulse, duration, peak velocity, and
mean and peak force and power). Moreover, starters and non-starters
demonstrated similar performance on CVJ outcome (e.g., jump height) and
strategy metrics (e.g., countermovement depth). Overall, these findings suggest
that at the professional level of play, the ability to secure a spot in the starting
lineup is not primarily determined by the players’ CVJ performance characteristics.

KEYWORDS

force, power, impulse, eccentric, concentric, sport, performance, monitoring

1. Introduction

Basketball stands out as a fast-paced team sport characterized by its high-intensity

intermittent nature which requires a combination of technical skills, strategic brilliance,

and exceptional physical conditioning (1, 2). These requirements are particularly evident

during live gameplay where basketball players typically engage in rapid changes in speed

and direction and frequent jumping maneuvers, making neuromuscular performance an

important cornerstone for success in this sport (3). Previous research has documented

that neuromuscular performance characteristics of basketball players can differ based on
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age (4), sex (5, 6), and level of play (7–10). For example, top-tier

basketball teams tend to have a better physiological capacity to

sustain repetitive explosive actions over an extended period

of time compared to lower-ranked teams (11). Similarly,

national-level male basketball players demonstrated greater

isometric midthigh-pull and countermovement vertical jump

(CVJ) peak force when compared to their state-level age-matched

counterparts (10). Moreover, these differences can also be

position-specific (9, 12, 13). A considerably higher absolute leg

muscle strength was found in centers than in guards (12), and

lower reactive strength index, repeated reactive strength ability,

and running vertical jump performance when compared to

forwards and guards (13).

All of the aforementioned distinctions emphasize the

complexity of the game of basketball and the need for in-depth

player assessment to gain a better understanding of factors that

contribute to success in this sport (14). With that in mind, one

of the commonly implemented approaches used to evaluate the

desired sport-specific physiological profile is by comparing

athletes selected to play (i.e., starters) with those on the bench

(i.e., non-starters) (15). So far, only a few studies have

examined differences in various neuromuscular performance

parameters between starters and non-starters in team sports

such as soccer (16), volleyball (17), and rugby (15).

Interestingly, the number of similar research reports pertaining

to the game of basketball is even lower (18, 19). Overall, these

studies tend to display superior neuromuscular performance

characteristics in starters than non-starters, implying a potential

influence of these findings on the selection process of the

team’s starting lineup.

As one of the commonly used testing modalities, the CVJ

performed on force plates allows for non-invasive and time-

efficient neuromuscular performance assessment in a sport-

specific setting, mainly due to the simplicity of the testing

protocol and a variety of force-time metrics that can be obtained

with strong reliability (20–22). Depending on the purpose of the

assessment, these force-time metrics are often used in return-to-

play evaluation (23), monitoring fatigue-induced changes during

practice and/or competition (24, 25), and assessing the athlete’s

overall neuromuscular performance capacities (26). Specifically,

in the game of basketball, the CVJ has been used to monitor

season-long neuromuscular performance changes (27) and

distinguish players based on their jump strategy (28) and playing

position (21). However, there is a lack of scientific literature that

uses in-depth CVJ assessment to differentiate between starters

and non-starters in the game of basketball, especially at the

professional level of competition.

Thus, with force plates being widely implemented for

neuromuscular performance assessment in the basketball-specific

setting and various force-time metrics being able to differentiate

athletes based on their performance capabilities, the purpose of

the present study was to examine the differences in CVJ

characteristics between starters and non-starters within a cohort

of professional male basketball players.
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2. Materials and methods

2.1. Participants

Twenty-three professional male basketball players (x̄ ± SD;

height = 199.2 ± 7.7 kg, body mass = 94.2 ± 8.2 kg, age = 23.8 ± 4.9

years) volunteered to participate in the present investigation. The

players included in the starting lineup in more than 75% of the

total games played during a full-season span were classified as

starters (n = 10) and the rest of the players as non-starters

(n = 13). The cohort of athletes encompassed two basketball

teams competing at a similar level of play (e.g., ABA League)

during a single competitive season. All athletes were free of

musculoskeletal injuries and were granted permission to

participate in team activities by their respective sports medicine

staff. The testing procedures performed in this investigation were

previously approved by the University’s Institutional Review

Board and all participants signed an informed consent document.
2.2. Procedures

The CVJ testing procedures were conducted during the middle

of the regular season competitive period within the same time

frame (i.e., 15:00–19:00 h) three days following the completion of

the official game (e.g., the game was played on Sunday and CVJ

testing was conducted on Wednesday) (21, 29). During this

timeframe (Sunday–Wednesday) the athletes were not exposed to

high-intensity fatiguing training sessions. Upon arrival to the

gym for their regular team practice, all players completed a

standardized 10-min warm-up procedure consisting of dynamic

stretching exercises (e.g., walking lunges, squat-to-heel raise, A-

skips, high knees, butt-kicks) administered by their respective

strength and conditioning coaching staff. Then, each athlete

stepped on a dual uni-axial force plate (ForceDecks Max, VALD

Performance, Brisbane, Australia) and performed three maximal-

effort CVJs without an arm swing (i.e., hands on the hips during

the entire movement) with 10–15 s rest between each jump trial.

If an athlete did not jump or land correctly, the CVJ trial was

repeated. A strong verbal encouragement was provided throughout

the testing procedures by research assistants, while instructing to

focus on pushing the ground as hard and forcefully as possible

(30). The force plate system sampling at 1,000 Hz was re-calibrated

between each athlete and the mean value across three jumps was

used for performance analysis purposes. Following the testing

procedures, the players’ age and height were obtained from the

official team roster.
2.3. Variables

The dependent variables examined in the present investigation

were based on the previously published research reports that
frontiersin.org
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demonstrated strong levels of validity and reliability for

neuromuscular performance assessment (24, 31–33). The force-

time metrics analyzed during the eccentric phase of the CVJ

were: braking phase duration and impulse, eccentric duration,

peak velocity, and mean and peak force and power. The force-

time metrics analyzed during the concentric phase of the CVJ

were: concentric duration, impulse, and peak and mean force

and power. Alongside the detailed examination of the ground

reaction force curve, the following CVJ metrics were derived:

contraction time, jump height (i.e., impulse-momentum

calculation), reactive strength index-modified (i.e., jump height

divided by contraction time), and countermovement depth. The

start of the contraction time was determined when the system

mass was reduced by 20 N and ended at take-off (i.e., drop in

vertical force below the 20 N threshold). The eccentric phase was

defined as the phase with a negative center of mass velocity. As a

subphase of the eccentric phase, the braking phase started at

minimum force until the end of the eccentric phase. Impulse

within both concentric and eccentric phases of CVJ were

calculated as the area under the ground reaction force curve

(21, 26, 27, 34). Additional information pertaining to data

analysis software can be found at https://valdperformance.com/

forcedecks/.
TABLE 1 Anthropometric characteristics (x̄ ± SD) and comparison statistics
between starters and non-starters.

Variable [unit] Starters Non-starters p-value Effect size
Height [cm] 198.8 ± 7.7 199.6 ± 8.1 0.807 0.100

Body mass [kg] 97.1 ± 8.0 93.0 ± 7.9 0.134 0.516

Age [years] 25.6 ± 5.6 22.5 ± 3.9 0.170 0.658

TABLE 2 Countermovement vertical jump force-time metrics (x̄ ± SD) and co

Variable [unit] Starters

Eccentric phase
Braking phase duration [s] 0.293 ± 0.057

Eccentric braking impulse [N·s] 66.1 ± 13.9

Eccentric duration [s] 0.508 ± 0.095

Eccentric peak velocity [m·s−1] 1.25 ± 0.20

Eccentric peak force [N] 2,154.1 ± 352.9

Eccentric mean force [N] 956.0 ± 79.1

Eccentric peak power [W] 1,783.8 ± 580.3

Eccentric mean power [W] 577.9 ± 113.9

Concentric phase
Concentric duration [s] 0.247 ± 0.044

Concentric impulse [N·s] 265.8 ± 25.5

Concentric peak velocity [m·s−1] 2.86 ± 0.26

Concentric peak force [N] 2,573.6 ± 188.9

Concentric mean force [N] 2,004.9 ± 141.5

Concentric peak power [W] 5,669.0 ± 1,011.3

Concentric mean power [W] 2,954.8 ± 297.5

Other
Contraction time [s] 0.751 ± 0.102

Jump height [cm] 38.8 ± 7.4

RSI-modified [ratio] 0.525 ± 0.080

Countermovement depth [cm] 29.9 ± 4.1

RSI, reactive strength index.
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2.4. 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

CVJ force-time metric between starters (n = 10) and non-starters

(n = 13). 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) (21, 35). Statistical significance was set a priori to p < 0.05.

All statistical analyses were completed with SPSS (Version 26.0;

IBM Corp., Armonk, NY, USA).
3. Results

Descriptive statistics, means and standard deviations (x̄ ± SD),

for each dependent variable are presented in Table 1

(anthropometric and comparison statistics) and Table 2 (CVJ

force-time metrics and comparison statistics). No statistically

significant differences were found between starters and non-

starters in any force-time metrics examined in the present study

(p > 0.05). In addition, the majority of the effect sizes were small

to moderate in magnitude (g = 0.064–0.658).
4. Discussion

To the best of our knowledge, this is the first study focused on

examining differences in neuromuscular performance
mparison statistics between starters and non-starters.

Non-starters p-value Effect size

0.297 ± 0.066 0.884 0.064

57.9 ± 16.5 0.111 0.531

0.495 ± 0.071 0.696 0.158

1.17 ± 0.28 0.357 0.321

2,128.9 ± 374.1 0.871 0.069

914.2 ± 77.2 0.132 0.535

1,514.7 ± 552.8 0.270 0.476

517.5 ± 117.5 0.228 0.520

0.265 ± 0.025 0.700 0.522

257.1 ± 23.5 0.411 0.357

2.91 ± 0.14 0.646 0.249

2,493.8 ± 423.5 0.586 0.232

1,972.6 ± 262.8 0.730 0.147

5,401.5 ± 702.1 0.462 0.315

2,979.2 ± 447.3 0.883 0.063

0.742 ± 0.103 0.649 0.088

40.0 ± 4.2 0.615 0.207

0.559 ± 0.088 0.347 0.402

28.8 ± 6.9 0.637 0.187
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characteristics between starters and non-starters within a cohort of

professional male basketball players. No significant differences

were observed in any CVJ force-time metrics of interest between

the two groups, during both the eccentric and concentric phases

of the movement (e.g., impulse, duration, peak force, mean

power). In addition, starters and non-starters demonstrated

similar performance on CVJ outcome metrics (e.g., jump height)

as well as strategy metrics (e.g., countermovement depth).

Previous literature has been primarily focused on examining

anthropometric and physical performance characteristics of

starters and non-starters in team sports such as volleyball, rugby,

and soccer (15–17, 36, 37). The observed differences based on

the players’ ability to secure a spot in the starting lineup were

not highly prominent, with the majority of performance

parameters being comparable in magnitude (15, 17, 37), which is

similar to the results obtained in the present investigation. For

example, when studying a cohort of National Collegiate Athletic

Association (NCAA) Division-I female volleyball players, Fry

et al. (17) found no differences in the vertical jump height,

isokinetic strength (i.e., quadriceps and hamstring peak torques),

sprint (i.e., 9.1 m) and agility (i.e., T-test) performance, and

isometric peak and mean force between the players included in

the starting lineup and their substitutions. Similar observations

were made by Gabbett et al. (15) when examining junior elite

and sub-elite male rugby players. No significant differences were

detected in vertical jump performance, sprint time and velocity

(i.e., 10, 20, and 40 m), and change-of-direction ability (i.e., 505

test) between starters and non-starters at both levels of play (15).

Also, it should be noted that the aforementioned research reports

found no statistically significant differences in age, height, and

body mass between the starters and non-starters (15, 17), which

is identical to the results obtained in the present investigation. In

addition, in a cross-sectional study conducted on state-level

basketball players, Scanlan et al. (38) found no significant

difference in change-of-direction speed between starters and non-

starters. Combined, these findings suggest that the ability to

secure the spot in the starting lineup on the same level of

competition (e.g., junior, collegiate, professional) is not primarily

determined by the players’ anthropometric and physical

performance characteristics. Although further research is

warranted on this topic, it is likely that sport-specific skills (e.g.,

rebounding, shooting efficiency) and a player’s ability to

successfully execute offensive and defensive actions may have a

greater impact in differentiating starters from non-starters in

professional men’s basketball (2).

Despite not being able to capture differences between starters

and non-starters based on neuromuscular performance

characteristics, the importance of strength and power

development in team sport athletes should not be diminished. A

recently published study revealed that greater values of lower-

body strength and power were observed in basketball players

competing at higher levels of play (i.e., collegiate vs. professional)

(39). Further, when monitoring NCAA Division-I basketball

players over a four-year competitive season span, Hoffman et al.

(40) found a positive relationship between playing time and

player’s strength (i.e., one-repetition maximum), speed (i.e., 27 m
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sprint), and agility (i.e., T-test) performance. However, it is

interesting to note that additional strength gains above the

average values observed for a specific level of play do not seem

to directly yield improvements in on-court performance (40).

Thus, we can assume that both starters and non-starters

examined in the present investigation already possessed adequate

levels of strength and power. The values for CVJ force-time

metrics observed during both eccentric and concentric phases of

CVJ were similar in magnitude to the recently published research

report focused on examining position-specific differences on a

similar level of professional basketball play (21).

Although not reaching the level of statistical significance,

moderate effect sizes observed within the eccentric phase of the

CVJ should be noted (g = 0.520–0.535). When compared to non-

starters, the players selected to be a part of the starting lineup

tended to display slightly greater mean values in eccentric

braking impulse, mean force, and mean power. In a similar

investigation focused on examining a cohort of elite female

professional basketball players, Spiteri et al. (41) found that

eccentric strength was the strongest predictor on change-of-

direction performance tests (i.e., 505 and T-test). Thus,

considering the nature of the game of basketball and on-court

competitive demands, we can assume that eccentric qualities are

of critical importance for this specific group of athletes.

In addition, another interesting observation pertaining to the

results obtained in the present study is the moderate effect size

difference in the age between the two groups (g = 0.685).

Although further research is warranted on this topic, the starters

being slightly older may imply that they had more basketball

playing experience than non-starters (i.e., better technical-tactical

understanding of the game through greater exposure to the

sport) alongside displaying similar neuromuscular performance

characteristics, which potentially allowed them to secure the spot

in the starting lineup.

While providing practitioners with additional insight into

neuromuscular performance characteristics of professional male

basketball players, this study is not without limitations. The

testing procedures were conducted at a single testing timepoint

(i.e., in-season competitive period) for two teams competing on a

similar level of play (e.g., ABA League). Alongside monitoring

external load during practice and competition, implementing

CVJ testing on a weekly or bi-weekly basis might provide

additional insight into possible differences in force-time metrics

between starting and non-starting players across a full season

span. Also, further research needs to examine if the same

findings apply to other competitive levels (e.g., amateur,

collegiate) as well as if they are sex-specific.

In conclusion, the findings of the present study suggest that at

the professional level of play, the ability to secure the spot in the

starting lineup is not determined by the players’ CVJ

performance characteristics, but rather by other factors such as

playing experience or their ability to proficiently execute sport-

specific skills and offensive and defensive actions. These findings

may help coaches, strength and conditioning practitioners, and

sports scientists to obtain an additional insight into CVJ

performance parameters of professional male basketball players
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as well as give direction and guidance when selecting assessments

and training strategies targeted toward optimizing on-court

basketball performance.
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Background: Evidence suggests that functional training (FT) positively impacts
physical fitness and sports performance. However, a systematic review
addressing the effects of FT on basketball players remains absent. This
systematic review aims to explore the influence of FT on physical fitness and
skill-related performance in basketball players.

Methods: We searched six databases: Web of Science, Scopus, PubMed, China
National Knowledge Infrastructure (CNKI), EBSCOhost, and Google Scholar. The
search utilized a combination of keywords related to FT, physical fitness, and
basketball. The Eligibility Criteria of Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA 2020) guidelines were followed in this
systematic review.

Results: 11 studies were ultimately included in this review, collectively recruiting
333 basketball players. These studies demonstrated that FT significantly improved
muscle strength, linear speed, cardiovascular endurance, flexibility, balance, and
muscular endurance. However, the effects of FT on power, change-of-direction
speed, and basketball-related performance were inconsistent. Most studies
showed FT significantly improves these three variables, but a small number of
studies did not find positive effects of FT using specific tests including standing
long jump, Sargent jump, touch high, lane agility, lateral shuffle, dribbling line drill,
and free-throw tests.

Conclusion: FT is an effective training method for enhancing physical fitness
including muscle strength, linear speed, cardiovascular endurance, flexibility,
balance, and muscular endurance. However, the effects of FT on power,
change-of-direction speed, and basketball-related performance were
divergent. Some tests were not improved after FT potentially due to the short
program lengths and training session durations, varied athletic levels of players
examined, and different foci of the FT exercises administered. The collective
evidence suggests FT programs, especially the specific exercises prescribed,
should be tailored to the desired training objectives. More studies investigating

OPEN ACCESS

EDITED BY

Aaron T. Scanlan,
Central Queensland University, Australia

REVIEWED BY

Miguel-Angel Gomez-Ruano,
Universidad Politécnica de Madrid, Spain
Dana Badau,
George Emil Palade University of Medicine,
Pharmacy, Sciences and Technology of Târgu
Mureş, Romania

*CORRESPONDENCE

Jia Liu,
liujia1986yuncheng@163.com

RECEIVED 25 February 2024
ACCEPTED 19 April 2024
PUBLISHED 09 May 2024

CITATION

Cao S, Liu J, Wang Z and Geok SK (2024), The
effects of functional training on physical fitness
and skill-related performance among basketball
players: a systematic review.
Front. Physiol. 15:1391394.
doi: 10.3389/fphys.2024.1391394

COPYRIGHT

© 2024 Cao, Liu, Wang and Geok. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Systematic Review
PUBLISHED 09 May 2024
DOI 10.3389/fphys.2024.1391394

35

https://www.frontiersin.org/articles/10.3389/fphys.2024.1391394/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1391394/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1391394/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1391394/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1391394/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2024.1391394&domain=pdf&date_stamp=2024-05-09
mailto:liujia1986yuncheng@163.com
mailto:liujia1986yuncheng@163.com
https://doi.org/10.3389/fphys.2024.1391394
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2024.1391394


the effects of FT on physical fitness and basketball-related performance with
established tests are encouraged in the future to expand the current evidence base.

Systematic Review Registration: https://inplasy.com/, Identifier INPLASY202360072.

KEYWORDS

functional exercises, speed, power, endurance, agility, balance, dribbling, shooting

1 Introduction

Basketball is an extremely dynamic sport that combines aerobic
and anaerobic metabolic contributions (Mancha-Triguero et al.,
2020). Consequently, basketball requires well-developed physical
fitness and encompasses many specific game activities such as
sprinting, jumping, changing direction, accelerations, and
decelerations. These activities are performed repeatedly in both
offence and defence in basketball (Ramirez-Campillo et al., 2022).
Physical training, including power, strength, speed, and balance
training, can improve these activities (Cumps et al., 2007;
Chaouachi et al., 2009; Dallinga et al., 2012; DiFiori et al., 2018;
Kabacinski et al., 2018). For instance, power training like box jumps,
medicine ball throws, and explosive push-ups improves the ability of
basketball players to make quick, powerful movements such as
jumping for a rebound or executing a fast break (Aksovic et al.,
2020). Balance training like single-leg squats, balance board drills, and
core strengthening exercises enhance the stability and coordination of
basketball players, which helps them align their bodies correctly,
ensuring a smooth and accurate shot (Boccolini et al., 2013).
Coaches and trainers should make the targeted training program
for players. In this regard, resistance training has proven to be effective
in enhancing physical fitness among athletes (Lesinski et al., 2016)
whereby the primary muscle groups are strengthened through lifting
or weight-bearing exercises. However, the benefits of strength training
cannot be directly transferred to athletic performance (Buchner et al.,
1996). Recently, an increasing number of studies have shown that
functional training can improve athletic performance in sports. For
instance, research has shown that FT programs improve balance in
handball players (Elbadry, 2014), power, flexibility, agility, and
balance in tennis players (Yildiz et al., 2019), and power and speed
in soccer players (Turna and Alp, 2020).

Functional training (FT) can be any type of training that is
performed to enhance a certain task or activity. The definition of FT
is broad. Boyle (2016) indicated that FT focuses on exercises that mimic
the specific movements and demands of a sport or daily activities, such
as squat, lunge, shoulder press, deadlift, and high pull exercises. It is a
training system designed for acceleration, deceleration, and stability
across various joints and dimensions of the body (Boyle, 2004). Unlike
other training methods such as small-sided games (SSG) that focus on
sport-specific skills and tactical understanding on a smaller field or
court (Halouani et al., 2014), or high-intensity interval training (HIIT)
that aims to improve cardiovascular fitness and caloric expenditure in a
short amount of time (Vasconcelos et al., 2020), FT integrates joints,
dynamic tasks, and consistent modifications to train muscles in
coordinated and multi-movement patterns (Boyle, 2004). The goal
of FT is to improve the abilities of players such as functional strength,
agility, balance, and coordination required for optimal performance in
sport (Sharrock et al., 2011; Boyle, 2016). FT programs are tailored to
the specific movements and physical demands of the sport (Boyle,

2016). For example, the FT program for a basketball player includes
exercises that mimic jumping, sprinting, and lateral movements (Usgu
et al., 2020). On the other hand, by targeting muscle groups and
movement patterns specific to the sport, FT can help reduce the risk of
common sports-related injuries. For instance, exercises that strengthen
themuscles around the knee can help prevent anterior cruciate ligament
(ACL) injuries in basketball players (Fontenay et al., 2013). Based on the
collective evidence regarding FT and what it entails, FT in the present
review is defined as a form of exercise that emphasizes the development
of physical abilities and skills directly applicable to basketball
performance and overall physical fitness. It involves multi-joint,
multi-plane movements that simulate sports-specific activities, with a
focus on enhancing core stability, mobility, strength, power, speed,
balance, and coordination. It aims to improve the capacity of players to
perform athletic movements more efficiently and with a reduced risk
of injury.

Given the definition and characteristics of FT and the nature of
basketball, FT emerges as a scientific and professional training
approach for basketball players (Kumar, 2014). Specifically, by
training muscles to work together in coordinated patterns, FT
improves movement efficiency on the court, which leads to better
execution of complex movements like pivoting, cutting, and changing
direction quickly (Schelling and Torres-Ronda, 2013). On the other
hand, FT often includes plyometric and power exercises that mimic
the explosive movements in basketball (Santana, 2015; Boyle, 2016),
such as jumping for rebounds or blocks and accelerating quickly
during fast breaks. The improvement of explosive power enhances the
ability of basketball players to generate force rapidly, leading to
improved performance in these critical aspects of the game (Attene
et al., 2015). In addition, the dynamic nature of FT exercises helps
improve balance and stability, which are crucial for maintaining
control during shooting, defending, and executing moves (Michell
et al., 2006; Curtolo et al., 2017). Better balance also reduces the risk of
ankle and knee injuries common in basketball (Taylor et al., 2015).

To the best of our knowledge, several reviews have reported that
FT can enhance sport-related performance (Wilke and Mohr, 2020;
Xiao et al., 2021; Bashir et al., 2022), but there is a gap in literature
specifically investigating the effects of FT on physical fitness and
skills of basketball players. Consequently, this systematic review
aims to elucidate the impact of FT on physical fitness and skill
performance among basketball players.

2 Methods

2.1 Protocol and Registration

The Eligibility Criteria of Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA 2020)
guidelines were followed in this systematic review (Page et al.,
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2021). This review was registered on 25 June 2023, on the Platform
of Registered Systematic Review and Meta-analysis Protocols
(INPLASY202360072).

2.2 Eligibility criteria

The following inclusion criteria were set according to the
PICOS framework (Table 1): (1) Full-text studies published in
English or Chinese; (2) The population consists of healthy
basketball players with no limitations on their sexes, age, or
level; (3) Studies that used FT, which aligned with the definition
adopted in this review, as the intervention in the experimental
group; (4) Studies that had control groups not completing a FT
program, or studies without control groups; (5) Outcome
measures indicative of physical fitness including body
composition, muscular endurance, muscular strength,
cardiovascular endurance, flexibility, balance, coordination,
agility, speed, power, and reaction time (Xiao et al., 2021) or
basketball skill-related performance (e.g., shooting or dribbling
performance); and (6) Randomized controlled trials (RCTs) or
non-randomized controlled trials (nRCTs) with two or more
groups, or single-group trials.

The exclusion criteria were: (1) Reviews; (2) Studies without FT
as an intervention; (3) Unpublished studies; and (4) Studies
examining wheelchair basketball given the different scope of FT
exercises delivered to this population.

2.3 Information sources and search strategy

The search was conducted on 3 January 2024. The following
databases were used: Web of Science, Scopus, PubMed, China
National Knowledge Infrastructure (CNKI), EBSCOhost, and
Google Scholar (Table 2). The search terms were “functional
training” OR “functional exercise” OR “functional skill*” OR
“functional task training” OR “therapeutic exercise” AND
basketball. The reference lists within the included studies were
also screened.

2.4 Study selection

Endnote software (X20, Thomson Reuters, New York City, NY,
United States) was used to remove duplicates. Subsequently, two
authors (SC and ZW) independently screened the results based on
the title and abstract. Then, two authors (SC and JL) reviewed these
studies according to the inclusion criteria and PICOS. All processes
were determined through discussion, and any discrepancies (e.g., types
of intervention, study design) were resolved with consulting the third
author (SKG) if necessary. The Kappa statistic was calculated by SPSS
software (IBMCorp. Released 2022. IBM SPSS Statistics for Macintosh,
Version 29.0. Armonk, NY: IBM Corp) to determine the agreement
between raters throughout the PRISMA process (Narducci et al., 2011).

2.5 Data extraction

After selecting the studies, authors (SC and ZW) extracted the data,
which included: (1) participant characteristics (sex, age, height, bodymass,
playing level, and training experience); (2) FT and other interventions; (3)
comparison (control group); (4) intervention characteristics (training
content, program length, frequency, session duration); (5) assessments
(tests used to measure the effect of FT on players); and (8) outcomes
(results from pre-to post-intervention and between-group comparisons).
Once the information was organized into theMicrosoft Excel spreadsheet
(XP professional edition; Microsoft, Redmond, WA, United States),
another author (SKG) reviewed it for accuracy.

TABLE 1 Inclusion criteria according to the PICOS condition.

Items Detailed inclusion criteria

Population Basketball players across sexes, ages, and levels without injury

Intervention Functional training

Comparison Two or more groups and single-group trials

Outcome Physical fitness or basketball skill-related performance

Study designs RCTs or nRCTs

Note. RCTs, randomized controlled trials; nRCTs, non-randomized controlled trials.

TABLE 2 Number of hits for the complete search strategy of the databases.

Database Complete search strategy Hits (3 January
2024)

Web of Science (1991-January
2023)

(TS = (“functional training” OR “functional exercise” OR “functional skill*” OR “functional task training”
OR “therapeutic exercise”)) AND TS = (basketball)

25

Scopus (1961-January 2023) TITLE-ABS-KEY (“functional training”OR “functional exercise”OR “functional skill*" OR “functional task
training” OR “therapeutic exercise” AND basketball)

33

PubMed (1977-January 2023) (“functional training" [Title/Abstract] OR “functional exercise" [Title/Abstract] OR “functional skill*" [Title/
Abstract] OR “functional task training" [Title/Abstract] OR “therapeutic exercise" [Title/Abstract]) AND
(basketball [Title/Abstract])

14

CNKI TKA = (“functional training” OR “functional exercise” OR “functional skill*” OR “functional task training”
OR “therapeutic exercise”) AND TKA = basketball

22

EBSCOhost (1985-January 2023) AB (“functional training” OR “functional exercise” OR “functional skill*” OR “functional task training” OR
“therapeutic exercise”) AND AB basketball

21

Google Scholar “Functional training” OR “functional exercise” OR “functional skill*” OR “functional task training” OR
“therapeutic exercise” AND basketball

24
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2.6 Quality assessment

The 14-item “Qualsyst”, with specific criteria (yes = 2, partial =
1, no = 0), was employed to assess the quality of the studies (Kmet
et al., 2004) (Table 3). This assessment tool was used in many
reviews with similar topics to the present systematic review (Cao
et al., 2022a; Cao et al., 2022b; Bravo et al., 2022). The quality of each
included study was assessed independently by two authors (SC and
ZW), and any discrepancies were discussed and resolved via
consensus with a third author (SKG). This tool categorized the
selected studies into strong quality (75% or higher), moderate
quality (55%–75%), and poor quality (less than 55%).

2.7 Data Synthesis

Meta-analyses of included studies were not able to be conducted
given the requirement for comparable outcome measures taken at
similar time points (Harrer et al., 2021). In this regard, the included
studies did not consistently provide three or more baseline and
follow-up measurements for the same variables. Moreover, the
included studies did not have sufficient homogeneity regarding
the players recruited, interventions administered, and outcome
measures taken (Deeks et al., 2019). Consequently, extracted data
from the included studies were analyzed according to the Centre for
Reviews and Dissemination (Akers et al., 2009).

3 Results

3.1 Study selection

We screened a total of 143 studies. After removing duplicates,
89 studies remained. In turn, 64 studies remained for full-text review
after titles and abstracts were screened. Then, these studies were assessed
according to the inclusion and exclusion criteria. The initial Kappa

statistic for agreement between authors was 0.869. Two discrepancies in
the screening process were resolved by discussing with the third author.
Finally, the agreement Kappa statistic for agreement between authors
was 1.00 during full-text screening (Figure 1).

3.2 Study quality assessment

Two authors independently assessed the quality of the 11 studies
according to the “Qualsyst”, and the Kappa statistic was 0.876. Four
of the 11 selected studies were of high quality (Hovsepian et al., 2021;
Zhang et al., 2021; Ding, 2022; Shang et al., 2023). The remaining
seven studies were of moderate quality (Hany, 2017; Chen, 2018;
Lukose, 2018; Zuo, 2018; Usgu et al., 2020; Wibowo et al., 2020;
Bhardwaj and Kathayat, 2021). No studies were excluded based on
their quality.

3.3 Participant characteristics

The population characteristics of the 11 studies were reported
based on the following:

(1) Sample size. Across all studies, 333 participants were
included, ranging in sample sizes from 10 (Hany, 2017) to
80 (Zhang et al., 2021) participants, with a mean sample size
of 30 participants (SD = 22).

(2) Sex. Six studies investigated males (Hany, 2017; Lukose, 2018;
Usgu et al., 2020; Wibowo et al., 2020; Bhardwaj and
Kathayat, 2021; Zhang et al., 2021), one study investigated
females (Hovsepian et al., 2021), with four studies not
reporting the sex of players (Chen, 2018; Zuo, 2018; Ding,
2022; Shang et al., 2023);

(3) Level. Four studies investigated professional basketball players
(Hany, 2017; Usgu et al., 2020; Ding, 2022; Shang et al., 2023),
four studies investigated collegiate basketball students (Chen,

TABLE 3 Quality assessment through QualSyst.

Studies I II III IV V VI VII VIII IX X XI XII XIII XIV Score Rating

Hany (2017) 2 2 2 2 0 0 0 2 2 2 2 0 2 2 20 Moderate

Chen (2018) 2 2 2 1 0 0 0 2 2 2 2 0 2 2 19 Moderate

Lukose (2018) 2 2 0 2 2 0 0 2 2 2 0 0 2 2 18 Moderate

Zuo (2018) 2 2 2 2 0 0 0 2 2 2 2 0 2 2 20 Moderate

Usgu et al. (2020) 2 2 2 2 0 0 0 2 2 2 2 0 2 2 20 Moderate

Wibowo et al. (2020) 2 2 2 1 2 0 0 2 2 2 0 0 2 2 19 Moderate

Bhardwaj and Kathayat (2021) 2 2 2 1 0 0 0 2 2 2 2 0 2 2 20 Moderate

Zhang et al. (2021) 2 2 2 1 2 0 0 2 2 2 2 0 2 2 21 Strong

Hovsepian et al. (2021) 2 2 2 1 2 0 0 2 2 2 2 0 2 2 21 Strong

Ding (2022) 2 2 2 1 2 0 0 2 2 2 2 0 2 2 21 Strong

Shang et al. (2023) 2 2 2 2 2 0 0 2 2 2 2 0 2 2 22 Strong

Note. Two indicates yes, one indicates partial, 0 indicates no, I question described, II, appropriate study design; III, appropriate subject selection; IV, characteristics described, V random

allocation, VI, researchers blinded; VII, subjects blinded; VIII, outcomes measure well defined and robust to bias; IX, sample size appropriate, X analytic methods well described, XI, estimate of

variance reported; XII, controlled for confounding; XIII, results reported in detail, and XIV, conclusion supported by results.
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2018; Zhang et al., 2021; Ding, 2022; Shang et al., 2023), with
three studies not reporting the level for players (Lukose, 2018;
Zuo, 2018; Bhardwaj and Kathayat, 2021).

3.4 Intervention characteristics

The characteristics of the included studies were as follows:

(1) Training program length: The training program length
ranged from 4 weeks (Chen, 2018) to 20 weeks, and the
mean training program length was 10.5 weeks (SD = 4.8)
(Usgu et al., 2020).

(2) Training duration: Only two studies specified the training
duration of the intervention, which were 21 min (Wibowo
et al., 2020) and 30 min (Ding, 2022) per session. The
remaining nine studies did not provide this detail (Hany,
2017; Chen, 2018; Lukose, 2018; Zuo, 2018; Usgu et al., 2020;
Bhardwaj and Kathayat, 2021; Hovsepian et al., 2021; Zhang
et al., 2021; Shang et al., 2023).

(3) Training frequency: Seven studies detailed the training
frequency of the intervention (Hany, 2017; Usgu et al.,
2020; Wibowo et al., 2020; Bhardwaj and Kathayat, 2021;
Hovsepian et al., 2021; Ding, 2022; Shang et al., 2023), which
varied from 2 to 4 times per week. The other four studies did
not specify the frequency (Chen, 2018; Lukose, 2018; Zuo,
2018; Zhang et al., 2021).

(4) The definition of FT in included studies is shown in Table 4.
These definitions meet the inclusion criteria for intervention
in the present systematic review.

3.5 Outcome characteristics

3.5.1 Effect of FT on Power
Seven selected studies examined the impact of FT on power.

The power Table 4 measured in selected studies could be divided
into upper limb power, lower limb power, and anaerobic power.
The assessment tools used to measure lower limb power included
the Sargent jump (Hany, 2017; Hovsepian et al., 2021),
countermovement jump (Usgu et al., 2020), jump with the
basketball (Chen, 2018), standing long jump (Zuo, 2018; Usgu
et al., 2020; Zhang et al., 2021), touch high (Shang et al., 2023),
and run-up touch high (Shang et al., 2023). The assessment tool
used to measure upper limb power was medicine ball throw
(Hany, 2017). The assessment tool used to measure anaerobic
power was the running-based anaerobic sprint test (RAST)
(Hovsepian et al., 2021). Some studies noted significant
improvements in the Sargent jump (Hany, 2017),
countermovement jump (Usgu et al., 2020), throwing the
medicine ball (Hany, 2017), jump with the ball (Chen, 2018),
standing long jump (Zuo, 2018), RAST (Hovsepian et al., 2021)
and run-up touch high (Shang et al., 2023) after FT. However,
some studies indicated no significant effects with FT in the

FIGURE 1
Systematic review search and screening procedure.
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standing long jump (Usgu et al., 2020; Zhang et al., 2021), Sargent
jump (Hovsepian et al., 2021), and touch high (Shang et al.,
2023) tests.

3.5.2 Effect of FT on Muscle Strength
Five studies examined the impact of FT on strength, using

assessment tools such as pull-up (Hany, 2017; Zuo, 2018; Zhang
et al., 2021), leg press (Usgu et al., 2020), bench press (Usgu et al.,
2020), and push-up (Shang et al., 2023) tests. The studies
indicated that FT significantly improved performance in all of
these tests.

3.5.3 Effect of FT on Speed
According to the assessments used in selected studies, speed

was divided into change of direction (COD) speed and
linear speed.

Seven studies reported on the impact of FT on COD speed,
using assessment tools such as the T-test (Zuo, 2018; Usgu et al.,
2020; Bhardwaj and Kathayat, 2021; Hovsepian et al., 2021), lane
agility test (Usgu et al., 2020), lateral shuffle test (Hovsepian et al.,
2021), side-step test (Wibowo et al., 2020), triangle side slide
(Ding, 2022), and 17 turns back (Shang et al., 2023). FT
significantly improved performance in most of these tests
except for the lane agility (Usgu et al., 2020) and lateral
shuffle tests (Hovsepian et al., 2021). Four studies showed that
FT could significantly enhance linear speed including 20-m
sprint (Hany, 2017; Usgu et al., 2020), 40-m sprint (Hany,
2017), and 50-m sprint (Bhardwaj and Kathayat, 2021; Zhang
et al., 2021) tests.

3.5.4 Effect of FT on Cardiovascular Endurance
Four studies suggested that FT could significantly enhance

cardiovascular endurance in the 12-min run (Zuo, 2018), 1000-m
run (Zhang et al., 2021), basketball-specific field test (Hovsepian
et al., 2021), and 3200-m run (Shang et al., 2023).

3.5.5 Effect of FT on Flexibility
Three studies indicated that FT could significantly enhance

flexibility performance in the sit and reach (Usgu et al., 2020;
Zhang et al., 2021) and body acuity detection (Shang et al., 2023) tests.

3.5.6 Effect of FT on Balance
Two studies demonstrated that FT could significantly enhance

balance performance in standing on one leg with eyes closed (Zuo,
2018) and the balance beam test (Wibowo et al., 2020) tests.

3.5.7 Effect of FT on Muscular Endurance
Only one study showed a significant improvement on muscular

endurance with FT using the plank test (Zuo, 2018).

3.5.8 Effect of FT on Basketball-related Skills
Five studies examined the impact of FT on basketball-related

skills, using tests including the footwork and hook shot (Hany,
2017), dribble obstacle (Chen, 2018), 1-min shot (Chen, 2018;
Zhang et al., 2021), dribbling line drill (Chen, 2018), free-throw
(Chen, 2018), shooting (Lukose, 2018), “V” layup (Zhang et al.,
2021), 30-s quick shot (Ding, 2022), and layup after dribbling
(Ding, 2022) tests. However, FT had no effect on performance
during the dribbling line drill and free-throw tests (Chen, 2018).

TABLE 4 Definition of functional training in included studies.

Study Definition in each study

Hany (2017) FT allows one exercise to work out a much larger number of muscles to develop not only strength but also still dexterity and flexibility.
The sand in the Bulgarian bag is necessary to use more force, energy, muscle groups and physical reserves of the body than when training
with “iron” of the same weight in traditional resistance training

Chen (2018) FT emphasizes the overall concept of training, emphasizes the value of core area strength, and emphasizes the multi-directional and
multi joint linkage during the exercise process

Lukose (2018) FT focuses on strengthening core strength to improve sports performance

Zuo (2018) FT aims to improve overall physical fitness including explosive power, strength, and agility

Usgu et al. (2020) FT attempts to train muscles in coordinated, multiple-movement patterns and incorporates joints, dynamic tasks, and consistent
alterations for functional improvement. To improve performance, exercise training in FT should be performed in specific movement
patterns required by different sports

Wibowo et al. (2020) FT is an exercise that can activate several muscular groups, especially the core or core muscles. The difference between FT with other
training such as traditional weight training lies in the tools, muscle focus, training methods, and training objectives

Bhardwaj and Kathayat (2021) FT is to accurately perform fundamental movement patterns and maintain an optimal balance between mobility and stability

Zhang et al. (2021) FT is a synthesis of training actions that aim to improve balance, stability, core strength, and dynamic motion abilities

Hovsepian et al. (2021) High-intensive FT is a series of exercises that focus on high intensity, functionality, variability, and flexibility

Ding (2022) FT emphasizes the movement chain of the body, efficient movement patterns, and basic flexibility and stability during the training
process

Shang et al. (2023) FT focuses on building the construction of motion models and a solid foundation in terms of physical stability, physical strength, and
more
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4 Discussion

The aim of this systematic review was to elucidate the effects
of FT on physical fitness and skill-related performance in
basketball players. The findings suggest that FT can
significantly enhance muscle strength, linear speed,
cardiovascular endurance, flexibility, balance, and muscular
endurance of basketball players. FT can also improve power,
COD speed, and basketball-related performance, but there were
exceptions in certain tests (standing long jump, Sargent jump,
touch high, lane agility, lateral shuffle test, dribbling line drill,
and free-throw). Notably, no data were available regarding the
impact of FT on body composition, agility, reaction time, and
coordination.

4.1 Effect of FT on Power

Power in basketball is a multifaceted attribute that influences
the performance of players in numerous ways. Powerful players
can be more imposing defensively, challenging shots, guarding
multiple positions, and providing help defence (Aksovic et al.,
2021). The results showed that FT had a significant improvement
in upper limb power (throwing the medicine ball) (Hany, 2017)
and anaerobic power (running-based anaerobic sprint test)
(Hovsepian et al., 2021). Upper limb power is pivotal in
basketball for actions like passing, dribbling, and defence
(Cabarkapa et al., 2022). Anaerobic power refers to the ability
of an athlete to exert maximum effort in short bursts of high-
intensity activity, which is crucial in basketball due to its fast-
paced and explosive nature (Stauffer et al., 2010). However, given
only one study examined each of upper limb power and anaerobic
power, the evidence is not comprehensive to date, so more studies
are needed examining the effects of FT on these forms of power in
the future.

On the other hand, all the studies selected for this systematic
review utilized jump-related tests to measure lower limb power,
primarily including the vertical jump (countermovement jump,
Sargent jump), horizontal jump (standing long jump), and run-
up vertical jump. Basketball is typified by explosive power and
unilateral actions, such as jumping (Fort-Vanmeerhaeghe et al.,
2016; Makaruk et al., 2020). In basketball, vertical jumps are
crucial for executing key technical actions like shooting,
blocking, and rebounding (Aksovic et al., 2022). Based on the
results from the selected studies, the impact of FT on lower limb
power appears to be contentious, aligning with previous
systematic evidence (Xiao et al., 2021). Lower limb power
depends on several factors such as muscle strength and
neuromuscular coordination (Hammami et al., 2019). Some
plyometric training including box jumps and depth jumps
that was used in the FT programs among the included
studies (Zuo, 2018) is highly beneficial for improving
neuromuscular coordination, and the squats and hip bridge
training (Usgu et al., 2020) could improve lower-limb strength.
Therefore, these studies showed a significant improvement in
lower limb power after FT. Usgu et al. (2020) and Zhang et al.
(2021) showed the FT did not have a significant effect on the
standing long jump, which might be because basketball players

are more accustomed to vertical jumps than horizontal jumps
given the execution of fundamental tasks such as rebounding,
shooting, and blocking shots in training and games. Moreover,
the lack of effects for FT on Sargent jump performance reported
by Hovsepian et al. (2021) may be explained by the nature of
Sargent jump. Sargent jump typically involves a static start
without a preceding downward movement, which limits the
use of the stretch-shortening cycle (SSC). FT program in studies
often included a variety of jump tasks that engage the SSC. If the
FT focused more on jump tasks involving SSC, the training
might not have adequately targeted the specific muscular and
neuromuscular adaptations required to improve performance in
the Sargent jump test. On the other hand, the recruitment of
female players in this study (Hovsepian et al., 2021) might be
another reason, given women generally have less muscle mass
and different hormone profiles compared to men, which can
influence how they respond to strength and power training
(Buchanan and Vardaxis, 2009).

4.2 Effect of FT on Change of Direction
(COD) Speed

COD speed is a critical skill in basketball that significantly
impacts the performance of players on the court. It involves the
ability to quickly and efficiently alter direction while maintaining
control and balance (Scanlan et al., 2015; Taylor et al., 2017;
Stojanović et al., 2018). The results of FT on COD speed were
contentious, which is similar to a previous systematic review
encompassing many sports (Xiao et al., 2021). Most of the
included studies reported a significant improvement of FT on
COD speed in assessments like the T-test (Zuo, 2018; Usgu et al.,
2020; Bhardwaj and Kathayat, 2021; Hovsepian et al., 2021), side-step
test (Wibowo et al., 2020) and turned back test (Shang et al., 2023).
The improvement of COD speed may be due to the FT program
(Table 5) in these studies. For instance, the BOSU V-sit ups,
unilateral leg-raising, and hip rotation can improve core strength,
mobility and stability, which are essential for maintaining balance
and control during quick changes in direction (Czyżnielewska et al.,
2023). Likewise, the improvements in COD speed with FT could be
due to the interaction of neuromuscular adaptations. Specifically,
functional exercises require coordination between multiple muscle
groups and the nervous system (Boyle, 2016). As athletes become
more adept at these movements, their neuromuscular coordination
improves, allowing for more efficient and controlled changes in
direction (Arede et al., 2022). In addition, FT challenges balance and
proprioception (the sense of position and movement in space).
Improved proprioception helps athletes maintain stability and
control during rapid directional changes (Ergen and Ulkar, 2007;
Šalaj et al., 2007). However, two studies indicated the FT did not
significantly improve performance in the lane agility (Usgu et al.,
2020) and lateral shuffle test (Hovsepian et al., 2021). A reason
for the non-significant findings in these studies might relate to
the professional level of the players examined. As professional
athletes, their training history is extensive and varied, which
means their bodies have adapted to numerous stimuli over the
years (Cormie et al., 2010). Accordingly, the FT might not have
provided sufficient stimuli to elicit significant improvements in
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TABLE 5 Overview of FT on physical fitness and sport-related performance in basketball players.

Study Population
characteristic

I Comparison Intervention
characteristic

Assessments Outcome

Train
content

Length/
Freq/
Dura

Pre-post Groups

Hany
(2017)

N: 10 M; A: 20.67 ±
1.9 years; H: 198 ±
8.7 cm; BM: 92 ±
7.3 kg; L: Professional
players

FT N/A Functional
exercises with
Bulgarian bag

Freq:
4 sessions/
week;
Length:
8 weeks

Power (SJ, throwing
the medicine ball);
muscle strength (chin
up); linear speed (20-
m, 40-m sprint); BS
(pivot footwork and
hook shot)

All↑ N/A

Chen
(2018)

N: 16; A: NR; H: NR;
BM: NR; L: Collegiate
players

FT Traditional
physical training

Training with
Balance board,
Swiss ball

Length:
4 weeks

BS (dribble obstacle,
1-min shooting,
dribbling line drill,
free-throw); power
(jump with the
basketball)

EG: dribble
obstacle, 1-
min shot,
jump with the
basketball↑;
dribbling line
drill, free-
throw ↔

Dribble
Obstacle, 1-
min shot,
jump with the
basketball ↑
in, EG vs. CG;
dribbling line
drill, free-
throw ↔ in,
EG vs. CGCG: all ↔

Lukose
(2018)

N: 45 M; A:
18–25 years; H: NR;
BM: NR; L: NR

EG1: FT Without any
experimental
training

NR Length:
12 weeks

Shooting EG1:
Shooting ↑

Shooting ↑in,
EG1 and,
EG2 vs. CG;
Shooting ↔
in,
EG2 vs. EG1

EG2:
plyometric
training

EG2:
Shooting ↑

CG:
Shooting ↔

Zuo (2018) N: 12; A: 18.50 ±
1.4 years; H: 181.1 ±
3.5 cm; BM: 65.9 ±
5.7 kg; L: NR

FT N/A Box Jump; Depth
Jump; bench
press; squat

Length:
14 weeks

Cardiovascular
endurance (12-min
run); balance (stand
up on one leg with
eyes closed); muscle
strength (pull up);
muscular endurance
(plank); power (SLJ),
COD speed (T-test)

All↑ N/A

Usgu et al.
(2020)

N: 18 M; A: 25.5 ±
5.0 years; H: 198 ±
9.3 cm; BM: NR; L:
Professional players

FT Traditional
strength training

Mat/Swiss ball;
Push-Up; Jack
Knife; Hip bridge;
Russian Twist;
Planks

Freq:
2 sessions/
week;
Length:
20 weeks

Muscle strength
(bench press, leg
press); flexibility (sit
and reach); COD
speed (T-test, lane-
agility); linear speed
(20-m spring); power
(CMJ, SLJ)

EG: all ↑
except lane-
agility
and SLJ↔

All ↔ except
T-test, Lane-
agility, and
leg press↑ in,
EG vs. CG

CG: all ↑
except sit and
reach, SLJ,
CMJ, and
T-test ↔

Wibowo
et al. (2020)

N: 24 M; A:
13–15 years; H: NR;
BM: NR; L:
Professional players

FT Usually exercises Circuit training
using the
AMRAP: BOSU
V-sit ups; VIPR
side balance; TRX
single leg balance

Freq:
3 sessions
(21 min)/
week; length:
6 weeks

Balance (balance
beam test); COD
speed (side-step test)

EG: all↑ All ↑ in, EG
vs. CG

CG: NR

Bhardwaj
and
Kathayat
(2021)

N: 20 M; A:
18–24 years; H: NR;
BM: NR; L: NR

FT N/A Deep Squat;
Hurdle step,
Active Straight
Leg Raise; Trunk
Stability push up;
Balance and
Coordination
Exercise followed
by foam rolling in
cool down
procedure

Freq:
2 sessions/
week;
Length:
6 weeks

Linear speed (50-m
sprint); COD speed
(T-test)

All↑ N/A

(Continued on following page)
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these specific COD speed tests. Given the varying results, more
research on this topic is encouraged to gather a definitive
understanding.

4.3 Effect of FT on Linear Speed

Linear speed is an important attribute in basketball, such as in
fast breaks, transition defence, and during off-ball movement
(Taylor et al., 2017; Stojanović et al., 2018). The results illustrated
the significant improvement in linear sprints across 20–40 m in
basketball players with FT. These results are not in line with those
reported in a previous systematic review (Bashir et al., 2022)
examining athletes from different team sports. Bashir et al.
(2022) reported that the improvement in some linear speed
performance among athletes after FT was not observed in a small
number of studies due to the short duration and frequency of the
training sessions, as well as the absence of additional exercises
accompanying the FT interventions. However, the studies
included in our review may have incorporated FT stimuli that

enhanced the coordination between the nervous system and
muscles, which is important for executing the complex
movements involved in sprinting (Keiner et al., 2022). Better
coordination can lead to more efficient movement patterns and
faster speeds (Wang et al., 2022). On the other hand, some exercises
included in the FT program such as jump, squat, plyometrics, and
explosive lifts could build strength and improve power output in
muscles, which are crucial for quick starts and rapid acceleration
(Cronin and Hansen, 2005; Nimphius et al., 2010).

4.4 Effect of FT on Muscle Strength

Strength training is a foundational component for the physical
conditioning of basketball players, enabling them to move more
swiftly, increase power, and reduce injury risk (Wang et al., 2006).
The results showed a significant improvement in upper limb (pull-
up, push-up, bench press) and lower limb (leg press) muscle strength
after FT. This improvement depends on several factors. The
compound exercises in the FT programs among the included

TABLE 5 (Continued) Overview of FT on physical fitness and sport-related performance in basketball players.

Study Population
characteristic

I Comparison Intervention
characteristic

Assessments Outcome

Train
content

Length/
Freq/
Dura

Pre-post Groups

Zhang et al.
(2021)

N: 80 M; A: NR; H:
NR; BM: NR; L:
Collegiate players

FT Traditional
physical training

Upper and lower
limb strength;
Upper limb +
core stability;
lower limb + core
rotation; hip
extensor group

Length:
16 weeks

Linear speed (50-m
sprint); cardiovascular
endurance (1000-m
run); muscle strength
(pull-up); power (SLJ);
flexibility (sit and
reach); BP (“V” layup,
1-min shot)

EG: All ↑
except SLJ ↔

All ↑ in, EG
vs. CG

CG: pull-up,
sit and reach,
1-min shot ↑;
others ↔

Hovsepian
et al. (2021)

N: 20 FM; A: 222.2 ±
2.5 years; H: 172.0 ±
6.0 cm; BM: 65.0 ±
5.2 kg; L: Professional
players

High-
intensive
FT

Common strength
and conditioning
training

Different
combinations of
weightlifting,
gymnastics and
metabolic
conditioning

Freq:
4 sessions/
week;
Length:
10 weeks

cardiovascular
endurance (VO2max
in BSFT); power
(RAST, SJ); COD
speed (T-test, LST)

EG: VO2max,
t-test, RAST, ↑;
SJ, LST↔

RAST ↑ and
others ↔ in,
EG vs. CG

CG: VO2max,
t-test ↑,
others ↔

Ding (2022) N: 60 M; A: NR; H:
NR; BM: NR; L:
Collegiate players

FT Traditional
physical training

Split step; side-
bridge; skip-step;
unilateral leg-
raising; hip
rotation

Freq:
3 sessions
(30 min)/
week;
Length:
12 weeks

COD speed (triangle
side slide); BS (30-s
quick shot, layup after
dribbling)

EG: All ↑ All ↑ in, EG
vs. CG

CG: All ↑

Shang et al.
(2023)

N: 18 M; A: NR; H:
NR; BM: NR; L:
Collegiate players

FT Conventional
physical training

NR Freq:
3 sessions/
week;
Length:
8 weeks

Muscle strength
(push-up);
cardiovascular
endurance (3200-m
run) power (touch
high, run-up touch
high); flexibility (body
acuity detection);
COD speed (17 turns
back)

EG: All ↑
except touch
high ↔

Body acuity
detection,
17 turns back,
run-up touch
high ↑; push-
up, touch
high, 3200-m
run ↔ in, EG
vs. CG

CG: All ↑
except touch
high, body
acuity
detection ↔

Note. A, age; C, control; FM, female; M, male; H, height; BM, body mass; TE, training experience; L: level; I, intervention; NR, not reported, N/A, not applicable; FT, functional training; CG,

control group; EG, experimental group; BEST, basketball exercise simulated test; RAST, Running-Based Anaerobic Sprint Test; BSFT, basketball-specific field test; VJ, vertical jump; BS,

basketball skills; COD, change of direction; HJ, horizontal jump; LST, lateral shuffle test; CMJ, countermovement jump; SJ, sargent jump; VIPR, vitality, performance, and reconditioning; TRX,

total resistance exercises; ↑, significantly positive effect; ↔, no effect.
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studies such as squats (Zuo, 2018), push-ups (Usgu et al., 2020), and
Bulgarian bag exercises (Hany, 2017) work several muscle groups
simultaneously, which are more effective in building overall strength
compared to isolation exercises. The plyometrics in FT programs
such as depth jumps and box jumps (Zuo, 2018) help develop the
fast-twitch muscle fibres, which are responsible for producing power
and strength during quick, intense movements (Gervasi et al., 2018).
Overall, given only a few studies examined the effects of FT on
muscular strength, it is difficult to draw definitive conclusions with
further investigations needed to confirm these initial findings.

4.5 Effect of FT on
Cardiovascular Endurance

Cardiovascular endurance is paramount in basketball. A player
who competes throughout all four quarters without substitution
might cover a distance ranging from 5,000 m to 6,000 m, with 15%–

20% at a moderate pace and 5% at high to maximum speeds
(Klusemann et al., 2013). Robust cardiovascular endurance can
sustain these intense activities throughout the game. Four studies
indicated that FT could enhance performance in the 12-min run,
1000-m run, 3200-m run, and basketball-specific field test (Zuo,
2018; Hovsepian et al., 2021; Zhang et al., 2021; Shang et al., 2023).
The high-intensity nature of the FT used in the included studies can
elevate heart rate and challenge the cardiovascular system to
improve cardiovascular endurance (Ben-Zeev and Okun, 2021).
On the other hand, the use of multiple muscle groups and
complex movements in FT heavily stress aerobic metabolic
pathways (Cress et al., 1996). This increased demand on the
cardiovascular system can lead to improved endurance and VO2

max over time. Finally, FT improves movement patterns and
biomechanics (Carr et al., 2002; Garbenytė-Apolinskienė et al.,
2018), which can lead to more efficient use of energy during
aerobic activities. Better movement efficiency reduces unnecessary
energy expenditure, allowing for improved endurance performance
(Morris et al., 2019; Willis et al., 2019; Mangona et al., 2024).

4.6 Effect of FT on Flexibility

Flexibility allows for a greater range of motion in the joints,
which is essential for executing various basketball skills, such as
shooting, dribbling, and rebounding. A greater range of motion
can lead to more efficient and effective movements on the court
(Woolstenhulme et al., 2006; Notarnicola et al., 2017). Good
flexibility also can help reduce the risk of injuries (Cejudo, 2021).
The results showed a significant improvement in flexibility after
FT. Two studies did not detail the FT program implemented
(Lukose, 2018; Shang et al., 2023), making it difficult to explain
how the intervention might have improved flexibility. However,
some general aspects applied in FT might help explain this
improvement. First, FT often includes dynamic exercises that
mimic sports movements. These movements require the body to
stretch and move through different planes of motion (Boyle,
2016), which can gradually increase flexibility. In addition, some
FT routines include foam rolling or other myofascial release
techniques (Lee et al., 2022). These techniques can help to

release tightness in the muscles and fascia (Paolini, 2009;
Manheim, 2017), improving flexibility and range of motion.
Therefore, the details of FT intervention are important. When
researchers clearly detail the FT program, including exercises,
intensity, duration, and frequency, it allows other readers or
trainers to replicate the study to verify findings, explore the
efficacy of the program further, or compare it against other
interventions. Without this clarity, replicability is
compromised, limiting the utility and credibility of studies.
Further investigations should clearly indicate the FT program
adopted for readers to understand the intervention and how it
may be effective or not.

4.7 Effect of FT on Balance

Maintaining good balance provides a stable, upright, and
consistent foundation, which is essential across basketball
activities including running, defending, shooting, dribbling,
passing, and rebounding (Boccolini et al., 2013). Two studies
reported that FT enhanced performance in standing on one leg
with eyes closed and the balance beam test (Zuo, 2018; Wibowo
et al., 2020). The training used in the FT program could explain
this improvement. For instance, the box jump involves jumping
onto and off a box or platform. It requires coordination, power,
and stability, especially when landing (Sabillah et al., 2022).
Regularly performing box jumps can enhance proprioception,
lower body strength, and the ability to control the body during
dynamic movements (Saputra, 2019), all of which are important
for maintaining balance. Likewise, depth jumps involve stepping
off a box and immediately jumping vertically upon landing
(Clutch et al., 1983). This exercise challenges the ability of
the body to absorb impact and quickly generate force
(McClenton et al., 2008), which can improve neuromuscular
control and stability. These adaptations are beneficial for
maintaining balance on unstable surfaces or when changing
directions quickly. VIPR (vitality, performance, and
reconditioning) side balance exercise involves holding a VIPR
(a weighted, tube-shaped tool) and performing various
movements that challenge balance and stability. By moving
the VIPR to different positions, such as overhead or to the
side, the centre of gravity shifts, requiring the body to adjust
and maintain balance (Wibowo et al., 2020). TRX (total
resistance exercises) single-leg balance exercise uses the TRX
suspension trainer, involving standing on one leg while holding
onto the TRX straps for support (Aslani et al., 2018). The
instability of the suspension system challenges the body to
maintain balance, engaging the core, hip stabilizers, and ankle
muscles (Abtahi et al., 2023). This exercise is particularly
effective for improving unilateral balance (Semprini, 2018;
Rausch, 2020), which is directly related to tests like standing
on one leg with eyes closed.

4.8 Effect of FT on Muscular Endurance

Muscular endurance is the ability of a muscle, or a group of
muscles, to keep working against resistance. Muscular endurance
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allows players to maintain a high level of performance
throughout the game, which is essential given the duration
and intensity of a basketball game (Singh and Kaur, 2019;
Serin and Mehmet, 2021). Zuo (2018) employed the plank as
an assessment tool, demonstrating that FT bolstered muscular
endurance (Zuo, 2018). Trainers often utilize the plank to
develop the core strength of players. A strong core mitigates
or prevents injuries during basketball games but also aids players
in maintaining control in intense competitions (Sannicandro and
Cofano, 2017). However, it is difficult to explain the mechanism
of how FT improved muscular endurance in detail because of the
limited evidence. Therefore, more research is needed in the future
to make an authoritative conclusion about the effect of FT on the
muscular endurance of basketball players.

4.9 Effect of FT on Basketball Skill-related
Performance

With the significant improvement of physical fitness, results
showed that FT also significantly improved basketball
performance, including shooting performance (pivot footwork
and hook shot, 1-min shot, 30-s shot), dribbling performance
(dribble obstacle), and layup performance (“V” layup, layup
after dribbling).

The improvement of skill-related performance could be from
several aspects. First, FT exercises that target the core, such as
planks and medicine ball throws that are used in included studies
(Zuo, 2018; Usgu et al., 2020), can enhance the stability and
power transfer from the lower body to the upper body during the
shooting motion (Aksovic et al., 2020). On the other hand, the
upper and lower body power improved by FT are important to
basketball skill-related performance (Aksovic et al., 2020;
Cabarkapa et al., 2022). Functional exercises like push-ups,
pull-ups, and dumbbell presses can help build the necessary
upper body strength to shoot the ball with force and accuracy
over longer distances. The power for a jump shot or a free-throw
primarily comes from the legs (Čabarkapa et al., 2020). FT
exercises like squats, lunges, and plyometric drills (e.g., box
jumps, and squat jumps) can improve lower body strength and
power, leading to a more explosive and effective shooting
motion. Regarding the improvement of dribbling
performance, the core strength increased by FT may
contribute to execution with this activity (Luo et al., 2023). A
strong and stable core is essential for maintaining balance and
control while dribbling, especially when under defensive
pressure (Moselhy, 2020). FT exercises that strengthen the
core, such as planks and core rotations, can help maintain a
solid foundation during dribbling manoeuvres (Feng et al.,
2024). FT often includes exercises like single-leg exercises or
balance board drills that challenge balance and proprioception
(Nikolaos et al., 2012; Zacharakis et al., 2020). Improved
proprioception can help players maintain control of the ball
and their body position while navigating through defenders.
Finally, successful layups often require adjusting the body
position in mid-air to avoid defenders or alter the angle of
the shot. FT that includes balance exercises and
proprioceptive drills can improve body awareness and

control, allowing players to make these adjustments
effectively (Zacharakis et al., 2020).

However, one study reported that dribbling line drill and free-
throw performance were not improved after FT (Chen, 2018). The
short training program length (4 weeks) compared to other studies
(8–16 weeks) might be the reason. The body may require more than
4 weeks to adapt to new training stimuli. This adaptation includes
neurological adaptations, muscle coordination, and energy system
development, which might not be fully developed in such a short
time frame.

5 Limitations

While this study offers significant evidence regarding the
benefits of FT on the physical fitness and skill-related
performance of basketball players, several limitations should
be acknowledged. Firstly, only one study focused on female
participants, and six studies did not specify the sex of the
participants (Hovsepian et al., 2021). This omission could
influence the results, given the distinct differences in physical
fitness between males and females (Altavilla et al., 2017).
Furthermore, two studies did not provide details of the FT
program (Lukose, 2018; Shang et al., 2023), and some specific
basketball skill-related tests in studies were not clear. For
instance, two studies did not respectively provide how to
measure the free-throw (Chen, 2018) and shooting (Lukose,
2018) in the test. The incomplete information might hinder a
comprehensive analysis. In addition, the absence of a control
group in three studies (Hany, 2017; Zuo, 2018; Bhardwaj and
Kathayat, 2021) may introduce bias regarding the true effects of
the intervention. Finally, while this review adopted a specific
operational definition of FT to guide the inclusion criteria and
analysis, it is acknowledged that the concept of FT encompasses a
broad spectrum of training methodologies and activities. This
inherent diversity within the field of FT is reflected in the wide
range of training approaches observed across the included
studies. Although this variability might impact the
interpretation of the specific effects and benefits of FT, it also
underscores the multifaceted nature of FT as a concept that is
adaptable to various physical fitness and sports
performance goals.

6 Conclusion

This systematic review, encompassing eleven published
studies, provides compelling evidence that FT can enhance
both physical fitness and skill-related performance in
basketball players. Specifically, FT has been shown to improve
linear speed, cardiovascular endurance, balance, muscular
endurance, muscular strength, and flexibility. While most
studies highlighted the positive impacts of FT on power, COD
speed, and basketball-specific skills performance in some tests,
certain performances did not see significant improvements.
Factors such as short program length and training session
durations, varied athletic levels of players examined, and
different foci of the FT exercises administered might account
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for these varied outcomes. Some tests (touch high, lane agility,
lateral shuffle test, dribbling line drill, and free-throw) were used
once among included studies, which might not be representative
of the overall effectiveness of FT because there might not have
been enough exposure or repetition, limiting the scope of
evidence. Notably, some physical fitness attributes only
received minimal attention (e.g., one to three studies
investigating muscular endurance, balance, and flexibility),
and no studies explored the effects of FT on body
composition, reaction time, or coordination–all crucial aspects
of basketball performance. Consequently, more research
attention should be given to exploring the effects of FT on
these attributes among basketball players moving forward. The
content of the FT program directly influences training outcomes.
Thus, practitioners should tailor the FT program according to the
specific needs and skills of the basketball players they work with.
A program length of more than 8 weeks may have a significant
improvement in fitness and skill performance, whereby
practitioners should carefully structure the FT stimuli to
progress in difficulty and intensity over time.
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The reliability and discriminant 
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Activity simulation protocols offer useful applications in research and practice; 
however, the specificity of such protocols to basketball game-play is currently 
lacking. Consequently, this study aimed to develop a game-specific basketball 
activity simulation protocol representative of typical playing durations and 
assess its reliability and discriminant validity. The simulation protocol was 
modified from an original version (i.e., Basketball Exercise Simulation Test) 
to incorporate regular breaks indicative of time-outs, free-throws, and 
substitutions. Twelve competitive male and female adult basketball players 
competing in the fourth or fifth Spanish basketball division underwent repeated 
trials of the simulation protocol (min. 4 to max. 14  days apart) for reliability 
analyses. In turn, 13 competitive male (fifth division), 9 competitive female 
(fourth division), and 13 recreational male adult basketball players completed 
the simulation protocol to assess discriminant validity via comparisons between 
sexes (competitive players) and playing levels (males). A range of physical, 
technical, and perceptual-physiological variables were collected during and 
following the simulation protocol. Several physical and heart rate variables 
displayed the strongest reliability (intraclass correlation coefficient [ICC]  =  0.72–
0.96; coefficient of variation [CV]  =  1.78–6.75%), with physical decrement, 
technical, blood lactate concentration, and rating of perceived exertion (RPE) 
variables having the weakest (ICC  =  0.52–0.75; CV  =  10.34–30.85%). Regarding 
discriminant analyses between sexes, males demonstrated significantly 
greater physical outputs in several variables and lower RPE compared to 
females (p  <  0.05, moderate-to-large effects). Comparisons between playing 
levels revealed competitive males had significantly greater physical outputs 
across many variables, alongside higher mean heart rate and lower RPE than 
recreational males (p  <  0.05, moderate-to-large effects). This study presents a 
novel game-specific basketball activity simulation protocol replicating actual 
playing durations and game configurations that might be successfully applied 
for both training and research purposes. Reliability statistics are provided for 
several variables to inform end-users on potential measurement error when 
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implementing the simulation protocol. Discriminant validity of the simulation 
protocol was supported for several variables, suggesting it may hold practical 
utility in benchmarking or selecting players. Future research on this topic is 
encouraged examining wider samples of male and female basketball players at 
different levels as well as additional forms of validity for the protocol.

KEYWORDS

team sport, testing, retest, shooting, RPE, heart rate, simulated match-play

1 Introduction

Basketball is one of the most popular global sports across different 
age groups and sexes with numerous competitions played at different 
levels in several countries (Ferioli et al., 2022). At higher playing levels, 
such as in semi-professional, professional, and representative contexts, 
teams are more likely to hire dedicated interdisciplinary support staff 
given their increased budgets and emphasis on performance-driven 
outcomes (Gleason et al., 2024a). The support staff predominantly aims 
to optimize player health and performance through observation, 
analysis, and management of players, as well as input in selection, 
development, training, and recovery practices (Gleason et al., 2024b). 
A crucial initial step in fulfilling these functions is acquiring a thorough 
understanding of the physical, technical, and perceptual-physiological 
competitive requirements the players face in their specific context 
(Russell et al., 2021). This knowledge then permits highly specific player 
training and management strategies to be developed within teams.

To ensure player plans are progressing as intended, controlled 
assessments with desired physical, technical, and perceptual-
physiological measures must be  taken periodically. In this regard, 
in-game measurements do not represent standardized stimuli to 
accurately assess changes in players across time due to the stochastic 
nature of game demands which are related to various contextual 
factors (e.g., opponent quality, team tactics, scoreline, and individual 
playing time) (Stojanović et al., 2018). Moreover, it is often difficult to 
take measurements on players during basketball competition given 
that some leagues prohibit the use of popularized wearable 
technologies that capture useful physical (e.g., microsensors) and 
physiological measures (e.g., heart rate monitors). Consequently, 
simulation protocols are a viable option to gather various measures on 
players in a controlled manner during game-specific activity bouts 
outside of a competition context (Williams et al., 2010; Waldron et al., 
2013). In this way, physical (Fox et al., 2017), technical (Boddington 
et  al., 2019), and perceptual-physiological (Lupo et  al., 2017; 
Berkelmans et  al., 2018) variables are regularly assessed among 
basketball players in the literature and shown to be  of interest to 
end-users working with teams (Fox et al., 2020).

To date, various basketball-specific simulation protocols have 
been developed (Kostopoulos et  al., 2004; Afman et  al., 2014); 
however, the Basketball Exercise Simulation Test has been the most 
popular basketball-specific simulation protocol adopted within the 
literature (Scanlan et al., 2012, 2014, 2017a,b, 2018; Staunton et al., 
2017; Delextrat et al., 2018; Latzel et al., 2018; Hovsepian et al., 2021; 
Javanmardi et al., 2021; Bourdas et al., 2024). This test replicates the 
intermittent activity profile and distances measured during games in 
professional, male basketball players competing in the Australian 

National Basketball League (Scanlan et al., 2014). In turn, it has been 
used to comprehensively quantify the demands of game-specific 
basketball activity (Latzel et al., 2018; Scanlan et al., 2018), assess the 
efficacy of nutritional (Delextrat et al., 2018) and training interventions 
(Hovsepian et  al., 2021), as a training strategy (Javanmardi et  al., 
2021), as a fatiguing protocol (Bourdas et al., 2024), and to assess 
monitoring approaches (Staunton et al., 2017; Scanlan et al., 2017a,b). 
The original version of the test was developed to simulate the 
maximum demands likely encountered during games (i.e., 48 min 
across 4 × 12-min quarters of live playing time) with reported 
reliability statistics (Scanlan et  al., 2014) and various types of 
supported validity (Scanlan et al., 2012, 2014). However, players are 
not likely to compete for entire games due to team substitution 
strategies and the original version of the test does not account for the 
frequent breaks encountered during games (e.g., free-throws, time-
outs), reducing its applicability to actual competitive requirements. In 
support of this notion, the test has since been modified with reduced 
activity durations in some studies (Staunton et al., 2017; Delextrat 
et al., 2018; Latzel et al., 2018).

Despite the need for an adapted, game-specific basketball 
simulation, no dedicated research has proposed an alternative protocol 
nor assessed its reliability and validity. Establishing the retest reliability 
of test protocols is essential to ensure they can suitably detect changes 
in outcomes (Weakley et al., 2023). Moreover, while many types of 
validity exist, discriminant validity is useful as it is predicated on the 
premise that test outcomes are unrelated between different groups 
(Weakley et  al., 2023). With acceptable retest reliability and 
discriminant validity, end-users can apply testing protocols confidently 
for longitudinal monitoring and distinguishing between performance 
levels in practice. Therefore, the aims of this study were to: (1) develop 
a new game-specific basketball activity simulation protocol 
representative of typical playing durations; and (2) assess the reliability 
and discriminant validity of this protocol.

2 Materials and methods

All data were collected across June and July in 2022, which was 
within 2 months of finishing the 2021–2022 Primera Nacional Spanish 
basketball competition for competitive players. All players were 
familiarized with testing procedures before official data collection 
began via demonstration, observation, and trials of the protocol as used 
previously (Scanlan et  al., 2012, 2014). For reliability analyses, a 
repeated-measures, within-subject design was followed whereby players 
completed the simulation protocol on two separate occasions, with a 
minimum of 4 days and a maximum of 14 days between trials. While 
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testing time was randomly allocated to players, each player was assessed 
at the same time of day in each trial (when completing repeated trials) 
to avoid any circadian variations in physical performance as 
documented previously in basketball players (Gaos et al., 2023). For 
discriminant validity analyses, a cross-sectional, between-subjects 
design was followed whereby players were only required to complete 
the simulation protocol on a single occasion. During the testing period, 
all players were instructed to maintain regular nutritional and sleeping 
behaviors and to abstain from physical activity for 24 h before each 
testing trial – which was verbally confirmed with each player prior to 
testing. All testing sessions were performed on the same indoor 
basketball court in a controlled air-conditioned environment.

2.1 Participants

Different player samples were included in the reliability and validity 
analyses within this study. Firstly, 12 adult basketball players (males: 
n = 8; age: 24.1 ± 4.2 years; stature: 185 ± 9 cm; body mass: 84.9 ± 16.7 kg; 
females: n = 4; age: 24.3 ± 2.4 years; stature: 169 ± 9 cm; body mass: 
63.3 ± 7.6 kg) were recruited for the reliability analyses. Secondly, 35 
adult basketball players (competitive males: n = 13; age: 25.2 ± 4.0 years; 
stature: 185 ± 9 cm; body mass: 85.9 ± 14.0 kg; competitive females: n = 9; 
age: 21.4 ± 2.9 years; stature: 170 ± 9 cm; body mass: 64.3 ± 6.6 kg; 
recreational males: n = 13; age: 29.2 ± 7.6 years; stature: 184 ± 7 cm; body 
mass: 87.9 ± 24.0 kg) were recruited for discriminant validity analyses 
between sexes (i.e., competitive males vs. competitive females) and 
playing levels (i.e., competitive males vs. recreational males). A priori 
power analysis (G*Power, version 3.1.9.7; University of Düsseldorf, 
Germany) indicated a minimum of 8 players was needed using an 
α = 0.05, β = 0.95, and effect size = 1.97, based on research examining a 
similar protocol for one of the main variables (i.e., mean circuit time) 
(Scanlan et al., 2012). All competitive male players were competing in 
the fifth division of the Spanish basketball competition, while all 
females were competing in the fourth division of the Spanish basketball 
competition. Recreational male players were regularly participating in 
non-structured basketball activity. Players competing in the Spanish 
basketball competitions performed at least three on-court team training 
sessions (each ~90–120 min) and a game per week during the season. 
It should be noted that data from the first trial in all players completing 
the reliability testing were included in both discriminant validity 
analyses, and data from competitive male players in discriminant 
validity analyses between sexes were also included in analyses between 
playing levels. Players were of various nationalities and volunteered to 
participate after being informed of the study procedures, risks, and 
benefits. For inclusion, players had to be  adults (≥18 years of age) 
participating in the fourth or fifth division of the Spanish basketball 
competition or recreational basketball, and be healthy with no injuries 
across the study. All procedures were approved by the UCAM 
Universidad Católica de Murcia’s Ethics Committee with written 
informed consent obtained from each player prior to participation.

2.2 Procedures

2.2.1 Basketball activity simulation protocol
A standardized 15-min warm-up was performed before each trial 

and consisted of 5 min of active mobility exercises, 5 min of running 

skill and basketball specific skill exercises, ten 2-point shots, ten 
3-point shots, and ten free-throws. Players then underwent 
familiarization (i.e., receiving verbal instructions and completing two 
circuit trials) before completing the simulation protocol. The protocol 
lasted a total of 63 min with 32 min of activity being performed, 
representing live active play. This configuration was chosen to reflect 
the typical playing time among players competing in Spanish 
basketball competition as indicated by past research (Lopez-Laval 
et al., 2016) and official competition statistics1 (opposed to the 48 min 
of activity included in the original version of the protocol (Scanlan 
et al., 2012)) along with the likely occurrence of in-game stoppages 
(i.e., time-outs, free-throws, and inter-quarter breaks). The simulation 
protocol was split into quarters, with each quarter involving two 
4-min activity bouts separated by 1-min of passive seated rest 
(corresponding to a time-out duration), and a 2-min passive seated 
rest (corresponding to a substitution). Each quarter was further 
separated by a 2-min passive seated rest, with a 15-min passive seated 
rest between the second and third quarters (i.e., half-time break) in 
line with international regulations. This protocol configuration is 
shown in Figure 1. Each 4-min simulated activity bout consisted of 
eight 30-s circuits at guided intensities that were self-regulated. These 
circuits were arranged identically to those stipulated for the original 
version of the simulation protocol (Scanlan et al., 2012). Each activity 
performed in the simulation protocol were described to players before 
testing to guide movement intensities and included: walking – activity 
at no greater intensity than walking pace; jogging – activity at a 
moderate intensity, higher than walking pace but without urgency 
(50% of maximal velocity); running – activity at a greater than 
moderate intensity, with effort and purpose but still below maximal 
exertion (75% of maximal velocity); sprinting – all-out effort at 
maximal intensity; low-intensity shuffling – activity characterized by 
shuffling action of the feet within a defensive stance position, 
performed without urgency; high-intensity shuffling – activity 
characterized by shuffling action of the feet within a defensive stance 
position, performed at maximal effort; and jumping – 
countermovement maximal effort jump initiated off both legs with 
arm swing. The breakdown of activities in each circuit of the 
simulation protocol is displayed in Figure 2.

To ensure players did not initiate each circuit with momentum, 
they were required to start each circuit in a stationary position 30 cm 
behind the initial set of timing lights via floor markings. Each circuit 
lasted for 30 s (maximum of 16 circuits completed per 8 min of activity 
per quarter). If players completed the circuit in under 30 s, remaining 
time was used as passive standing rest at the starting point. If players 
took longer than 30 s to complete the circuit, they were required to 
completely stop then immediately commence the following circuit. In 
these cases, players completed less than 8 circuits per 4-min bout 
unless adequate timing was restored (i.e., they were completing 
circuits within 30 s when averaged across the 4-min bout). Players 
were given standardized verbal instructions and encouragement to 
ensure correct execution and optimal performance were obtained. A 
range of variables were collected for each player during testing and 
tabulated across the entire simulation protocol rather than reported 
per quarter.

1 https://www.acb.com/estadisticas-individuales/minutos
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2.2.2 Physical variables
Firstbeat Sports sensors (Firstbeat Technologies Oy; Jyväskylä, 

Finland) were used to measure movement load continuously for 
each player when completing the circuits during the simulation 
protocol (i.e., with data recorded during breaks trimmed). Players 
wore sensors firmly affixed to their chest roughly at the base of the 
sternum via textile straps. The same sensor was worn by all players 
across trials to avoid any inter-sensor variations in data outputs. 
Movement load (in arbitrary units [AU]) was calculated via 
Firstbeat Sports software (version 2.50.3; Firstbeat Technologies Oy; 
Jyväskylä, Finland) as the sum of accelerations across the three 
movement axes using the tri-axial accelerometer component 
sampling at 50 Hz with the following formula:

 
Movement load y y x x z z

 =
−( ) + −( ) + −( )− − −Α Α Α Α Α Α1 1

2

1 1
2

1 1
2

300

where Ay, Ax, and Az are the orthogonal components measured 
from the triaxial accelerometer. Movement intensity was calculated 
as relative movement load per minute (AU . min−1) of activity 
during the simulation protocol (i.e., removing any breaks). Data 
were exported into Microsoft Excel (version 2,402; Microsoft 
Corporation; Redmond, WA, USA) for processing following 
testing. Distance, time, height, and decrement outcomes were also 
recorded as per previous methodologies (Scanlan et  al., 2012, 
2018). Distance covered during the simulation protocol was 
calculated following each test by marking the precise end-point 
upon completion (if all allotted circuits were not completed) and 
measuring the distance covered in this final circuit with a 
measuring tape. It should be  noted that if players were able to 
complete all circuits in a 4-min bout, the distance of the final circuit 
ceased at the photocells following the jog. If players completed all 
allotted circuits across all quarters, they covered a total distance of 
4519.2 m (564.9 m per 4-min bout consisting of 7 circuits x 71.9 m 
and 1 circuit x 61.6 m). Performance times to complete each sprint 
(per circuit) and each circuit (measured following the jog) were 

measured using single-beam photocells (Witty gate; Microgate; 
Bolzano, Italy) set at ~1.1 m above ground level. While the 
reliability and validity of these specific photocells are yet to 
be  investigated, this technology has been shown to be  reliable 
previously (Thapa et al., 2023). Jump height for each jump (per 
circuit) was recorded using an iPhone 13 high-speed camera 
(Apple, California, USA) and analyzed using a valid and reliable 
mobile application (Gencoglu et al., 2023) (My Jump 2). Due to a 
technical error, jump data were not collected for recreational 
players and therefore excluded from discriminative validity 
analyses between playing levels. Sprint, circuit, and jump 
decrements were determined as the cumulative percent decline 
using the mean outcome across each two sequential circuits 
inputted into the following formulae:

 

Sprint circuit decrement
total time ideal time

/ %

/

 

  

( ) =
[ ]×( ) −100 1100

 

Jump decrement
total jump height ideal jump heigth

 

    

%

/

( ) =
− [100 ]]×( )100

where total values were the sum of all two-circuit mean outcomes 
and ideal values were the best sequential two-circuit outcome.

2.2.3 Technical variables
Players performed a shooting task for technical assessment 

following perceptual-physiological measures being taken at the end of 
each quarter. The shooting task consisted of shooting 25 consecutive 
free-throws (4.6 m from directly below the backboard) on a regular 
basketball court (hoop  3.05 m from ground) using a standard 
basketball (size 7 for males; size 6 for females). Players were instructed 
to make as many free-throws as possible, shooting within 5 s after 
receiving the ball as per international regulations and used previously 
in basketball research (Filipas et al., 2021). However, players normally 

FIGURE 1

Configuration of the game-specific basketball activity simulation protocol.
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completed this task within 1 min to not take up a considerable portion 
of end-of-quarter breaks. The overall number of free-throws made out 
of the 100 attempts across the entire simulation protocol (4 quarters 
× 25 shots) was recorded. No encouragement or feedback were 
provided throughout the shooting task.

2.2.4 Perceptual-physiological variables
Heart rate (HR) was continuously monitored throughout the 

simulation protocol using Firstbeat Sports sensors, which have 
supported reliability and validity (Bogdány et al., 2016). Mean and 
peak absolute HR (beats·min−1) recorded for each player when 
completing the circuits (i.e., excluding breaks) in the simulation 
protocol were considered for reliability analyses. Mean and peak 

relative HR (%HRmax) attained during the simulation protocol were 
determined for discriminative validity analyses calculated relative to 
age-predicted maximum HR (i.e., 220 – age in years). Blood lactate 
concentration (BLa) was measured via capillary samples taken from 
the earlobe immediately after the competition of the final circuit in 
each quarter using a portable amperometric lactate analyzer with 
supported validity and reliability (Crotty et al., 2021) (Lactate Pro 2, 
Arkray, Kyoto, Japan). The average BLa determined across all quarters 
was used for statistical analyses. Rating of perceived exertion (RPE) 
was collected 30 min after the completion of the entire simulation 
protocol using the validated (Chen et  al., 2002) Borg’s Category 
Ratio-10 scale (Borg, 1998) used widely in basketball research (Ferioli 
et al., 2021; Kamarauskas et al., 2024).

FIGURE 2

The activity breakdown within each circuit of the game-specific basketball activity simulation protocol.
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2.3 Statistical analysis

All variables (except distance covered) were shown to 
be normally distributed with Shapiro–Wilk tests and are reported 
as mean ± standard deviation (SD) (with median and interquartile 
ranges also calculated for distance covered). Retest reliability was 
assessed via determination of coefficient of variation (CV) and 
intraclass correlation coefficient (ICC) statistics with 90% 
confidence intervals (CI) using customized spreadsheets 
(Hopkins, 2015) via the log-transformed variable. Discriminant 
validity analyses were performed by comparing outcomes between 
sexes and between playing levels using independent t-tests (while 
a non-parametric approach [Mann–Whitney U test] was applied 
to distance covered). Cohen’s d with 90% CI was calculated to 
indicate the magnitude of differences in pairwise comparisons for 
parametric data and was interpreted as follows: trivial, <0.20; 
small, 0.20–0.59; moderate, 0.60–1.19; large, 1.20–1.99; very large, 
≥2.00 (Hopkins et  al., 2009). The r-value, calculated as Z / 
SQRT(N) (Fritz et al., 2012), was determined as an effect size for 
pairwise comparisons in non-parametric data and interpreted 
using Cohen’s benchmarks as: no effect, <0.10; small, 0.10–0.29; 
medium, 0.30–0.49; and large, ≥0.50. Statistical significance was 
set at p < 0.05. Analyses were conducted using the jamovi package 
(The jamovi project, version 1.82).

2 Retrieved from: https://www.jamovi.org.

3 Results

3.1 Reliability analyses

Descriptive data for all variables across repeated trials and retest 
reliability statistics for the simulation protocol are provided in 
Table  1. Physical variables were mostly characterized by strong 
reliability statistics (ICC = 0.82–0.96; CV = 1.78–6.75%). However, 
decrement measures among the physical variables (ICC = 0.52–0.75; 
CV = 19.19–30.85%) and technical performance (free-throws made) 
(ICC = 0.73; CV = 10.54%) displayed weaker ICC and higher 
CV. Regarding perceptual-physiological variables, higher reliability 
was observed for HR variables (ICC = 0.72–0.78; CV = 1.82–2.16%), 
with lower reliability apparent for BLa and RPE (ICC = 0.53–0.69; 
CV = 10.34–20.96%).

3.2 Discriminant validity analyses between 
sexes

Descriptive data for all variables according to sex along with 
comparison statistics are presented in Table 2. Among the physical 
variables, males had significantly higher movement loads and 
intensities (p < 0.05, moderate effects), as well as superior mean sprint 
time and jump height compared to females (p < 0.05, moderate-to-
large effects). In contrast, non-significant differences were apparent 
between sexes for mean circuit time, distance covered, and 
performance decrements (p > 0.05, trivial-to-moderate effects). 
Regarding technical performance, a non-significant (p > 0.05), trivial 
difference between sexes was apparent for free-throws made. Likewise, 

TABLE 1 Physical, technical, and perceptual-physiological variables (mean  ±  standard deviation) measured during the game-specific basketball activity 
simulation protocol across repeated trials alongside reliability statistics.

Variable Trial 1 Trial 2 ICC (90%CI) CV% (90%CI)

Physical variables

Movement load (AU) 199 ± 35 204 ± 24 0.82 (0.57; 0.93) 6.75 (5.01; 10.66)

Movement intensity (AU · min−1) 6.26 ± 1.04 6.37 ± 0.74 0.89 (0.72; 0.96) 5.02 (3.73; 7.88)

Mean sprint time (s) 1.48 ± 0.11 1.48 ± 0.11 0.91 (0.77; 0.97) 2.45 (1.83; 3.82)

Mean circuit time (s) 25.22 ± 2.12 24.78 ± 1.73 0.93 (0.81; 0.97) 2.28 (1.78; 3.56)

Mean jump height (cm) 33.27 ± 8.79 33.72 ± 7.85 0.96 (0.90; 0.99) 6.75 (5.00; 10.65)

Total distance covered (m) 4,427 ± 182 4,443 ± 218 0.89 (0.72; 0.96) 1.78 (1.33; 2.77)

Sprint time decrement (%) 11.03 ± 3.75 9.51 ± 2.07 0.62 (0.20; 0.84) 19.19 (14.35; 29.76)

Circuit time decrement (%) 8.54 ± 4.05 9.40 ± 5.12 0.75 (0.43; 0.90) 27.74 (20.74; 43.02)

Jump height decrement (%) 17.94 ± 8.07 17.47 ± 6.38 0.52 (0.06; 0.80) 30.85 (23.06; 47.83)

Technical variable

Free-throws made (count) 71.3 ± 13.4 73.0 ± 11.2 0.73 (0.39; 0.89) 10.54 (7.78; 16.81)

Perceptual-physiological variables

Mean heart rate (beats·min−1) 179 ± 8 178 ± 6 0.72 (0.38; 0.89) 2.16 (1.61; 3.38)

Peak heart rate (beats·min−1) 192 ± 8 189 ± 5 0.78 (0.48; 0.91) 1.82 (1.35; 2.85)

Blood lactate concentration 

(mmol · L−1)

8.79 ± 1.97 8.34 ± 2.74 0.53 (0.07; 0.80) 20.96 (15.29; 34.31)

Rating of perceived exertion (AU) 7.69 ± 0.94 7.70 ± 1.46 0.69 (0.32; 0.88) 10.34 (7.64; 16.48)

AU, arbitrary units; CI, confidence intervals; CV%, coefficient of variation as a percentage; ICC, intraclass correlation coefficient.

54

https://doi.org/10.3389/fpsyg.2024.1414339
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.jamovi.org


Ferio
li et al. 

10
.3

3
8

9
/fp

syg
.2

0
24

.14
14

3
3

9

Fro
n

tie
rs in

 P
sych

o
lo

g
y

fro
n

tie
rsin

.o
rg

TABLE 2 Physical, technical, and perceptual-physiological variables (mean  ±  standard deviation) alongside comparison statistics for discriminant validity analyses between sexes and playing levels during the 
game-specific basketball activity simulation protocol.

Variable Competitive 
male

Recreational 
male

Competitive 
female

Sex comparison Playing level comparison

p-value ES (90%CI) Interpretation p-value ES (90%CI) Interpretation

Sample size (n) 13 13 9

Physical variables

Movement load (AU) 215 ± 31 186 ± 28 187 ± 28 0.041 0.97 (0.15; 1.75) Moderate 0.018 1.02 (0.25; 1.75) Moderate

Movement intensity 

(AU · min−1)
6.73 ± 0.96 5.80 ± 0.86 5.84 ± 0.87 0.040 0.97 (0.15; 1.75) Moderate 0.018 1.02 (0.26; 1.75) Moderate

Mean sprint time (s) 1.45 ± 0.10 1.48 ± 0.18 1.58 ± 0.13 0.016 −1.14 (−1.93; −0.31) Moderate 0.618 −0.20 (−0.84; 0.46) Trivial

Mean circuit time (s) 24.4 ± 2.0 26.3 ± 2.0 24.5 ± 1.0 0.866 −0.07 (−0.79; 0.64) Trivial 0.019 −0.99 (−1.69; −0.24) Moderate

Mean jump height (cm) 35.0 ± 5.8 – 22.8 ± 7.3 <0.001 1.92 (0.91; 2.86) Large – – –

Total distance covered 

(m)
4,479 ± 93* 4,214 ± 295 4,418 ± 273* 1.000 0.00 Trivial 0.002 0.57 Large

Sprint time decrement 

(%)
10.9 ± 3.9 10.8 ± 3.1 12.5 ± 5.3 0.837 −0.14 (−1.19; 0.92) Trivial 0.953 0.02 (−0.62; 0.67) Trivial

Circuit time decrement 

(%)
8.1 ± 3.4 12.2 ± 4.9 9.8 ± 4.1 0.303 −0.46 (−1.18; 0.28) Small 0.020 −0.98 (−1.68; −0.24) Moderate

Jump height decrement 

(%)
17.2 ± 5.2 – 21.8 ± 9.2 0.184 −0.64 (−1.43; 0.17) Moderate – – –

Technical variable

Free-throws made 

(count)
66.2 ± 14.3 61.5 ± 18.4 68.9 ± 15.3 0.681 −0.18 (−0.89; 0.54) Trivial 0.467 0.29 (−0.37; 0.94) Small

Perceptual-physiological variables

Mean heart rate 

(%HRmax)
91.8 ± 2.3 89.0 ± 3.6 90.2 ± 4.3 0.266 0.50 (−0.24; 1.22) Small 0.023 0.95 (0.22; 1.66) Moderate

Peak heart rate 

(%HRmax)
97.8 ± 2.3 95.9 ± 3.0 96.2 ± 3.5 0.197 0.58 (−0.17; 1.31) Small 0.078 0.72 (0.02; 1.40) Moderate

Blood lactate 

concentration  

(mmol · L−1)

9.12 ± 2.59 8.52 ± 2.46 8.13 ± 2.44 0.382 0.39 (−0.35; 1.10) Small 0.551 0.23 (−0.42; 0.88) Small

Rating of perceived 

exertion (AU)
7.14 ± 0.95 8.34 ± 1.25 8.11 ± 0.60 0.011 −1.08 (−1.80; −0.32) Moderate 0.011 −1.08 (−1.80; −0.32) Moderate

AU, arbitrary units; CI, confidence intervals; ES, effect size. Bolded p-value indicates statistically significant difference at p < 0.05; * indicates data were not normally distributed (median ± inter-quartile range: competitive males = 4,519 ± 0 m; competitive 
females = 4,519 ± 0 m), so pairwise comparisons were performed with the Mann Whiteney U test and r-value effect size interpreted according to Cohen’s benchmarks; − indicates no jump data for recreational males given it were not collected due to technical issues.
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all perceptual-physiological variables were similar between sexes 
(p > 0.05, small effects), except for RPE, which was significantly higher 
in females than males (p < 0.05, moderate effect).

3.3 Discriminant validity analyses between 
playing levels

Descriptive data for all variables according to playing level along 
with comparison statistics are also presented in Table 2. Regarding 
physical variables, competitive males had significantly higher 
movement loads, movement intensities, and total distances, alongside 
significantly superior mean circuit time and circuit time decrement 
than recreational males (p < 0.05, moderate-to-large effects). In turn, 
comparable mean sprint time and sprint time decrement were evident 
between playing levels (p > 0.05, trivial effects). Likewise, a 
non-significant (p > 0.05), trivial difference in free-throws made was 
evident between playing levels. Among the perceptual-physiological 
variables, competitive males had significantly higher mean HR and 
lower RPE (p < 0.05, moderate effects), but non-significantly higher 
peak HR and BLa responses (p > 0.05, small-to-moderate effects) 
compared to recreational males.

4 Discussion

In addressing the first aim, this study outlines a new basketball 
activity simulation protocol that is more representative of typical 
playing durations experienced during games than the original 
simulation protocol proposed in the literature (Scanlan et al., 2012, 
2014). In turn, we  also aimed to examine the reliability and 
discriminant validity of this new simulation protocol to inform 
end-users on its potential utility in practice. Our findings revealed that 
physical and HR variables demonstrated relatively strong reliability, 
while physical decrement, technical, and other perceptual-
physiological variables displayed weaker reliability. Discriminant 
validity of the protocol was also demonstrated via differences in many 
variables emerging between players of different sexes and 
playing levels.

4.1 Reliability analyses

Regarding reliability analyses, unfounded statistical criteria are 
regularly referenced in the sport science literature to determine 
whether a testing protocol is reliable (Atkinson and Nevill, 1998). 
However, it is ultimately up to the end-user and their analytical goals 
to decide on the level of measurement error (i.e., reliability) they are 
willing to accept in their specific context when adopting a testing 
protocol in practice (Atkinson and Nevill, 1998). In this way, if test 
outcomes cannot be  reliably reproduced, it cannot be  effectively 
determined whether players have improved (Weakley et al., 2023). 
Accordingly, we provide some initial insight into the relative (via ICC) 
and absolute (via CV) reliability of several variables within physical, 
technical, and perceptual-physiological domains during the game-
specific simulated basketball activity protocol to help guide decision-
making among end-users. More precisely, most physical variables 

(except decrement measures) had the strongest relative reliability (ICC 
≥0.82), meaning they may be most useful for discriminating between 
players (e.g., assessing player rankings within the team across time) 
(Impellizzeri and Marcora, 2009). Likewise, several physical variables 
(CV <7%) and both HR variables (CV ~2%) displayed the strongest 
absolute reliability, indicating they may hold most utility in 
longitudinal assessments (e.g., assessing changes in response to 
interventions or across seasonal phases) (Impellizzeri and Marcora, 
2009). In contrast, we observed physical decrement, technical, and 
remaining perceptual-physiological variables to be least reliable with 
ICC of 0.52–0.75 and CV of 10–31%.

The reliability statistics we reported are generally weaker than 
those documented for the original version of the simulation protocol 
(ICC = 0.56–0.99, CV = 1–17%) (Scanlan et al., 2014). This variation 
in reliability statistics across studies may be due various factors such 
as the higher training status (i.e., regional and semi-professional 
levels) of the players recruited previously promoting more consistent 
performances than players in our study, as well as the different 
technologies used for measurements (e.g., timing sprint and circuit 
times, monitoring movement load). Nevertheless, the trends in 
reliability statistics we  observed align with those reported for the 
original version of the simulation protocol (Scanlan et al., 2014), as 
well as other simulated team sport activity protocols in soccer 
(Williams et  al., 2010) and rugby league (Waldron et  al., 2013). 
Specifically, it was reported that physical and HR variables tended to 
have the strongest reliability and physical decrement (Scanlan et al., 
2014), technical (Williams et al., 2010), BLa (Waldron et al., 2013), 
and RPE (Williams et al., 2010) variables had the weakest reliability. 
Indeed, physical decrement variables have been shown to possess 
considerably low reliability during repeated-sprint and multi-
dimensional movement tasks systemically across the literature among 
soccer players, possibly due to permutations in pacing strategies 
adopted (Altmann et al., 2019). Consequently, the collective evidence 
indicates that the variations in reliability we observed across different 
types of variables may be  rather universal in team sport 
simulation protocols.

4.2 Discriminative validity analyses

To assess discriminant validity, we  examined differences in 
variables taken during the simulation protocol between player samples 
of different sexes (comparable playing levels) and playing levels 
(males). Regarding sex comparisons, some variables were significantly 
different between males and females, with males demonstrating 
greater physical outputs (i.e., movement load, movement intensity, 
mean sprint time, and mean jump height) but lower RPE than females. 
The superior physical intensities among males may be expected given 
the players were competing at comparable playing levels and 
completing similar team training routines. In this regard, adult males 
have been documented to possess greater strength, power, and speed 
attributes than adult females of similar age and training status (Hunter 
et al., 2023), which contribute strongly to several physical variables 
we measured. In contrast, other variables, such as physical decrements, 
total distance, physiological intensities, and shooting performance, 
were rather comparable between sexes. These findings may 
be expected given the greater physical outputs demonstrated by males 
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may be countered by superior performance fatiguability in females 
(Hunter, 2016) to promote consistent decrement and total distance 
outcomes between sexes. Moreover, maximal HR responses during 
exercise and sporting technical skills have been suggested to display 
minimal sex differences (Hunter et al., 2023). Consequently, the lack 
of differences between sexes among some variables may not diminish 
the discriminant validity of the simulation protocol.

Regarding playing level comparisons, we would expect players 
undertaking structured team training and game schedules in 
competitive environments to possess superior performance during 
the simulation protocol than those participating in recreational 
settings. In this regard, competitive players displayed a significantly 
higher movement load, movement intensity, and total distance, 
alongside faster circuit times and decrements than recreational 
players. Given anaerobic and aerobic fitness attributes have been 
shown to significantly correlate with physical variables during the 
original version of the simulation protocol (Scanlan et al., 2014), 
the higher training demands, and therefore likely higher fitness 
status, of the competitive players may underpin these differences. 
In support of this notion, male basketball players competing at 
higher playing levels within Italian competitions (ranging from 
amateur to professional) have been shown to possess superior 
fitness across a range of anaerobic and aerobic attributes than 
lower-level players (Ferioli et  al., 2018). We  also observed 
competitive players to maintain significantly higher mean relative 
HR across the simulation protocol with lower RPE than recreational 
players. These variations suggest competitive players were able to 
maintain higher cardiovascular intensities in completing the set 
activities with less perceptual stress, which may also be attributed 
to them possessing a greater aerobic fitness, especially given the 
strong oxidative metabolic contribution involved in completing the 
simulation protocol (Latzel et al., 2018). In contrast, non-significant 
differences were evident for sprint variables, as well as shooting 
performance, between playing levels. Similarities in these measures 
may be  anticipated given sprint performance times over short 
distances have been shown to vary and potentially overlap across a 
range of playing levels ranging from amateur to professional in a 
systematic review encompassing sprint testing outcomes in male 
basketball players (Morrison et al., 2022). Moreover, while shooting 
performance may typically be  better in players participating in 
more elite competitions (Zuzik, 2011), the technical shooting 
abilities of competitive players in our study may have been more 
closely matched with the recreational players, especially for 
common, standardized tasks such as the free-throw. In support of 
this notion, non-significant differences have also been observed in 
free-throw shooting performance across similar shooting protocols 
between intermediate-level competitive and novice, male basketball 
players (Pakosz et al., 2021).

4.3 Limitations

In interpreting our findings, the limitations encountered should 
be considered. Firstly, we examined only one modified version of the 
simulation protocol, equating to a playing time of 32 min interspersed 
with 31 min of passive recovery. Accordingly, this protocol may not 
be practically applicable to player samples who experience alternative 

exposures during games. Secondly, the original version of the 
simulation protocol was developed using video-based time-motion 
data from professional, male players (Scanlan et  al., 2012, 2014); 
however, we examined competitive players competing at lower levels 
than this as well as recreational players. Consequently, the demands 
elicited in our modified simulation protocol may not represent the 
precise activity profiles of games encountered among the players 
we recruited. Thirdly, while the Witty gate photocells (Stojanović 
et al., 2019; Gonzalo-Skok and Biship, 2024) and Firstbeat Sports 
technology sensors (Portes et al., 2022, 2023) have been previously 
used to assess physical demands in basketball players, the precise 
validity and reliability of these devices are yet to be  investigated. 
Consequently, interpretation of the physical demand data reported 
in our study should be conducted in consideration of this point. 
Fourthly, we focused on examining discriminant validity given its 
importance in applied sport science contexts for distinguishing 
between different player samples. However, other forms of validity 
are also important for application in practice (e.g., criterion validity, 
ecological validity) (Weakley et  al., 2023) and warrant further 
investigation. Finally, we  could not recruit sufficient players to 
perform reliability analyses according to player sex and playing level 
nor conduct more detailed discriminant analyses via comparisons 
between sexes within each playing level or between playing levels 
within each sex. Therefore, similar research on this topic is 
encouraged across wider samples of male and female players 
competing at various playing levels.

5 Practical applications and 
conclusions

The predominant practical outcome from this study is the 
development of a new basketball activity simulation protocol that is 
more specific in replicating actual playing durations and game 
configurations than the original version (Scanlan et  al., 2012). 
Consequently, the stimuli elicited and insight gathered from this new 
simulation protocol likely hold stronger translation to real competitive 
contexts. For instance, the simulation protocol could be used to assess 
the efficacy of different interventions (e.g., nutritional 
supplementation, training strategies) (Delextrat et al., 2018; Hovsepian 
et al., 2021) or compromised conditions (e.g., mental fatigue, sleep 
restriction) (Bourdas et al., 2024) on game-specific basketball activity 
capabilities. Accordingly, the new simulation protocol may provide 
researchers and practitioners with more holistic information 
compared to classic physical fitness tests such as jump, sprint, or 
change-of-direction assessments that are restricted to a specific form 
of activity. Furthermore, the simulation protocol could also be applied 
as a training tool (Javanmardi et al., 2021) in practice. In turn, we also 
provide useful reliability data for physical, technical, and perceptual-
physiological variables measured during the simulation protocol to 
inform end-users on the inherent measurement error that may 
be  encountered. In this regard, most physical variables and HR 
variables displayed the strongest reliability; however, caution should 
be  exercised in interpreting performance decrement variables in 
particular given the relatively weak reliability observed for them, 
which is in line with other research findings (Scanlan et al., 2014; 
Altmann et al., 2019). We also provide support for the simulation 
protocol in detecting differences in selected variables between sexes 
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and playing levels that may be expected to vary based on these factors. 
In this regard, the simulation protocol may hold utility in 
benchmarking or selecting basketball players as part of team processes.
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Objective: This study investigates the efficacy of trainingmethodologies aimed at
mitigating asymmetries in lower limb strength and explosiveness among
basketball players.

Methods: Thirty male university basketball athletes were enrolled in this
research. Initial assessments were made regarding their physical
attributes, strength, and explosiveness. Subsequently, the participants
were randomly allocated into two groups: an experimental group (EG,
n = 15) and a control group (CG, n = 15). Over 10 weeks, the EG engaged
in a unilateral compound training regimen, incorporating resistance training
exercises such as split squats, Bulgarian split squats, box step-ups, and
single-leg calf raises (non-dominant leg: three sets of six repetitions;
dominant leg: one set of six repetitions) and plyometric drills including
lunge jumps, single-leg hops with back foot raise, single-leg lateral
jumps, and single-leg continuous hopping (non-dominant leg: three sets
of 12 repetitions; dominant leg: one set of 12 repetitions). The CG continued
with their standard training routine. Assessments of limb asymmetry and
athletic performance were conducted before and after the intervention to
evaluate changes.

Results: 1) Body morphology assessments showed limb length and
circumference discrepancies of less than 3 cm. The initial average
asymmetry percentages in the single-leg countermovement jump (SLCMJ)
for jump height, power, and impulse were 15.56%, 12.4%, and 4.48%,
respectively. 2) Post-intervention, the EG demonstrated a significant
reduction in the asymmetry percentages of SLCMJ height and power (p <
0.01), along with improvements in the isometric mid-thigh pull (IMTP) test
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metrics (p < 0.05). 3) The EG also showed marked enhancements in the double-
leg countermovement jump (CMJ) and standing long jump (SLJ) outcomes
compared to the CG (p < 0.01), as well as in squat performance (p < 0.05).

Conclusion: The 10-week unilateral compound training program effectively
reduced the asymmetry in lower limb strength and explosiveness among elite
male university basketball players, contributing to increased maximal strength and
explosiveness.

KEYWORDS

sports performance, strength and conditioning, between-limb, imbalance, power

1 Introduction

Basketball, a highly popular sport classified as an invasion game,
has been extensively studied over the past decade (Stojanovic et al.,
2018). Basketball research has focused on identifying performance
indicators (Sergio et al., 2018), technical–tactical aspects (Canan and
Hirata, 2019; Fernández-Cortes et al., 2021), health (Shao and Sun,
2022), and load control (Piñar et al., 2022), among others. In the area
of health, one specific term has experienced exponential growth in
recent years: asymmetries.

Inter-limb asymmetries, a focal point of recent research, refer to
the comparative analysis of the functionality between one limb and
its counterpart (Keeley and Oliver, 2011). Between-limb imbalance
in strength and power, assessed as the limb symmetry index, has
been considered a valid and useful tool to detect players at high risk
(e.g., 4-fold in players with >10% asymmetry) of lower extremity
injury (Gustavsson et al., 2006). Additionally, inter-limb
asymmetries might also play a role in performance (e.g., more
symmetrical team-sports players seem to be faster than their
asymmetrical counterparts) (Bailey et al., 2013; Lockie et al.,
2014). Less research has been conducted on asymmetries in
basketball than in other invasion sports, such as soccer (Nunes
et al., 2018; Buoite Stella et al., 2022).

Research analyzing asymmetries in basketball compares the
differences obtained among groups in test batteries. These test
batteries are essentially composed of two types of tests:
laboratory tests, in which flexion–extension is measured through
peak torque (Schiltz et al., 2009a; Parpa and Michaelides, 2022), and
field tests, in which straight runs and vertical jumps with one or two
legs are used (Bakaraki et al., 2021; Barrera-Domínguez et al., 2021).
Theoharopoulos and Tsitskaris (2000) and Rahnama and
Bambaecichi (2005) suggest that reaching a certain level of
expertise in basketball can lead to lower limb strength and
flexibility asymmetries. Schiltz et al. (2009b) examined isokinetic
knee extensor and flexor strength in professional and junior
basketball players to determine the presence of lower limb
explosive strength asymmetry and its differences. The results
showed that isokinetic and functional variables were similar
between groups, with no dominant differences, but basketball
players with knee injuries exhibited bilateral isokinetic strength
asymmetry. Radjo et al. (2013) measured morphological and
force indicators in basketball players to determine the degree of
differences between the twomain components (left leg and right leg)
of the basketball player’s movement system. They measured
morphological and kinetic indicators in 68 basketball players
using the Biodex isokinetic system and balance system, and

statistical analysis revealed significant differences. Leroy et al.
(2000) compared the spatial and temporal gait variables of
10 swimmers, 10 basketball players, and 16 soccer athletes (all
men) using a gait analysis system, observing differences in gait
patterns between the left and right sides. The basketball and soccer
players exhibited asymmetric gait variables, while swimmers did not
show statistically significant differences in gait variables between the
left and right sides, suggesting differences across different sports.
Basketball is considered a symmetrical sport, meaning that there are
no inherent differences in asymmetries caused by training,
competition, various tasks, game situations, or specific player
positions (Sergio et al., 2023). Any natural movement
asymmetries that may arise during the sport are typically
compensated for by subsequent movements. However, there may
be isolated instances where certain players exhibit asymmetries that
are not directly related to basketball practice. In such cases, it is
crucial for the coaching staff to promptly identify the asymmetry
and implement corrective measures to minimize or eliminate it.
Although it is generally accepted that minimizing the differences
between the two sides of the body is logical and that reducing
asymmetry on both sides of the body is beneficial for human
movement, there is little research on how to reduce the degree of
asymmetry between two sides of a body. In this regard, strength and
explosive training is one of the most used strategies for reducing
asymmetry (Blakeyl and Southard, 1987; Lundin and Berg, 1991;
Adams et al., 1992; Huerta et al., 2016). The term “complex training”
specifically refers to arranging rapid, plyometric exercises similar in
biomechanical nature to resistance training immediately following
the resistance training within the same session (Ebben WPWP. and
Watts P. B., 1998; Carter and Greenwood, 2014). Newton and
Kraemer (1994) describe complex training as a training strategy
involving explosive muscle actions and integrating rapid and slow
force outputs. They suggest that this training method can
simultaneously enhance both strength and speed, implying an
increase in maximal explosive force. In early literature, when
describing the combination of strength training with plyometric
exercises, terms such as “combination lifts in the complex” and
“mixed-method training” were used instead of “complex training.”
Over time, these terms gradually evolved into “complex training”
(SKK, 1986; Newton and Kraemer, 1994; Batista et al., 2011).
Additionally, to the authors’ knowledge, no studies have yet
analyzed the effects of interventions on inter-limb asymmetry
among basketball players; therefore, further research in this
demographic is warranted.

This study aims to evaluate the impact of unilateral
compound training on limb asymmetry among male basketball

Frontiers in Physiology frontiersin.org02

Zhang et al. 10.3389/fphys.2024.1361719

61

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1361719


players and to determine whether alterations in limb asymmetry
influence overall physical performance. It is posited that the
unilateral compound training intervention will lead to
significant enhancements in both limb asymmetry and
physical performance from pre-intervention to post-
intervention.

2 Methods

2.1 Experimental approach to the problem

Before the intervention, participants’ body morphology
(length and girth) and the asymmetry index of lower limb
explosive power (SLCMJ) were measured to assess the degree
of asymmetry. It was hypothesized that asymmetry would exist in
both limb morphology and strength among the participants.
Additionally, to further assess the asymmetry in lower limb
force-generating capacity, IMTP testing was conducted using a
portable force plate (400 Series Performance Force Plate, Fitness
Technology, Adelaide, Australia) sampling at 600 Hz, along with
a portable IMTP rack (Fitness Technology, Adelaide, Australia).
This approach enables a more objective and accurate detection of
the strength differences between the two sides of the lower limbs,
thereby providing a comprehensive reflection of inter-limb
strength disparities. Subsequently, the study employed a
single-factor, completely randomized, pretest–posttest research
design. Participants underwent unilateral compound training
aimed at improving limb asymmetry. Our second hypothesis
posited that this intervention would reduce the percentage
difference in limb asymmetry among participants. Participants
were randomly assigned to either an experimental group (EG)

(n = 15) or a control group (CG) (n = 15). The EG underwent
unilateral compound training, characterized by a relatively
uniform intensity and volume of the training load. The
intervention lasted between 4 and 10 weeks and included one
to six sessions of resistance training and five to 15 sessions of
plyometric training per week. Each session was controlled to
include two to five sets at a frequency of 1 to 3 times per week
(Haff, 2016; Michael, 2016). Rest intervals should be
appropriately tailored to accommodate individual responses to
the compound training regimen. The unilateral training regimen
adheres to the principles of Michael Boyle’s unilateral functional
training approach (Michael, 2016). The specific intervention
protocol for this study is detailed in Table 1. The intervention
spanned 10 weeks, occurring three times per week (Monday,
Wednesday, and Friday), with each session lasting 30 min
before class ended, followed by a unified cool-down exercise
lasting 5–10 min. The CG maintained their usual training
regimen. Subsequent analyses compared pre- and post-training
changes in test indicators to evaluate whether improvements in
limb asymmetry influenced sports performance levels. This led to
the formulation of a third hypothesis: that reducing limb
asymmetry positively affects sports performance. All
participants were fully briefed on the associated benefits, risks,
measurement protocols, and procedures and participated in a
standardized familiarization session prior to testing. A
standardized warm-up, which included joint mobility
exercises, dynamic stretching, mid-zone activation, and
specific exercises such as weighted half squats and sprints, was
conducted before the official tests (Beato and Coratella, 2021).
Experienced investigators provided on-site technical feedback. If
an athlete’s movements were not executed correctly or lacked full
effort, the tests and training sessions were required to be

TABLE 1 Experimental intervention plan.

Grouping Training
methods

Training
content

Number of sets/
repetitions

Load intensity Rest
interval

Total
duration
(min)

EG Resistance
training

1. Split squat Non-dominant leg: three
sets of six

repetitions (3 × 6)

Resistance training and plyometric
compound training overcome body weight,
requiring participants to exert maximum
effort to complete the movements

40 s 13

Plyometrics 2. Bulgarian split
squat

Dominant leg: one set of
six repetitions (1 × 6)

5 min 5

3. Box step-up Non-dominant leg: three
sets of

12 repetitions (3 × 12)

60 s 12

4. Single-leg calf
raise

Dominant leg: one set of
12 repetitions (1 × 12)

1. Lunge jump

2. Single-leg hop
with back foot raise

3. Single-leg lateral
jump

4. Single-leg
continuous hopping

CG Regular course content

Note: Load intensity is to overcome their own weight.
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repeated. The experimental procedure for this study is illustrated
in Figure 1.

2.2 Specific intervention plan

2.2.1 Participants
Thirty elite male university basketball players voluntarily

participated in the study. The inclusion criteria were the absence

of injuries or illnesses as confirmed by the Physical Activity
Readiness Questionnaire (Thomas and Shephard, 1992); right-
handedness with right-hand dominance; left leg as the
predominant leg for basketball activities, notably as the takeoff
leg in a three-step layup maneuver. Participants regularly
engaged in basketball team training, consisting of three 120-min
basketball sessions (Monday, Wednesday, and Friday) and one
physical training session (Saturday) per week, had over a year of
experience in heavy strength resistance training, and were health-

FIGURE 1
Flowchart of the experiment.
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screened by two physical training experts with an average of 12 years
experience in physical training, testing, and evaluation. The athletes
typically performed resistance training weekly in the strength and
conditioning lab as part of their training regimen and were familiar
with the training protocol and testing methods. Prior to the trial, all
participants were informed of the potential risks and benefits and
signed an informed consent form. They were instructed to maintain
their usual exercise routine 48 h before the trial and to abstain from
any stimulants or alcohol. The final analysis included 30 participants
(age 20.9 ± 1.0 years; weight 71.3 ± 6.3 kg; height 180.4 ± 5.2 cm;
training years 4.1 ± 0.8 years; body fat percentage 18.4% ± 4.2%)
(Table 2). This study received approval from the Academic Ethics
Committee (2023LCLL-68), and all procedures were conducted in
accordance with the Declaration of Helsinki for human participants
(Association, 2013).

2.2.2 Procedures
2.2.2.1 Measure
2.2.2.1.1 Inbody370 body composition. Inbody370 Body®
Composition Analyzer Usage: Athletes were instructed to remove
their shoes and socks and stand on the analyzer’s electrode plates.
They input their ID, height, age, gender, and other details into the
display screen and held the measurement handles on either side,
placing their thumbs on the bipolar plates. Their arms should rest
naturally at their sides until the measurement is complete. The
system generated a test report from which relevant indicators were
selected based on the experimental needs. The data were stored on a
computer for future reference, and comprehensive result reports,
including nutrition and exercise plans, were available for print.

2.2.2.1.2 Bilateral isometric mid-thigh pull. Bilateral IMTP testing
followed similar protocols used in previous research (Thomas et al.,
2015). The IMTP testing was performed on a portable force plate
sampling at 600 Hz (400 Series Performance Force Plate, Fitness
Technology, Adelaide, Australia) using a portable IMTP rack
(Fitness Technology, Adelaide, Australia). Sampling as low as
500 Hz has been shown to produce high-reliability measures for
isometric force-time variables (Dos Santos et al., 2016). The force
plate was interfaced with computer software [Ballistic Measurement
System (BMS)] that allowed direct measurement of force-time
characteristics. For the bilateral stance IMTP testing, a collarless
steel bar was positioned to correspond to the athlete’s second-pull
power clean position just below the crease of the hip (Haff et al., 2015).
The bar height could be adjusted in 3 cm increments at various heights
above the force plate to accommodate different-sized athletes. Athletes
were strapped to the bar in accordance with previous research (Haff
et al., 2005) and positioned in their self-selected mid-thigh clean
position established in the familiarization trials whereby feet were

shoulder width apart, knees were flexed over the toes, shoulders
were just behind the bar, and torso was upright (Dos’ Santos et al.,
2016). Researchers have demonstrated that differences in knee and hip
joint angles during the IMTP do not influence kinetic variables (Haff
et al., 2005; Comfort et al., 2014), justifying the self-selected preferred
mid-thigh position. All subjects received standardized instructions to
pull as fast and as hard as possible and push their feet into the force plate
until they were told to stop, as these instructions have been shown to be
optimal in producing maximum PF and RFD results. IMTP
assessments demonstrated high within-session reliability for PF
(Thomas et al., 2015). Once the body was stabilized (verified by
watching the subject and force trace), the IMTP was initiated with
the countdown “3, 2, one pull,”with participants ensuring thatmaximal
effort was applied for 5 s based on previous protocols (Haff et al., 2005;
Haff et al., 2015). Data were collected for a duration of 8 s.Minimal pre-
tension was allowed to ensure there was no slack in the body prior to
initiation of pull. Verbal encouragement was given for all trials and
subjects. Participants performed a total of three bilateral maximal effort
trials interspersed with 2-min recoveries.

2.2.2.1.3 Vertical jump tests. Single-leg countermovement jump
(SLCMJ) procedure: Participants positioned themselves at the center
of the Smart Jump mat with their hands on their hips. Upon
receiving the initial command, they balanced on one leg,
maintaining an upright posture for 1–2 s. A subsequent
command prompted participants to perform a squat immediately
followed by a maximal vertical leap, exerting full effort while
continuing to balance on the same leg. During the aerial phase of
the jump, it was crucial to maintain a vertically aligned torso. Upon
landing—touching down with both feet—participants were required
to execute knee flexion to absorb the shock. They then maintained a
single-leg stance for an additional 1–2 s. A practice jump was
performed prior to the official testing. Each movement was
repeated three times per side with a 10-s rest interval between
jumps, and a 1-min rest was allowed when switching sides. The
highest recorded jump from each side was considered the valid test
value. Double-leg countermovement jump (DLCMJ) procedure: The
DLCMJ protocol differed only in that both takeoff and landing
involved the use of both legs simultaneously.

The system used the formula peak power output (PPO) (W) =
60.7jump height (cm) +45.3mass (kg) −2055. The PPO was an
estimate and not a measurement. The formula (flight time/1000) ×
(body weight) × (g/2) was used to calculate the impulse (N·s) of the
athlete’s vertical jump, and the formula jump height (cm) = (flight
time/1000) × (2g) × (100/8), where the unit of flight time was (ms),
and the constant for gravity (g) = 9.81 m/s. The day before the test,
the participants were briefed on the testing process and the standard
movements of a stationary squat jump. The participants practiced to

TABLE 2 Baseline characteristic.

Variable EG (N = 15) CG (N = 15) Total P ES

Age (years) 20.9 ± 1.1 20.9 ± 0.9 20.9 ± 1.0 0.91 0.01

Body Mass (kg) 73.5 ± 5.3 69.1 ± 6.7 71.3 ± 6.3 0.56 0.73

Height (cm) 182.1 ± 4.1 178.7 ± 5.8 180.4 ± 5.2 0.78 0.68

Body mass index (kg/m2) 16.2 ± 4.6 14.3 ± 2.5 18.4 ± 4.2 0.32 0.51
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familiarize themselves with the key points of the stationary squat
jump movement.

2.2.2.1.4 Standing long jump tests. The participants positioned
themselves comfortably with both feet entirely behind the takeoff
line. Initiating the jump directly without preliminary movements
such as stepping or hopping was mandatory. The distance was
precisely measured from the takeoff line to the nearest point of first
contact upon landing. Each participant executed three jumps, and
the maximum distance achieved was recorded.

2.2.2.1.5 10- and 20-meter straight sprint tests.The Brower Timing
System (TC-1H, United States of America), a wireless apparatus that
obviates the need for transmission lines, is capable of timing long
distances and facilitating shuttle runs and agility tests. This system,
enhanced with additional sensors, allows for subdividing a race start into
multiple stages for granular analysis. It was strategically positioned at
both the starting and finish lines of the 20m sprint track, which was
constructed from plastic material. Competitors were positioned less than
0.5 m from the starting line, in a high starting posture with feet spread,
arms at their sides, and hips and knees moderately bent. Participants
commenced the sprint at their discretion to eliminate variability in
reaction times affecting the results. Timing began as participants crossed
the initial photocell gate and ended upon completion at the finish line.
This method provides a precise evaluation of sprinting capabilities
independent of initial reaction times. The sprint durations for
distances of 10 m and 20 m were meticulously recorded as 0.00 s.
Upon arrival at the laboratory, participants engaged in a standardized
warm-up, followed by a 3-min passive rest. The data from two sprint
rounds of 20 m—with rest intervals based on participant rotation—were
collected; the better performance was used as the benchmark for
subsequent training sessions.

2.2.2.1.6 Maximum strength tests. Before conducting the maximum
strength test, it was necessary to estimate the participants’ one repetition
maximum (1RM) weight, which should have been close to their
maximum strength but not so heavy that they were unable to
complete the movement. The testing procedure was as follows: First,
the participants performed 10 warm-up reps with an empty barbell and
then rested for 2–3 min. Second, the weight was increased by
approximately 15% of the estimated 1RM for one set of 3–5 reps.
The participants rested for 3–5 min and continued to increase the
weight by 15% of the estimated 1RM, and so on. Third, once the weight
reached 90% of the estimated 1RM, only a 5% increase for 1–2 reps was
made, followed by a 5-min rest. Fourth, the weight was increased to the
estimated 1RM for a trial lift; if successful, they rested for 5 min and
then continued to increase by 5%; if unsuccessful, they rested for 5 min
and attempted a second trial lift; if it failed again, they rested for 5 min
and decreased the weight by 2.5%–5% for a trial lift. The participants
were to determine their 1RM value within five attempts (Baechle, 2008).

2.2.2.1.7 Statistical analyses. Statistical analysis was performed on
SPSS software® (v24.0, Chicago, United States). Normality and equal
variance assumptions were checked using the Shapiro–Wilk test and
Levene test, respectively. Statistical significance was inferred from p <
0.05. The percentage formula for unilateral asymmetry testing is
(Dominant limb (DL) − Non-dominant limb (NDL))/DL × 100
(Nunn and Mayhew, 1988), and the percentage formula for bilateral

asymmetry testing is (DL −NDL)/(DL + NDL) × 100 (Kobayashi et al.,
2013). The data comparison between the two sides of the limbs was
done using an independent t-test. Inter-group comparisons of various
indicators were made using independent T-tests, while intra-group
comparisons used paired T-tests. To control the pre-test variable, the
pre-test results were treated as equal groups, and post-intervention
comparisons of the test indicators in both groups were made using a
one-way analysis of covariance (ANCOVA). During the covariance
analysis, the post-test was set as the dependent variable, the pre-test as
the covariate, and the group as the independent variable. In the one-way
ANCOVA, data that did not meet the assumptions were analyzed using
a t-test. The effect size in the covariance analysis was measured
according to Cohen’s d effect value standards (Fritz and Richler,
2012). Partial η̂2 values are small effect (≥0.01 and <0.06), medium
effect (≥0.06 and <0.14), and large effect (≥0.14).

3 Results

3.1 Pre-intervention limb asymmetry
measurements for participants

Body morphology and strength metrics underwent direct
measurement and evaluation, adhering to the standards outlined in
the textbook Human Movement Ability Testing and Evaluation (Li
Jie, 2005).

The analysis revealed no significant differences in the body
morphology metrics among the participants (p > 0.05). Research
categorizes the degree of variation as mild (<3 cm), moderate (3 cm ≤
X < 6 cm), and severe (>6 cm) (Sayers and Bishop, 2017). Observation
of the participants’ body morphology indicators suggests relative
symmetry, with discrepancies between the left and right sides of
the limbs consistently below 3 cm (Table 3).

3.2 Pre-intervention SLCMJ test results

SLCMJ test results, illustrated in Figure 2, demonstrate
disparities between the left and right conditions concerning
participants’ jump height, peak power, and impulse, with
noticeable inconsistencies on both sides. Specifically, the average
jump height for the 30 participants’ left and right legs was 25.42 cm
and 23.50 cm, respectively; the average peak power was 2621.83 W
for the left and 2657.25 W for the right; and the average impulse was
154.65 N·s for the left and 154.41 N·s for the right (see Table 4).

3.3 The impact of unilateral compound
training on the intervention of
limb asymmetry

3.3.1 SLCMJ test metric
Results on left-right asymmetry from the vertical jump mat

SLCMJ tests are summarized in Table 5. For SLCMJ height, a
significant post-experiment asymmetry was noted between the
two groups (p < 0.01). Similarly, a significant difference in SLCMJ
peak power asymmetry was observed post-experiment (p < 0.01).
Conversely, for the SLCMJ impulse indicator, the asymmetry level
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did not differ significantly between the groups post-experiment (p >
0.05). Notably, the EG exhibited a lower asymmetry percentage of
3.01% than the CG’s 5.38%, indicating superior performance by the EG.

3.3.2 Isometric mid-thigh pull
The results from the isometric leg strength test asymmetry

between the left and right legs are detailed in Table 6. Post-
experiment, a significant asymmetry difference was observed
between the two groups (p < 0.05), with the EG demonstrating
3.20% asymmetry and the CG demonstrating 10.20%. The post-
experiment asymmetry levels increased by 0.2% in the CG
and decreased by 5.87% in the EG. Post-experiment asymmetry
for the EG was reduced to 3.20% from its pre-experiment
level of 9.07%.

3.3.3 Intervention outcomes on participants’
athletic performance results
3.3.3.1 Explosive power (EP) and maximum strength
(MS) variables

Table 7 shows a comparison of variables between the two groups
pre-experiment. Table 8 shows an analysis of Covariance
Assumptions for Participants’ EP and MS Variable. Post-
experiment analyses using covariance for CMJ and SLJ heights
are detailed in Table 9, revealing F (1,28) = 8.73, η2_p = 0.24 for
CMJ and F (1,28) = 11.98, η2_p = 0.31 for SLJ. Controlling for
baseline measures, significant differences in CMJ and SLJ heights
were found between the experimental group (EG) and the control
group (CG) (p < 0.05). An independent t-test for the 20 m sprint
indicated no significant group differences (p > 0.05), with an effect
size (ES) of 0.63, suggesting a medium effect; specifically, the post-
test 20 m sprint speeds were 2.87 s for the EG and 2.97 s for the CG,
demonstrating faster performance by the EG. The EG’s growth rate
of −0.02 surpassed the CG’s rate of −0.01. Regarding squat
performance, covariance analysis post-intervention (Table 9)
showed F (1,28) = 4.86, η2_p = 0.15, with significant intergroup
differences post-control (p < 0.05) and a substantial effect size. The
EG’s squat performance (117.76 kg) exceeded the CG’s (117.37 kg),
with growth rates of 0.05 for the EG and 0.04 for the CG, as detailed
in Table 10.

4 Discussion

This study aimed to assess the effects of a unilateral compound
training regimen on limb asymmetry and to explore its impact on

FIGURE 2
SLCMJ test metrics: cm = height, W = power, N·s = impulse.

TABLE 3 Participant body morphology measurement results (N = 30).

Variable (cm) M ± SD T P

Upper limb length (left) 73.98 ± 1.84 −0.43 0.67

Upper limb length (right) 73.99 ± 1.85

Upper arm length (left) 30.39 ± 1.08 −1.37 0.18

Upper arm length (right) 30.41 ± 1.07

Forearm length (left) 22.29 ± 1.04 0.34 0.72

Forearm length (right) 22.34 ± 1.06

Upper arm circumference (left) 29.36 ± 1.27 −1.96 0.06

Upper arm circumference (right) 29.46 ± 1.29

Forearm circumference (left) 25.54 ± 1.09 −1.90 0.07

Forearm circumference (right) 25.60 ± 1.07

Thigh length (left) 50.46 ± 1.19 1.69 0.10

Thigh length (right) 50.42 ± 1.17

Calf length (left) 47.13 ± 1.11 −0.98 0.34

Calf length (right) 47.17 ± 1.17

Lower limb length (left) 101.07 ± 2.58 1.07 0.29

Lower limb length (right) 101.04 ± 2.51

Thigh circumference (left) 53.43 ± 2.36 −1.42 0.17

Thigh circumference (right) 53.29 ± 2.40

Calf circumference (left) 29.73 ± 1.11 0.38 0.71

Calf circumference (right) 29.72 ± 1.06

Ankle circumference (left) 20.86 ± 0.89 0.90 0.38

Ankle circumference (right) 20.84 ± 0.89

Foot length (left) 27.36 ± 1.01 0.11 0.92

Foot length (right) 27.32 ± 0.98
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physical performance among male basketball players. The principal
outcomes indicate that this training regimen significantly decreased
limb asymmetry and that reductions in asymmetry correlated
positively with enhanced explosive power and maximal strength
parameters. Consequently, this evidence substantiates the
integration of strength and explosive training into basketball
training protocols.

The examination and comparison of morphological indicators
between the participants’ left and right limbs revealed that
discrepancies in length and circumference were minimal (less
than 3 cm), and these differences were not statistically significant.
These results are consistent with those of previous research findings
(Beattie et al., 1990; Rhodes et al., 1995). In basketball training,

players’ skills, such as dribbling and ball handling with both hands,
can promote balanced development on both sides of the body
(Sergio et al., 2023). Studies have shown that shorter limbs can
bear higher peak loads and higher loading rates than longer limbs. In
the long term, individuals with slightly different lower limb lengths
may be more prone to muscle and skeletal problems due to greater
forces and loads applied to the shorter limb. Therefore, individuals
with lower limb length differences ranging from 1 cm to 3 cm should
also consider achieving balanced limb lengths (White and Wilk,
2004). Bell et al. (2014) found that the asymmetry in thigh and calf
circumference explained 25% of the variance in reactive strength
measures, and the asymmetry in pelvic, thigh, and calf lean mass
explained 25% of the variance in lower limb explosive power, such as

TABLE 4 SLCMJ test metrics (N = 30).

Variable Limb M ± SD Degree of asymmetry%

SLCMJ (cm) Left leg 25.42 ± 3.15 15.56 ± 7.77

Right leg 23.50 ± 3.06

Power (w) Left leg 2621.83 ± 303.62 12.14 ± 6.11

Right leg 2657.25 ± 354.12

Impulse (N·s) Left leg 154.65 ± 14.87 4.48 ± 3.88

Right leg 154.41 ± 16.99

Note: The calculation method for the asymmetry percentage of unilateral test indicators is (DL – NDL)/DL × 100.

TABLE 5 Asymmetry percentages in SLCMJ tests before and after the experiment.

Variable
(%)

Time EG (N = 15) CG
(N = 15)

Comparison
between two

groups

Before and
after the EG

Before and
after the CG

T P T P T P

Jump height Pre 15.25 ± 5.68 15.86 ± 9.63 0.21 0.84 6.35 0.001** 1.49 0.16

Post 7.86 ± 2.58 13.48 ± 5.46 3.60 0.002**

Power Pre 11.57 ± 5.99 12.70 ± 6.39 0.50 0.62 3.90 0.002** 1.08 0.30

Post 5.15 ± 1.41 11.52 ± 6.60 3.66 0.002**

Impulse Pre 4.20 ± 1.43 4.75 ± 5.38 0.39 0.70 4.35 0.001** −1.13 0.28

Post 3.01 ± 1.21 5.38 ± 4.96 1.80 0.08

Note: The calculation method for the asymmetry percentage of unilateral test indicators is (DL −NDL)/DLD × 100; *significantly different from two groups at p < 0.05; ** significantly different

from two groups at p < 0.01.

TABLE 6 Asymmetry percentages in isometric lower limb strength tests.

Variable (%) Time EG (N = 15) CG (N = 15) Comparison
between two

groups

Before and
after the EG

Before and after
the CG

T P T P T P

Isometric mid-thigh pull (PF) Pre 9.07 ± 5.12 10.00 ± 7.13 0.41 0.68 −5.44 0.000** 0.14 0.89

Post 3.20 ± 2.11 10.20 ± 2.95 7.48 0.001**

Note: The asymmetry percentage for bilateral test indicators is calculated as (DL − NDL)/(DL + NDL) × 100; PF: peak force.
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countermovement jumps. Hence, differences in lean body mass
between limbs may partly cause strength and power asymmetry
and could potentially limit jump height optimization when
considering their impact (Boyi et al., 2014).

Limb strength asymmetry directly influences strength and
power performance, which in turn affects various other athletic
skills and overall sports performance. Newton et al. (2006) measured
the limb imbalance through bilateral and unilateral squats of equal
length and found that the lower limb strength difference was 1% in
the group with accurate kicks, while the group with less accurate
kicks showed differences exceeding 8%. This indicates that higher
lower limb strength asymmetry has a negative impact on the
accuracy of kicking in athletes (Hart et al., 2014). Bazyler et al.
(2014) also demonstrated that higher limb asymmetry reduces
vertical jump height and maximal explosive power. Research on
elite cyclists showed a negative correlation between the asymmetry

of peak torque at the knee joint (180°/sec) and power output during a
5-s maximal cycling test (r = −0.50; p < 0.05). Asymmetry in lower
limb explosive power affects body movement, direction changes,
regulation of the body’s center of gravity, the execution of specialized
techniques, agility, multidirectional speed, and more. Maloney
investigated the correlation between asymmetry in single-leg
hopping and a 90° cutting task. The study divided participants
into fast and slow groups, and the asymmetry in average vertical
stiffness and vertical jump height explained 63% of the cutting
performance (r = 0.63; p = 0.001). Additionally, the faster group of
athletes had lower asymmetry in jump height, indicating that
reducing asymmetry in lower limb jumping can effectively
enhance cutting performance (Maloney and Richards, 2016).
Lockie et al. (2014) investigated athletes exhibiting varying
degrees of lower limb explosive power asymmetry through
multiple assessments, including vertical jumps, short-distance
sprints, and agility tests. The findings indicated that moderate
asymmetry in lower limb explosive power during jumping did
not significantly correlate with performance in short-distance
sprinting or agility. However, excessive asymmetry adversely
impacted enhancements in sprinting and agility performance.

The study utilized unilateral compound intervention training
techniques to diminish limb asymmetry and concurrently
enhance maximal strength and explosive power in lower limb
squats. This aligns with previous research findings by Maloney
and Richards (2016), Brown et al. (2017), and Bishop and Read
(2018), who consider that intervention training can reduce inter-
limb asymmetry and enhance physical performance. A recent
meta-analysis by Bettariga et al. (2022) investigated the effects of

TABLE 7 Comparison of participant EP and MS variables before the
experiment.

Variable CG (N = 15) EG (N = 15) T P

CMJ (cm) 49.90 ± 4.63 53.43 ± 5.21 −1.96 0.06

SLJ (cm) 273.87 ± 11.60 279.07 ± 13.31 −1.14 0.26

10-m sprint (s) 1.81 ± 0.06 1.81 ± 0.09 0.07 0.95

20-m sprint (s) 3.02 ± 0.10 2.93 ± 0.19 1.6 0.12

Squat (kg) 113.83 ± 14.07 111.50 ± 15.75 0.43 0.67

TABLE 8 Analysis of covariance assumptions for participant EP and MS variables.

Hypothesis

Variable

Linear hypothesis Homogeneity of variance
test

Parallel assumption
interaction term p-value

F P F P F P

CMJ (cm) 30.54 0.001** 2.29 0.09 0.97 0.33

SLJ (cm) 64.76 0.001** 2.44 0.13 0.005 0.95

10-m sprint (s) 2.14 0.12 0.10 0.75 0.02 0.90

20-m sprint (s) 27.77 0.000** 2.01 0.17 6.41 0.02

Squat (kg) 174.09 0.001 0.07 0.79 0.03 0.86

Note: If the p-value for the linear hypothesis is less than 0.05, it meets the condition for covariance analysis; if the p-value for the homogeneity of variance test is greater than 0.05, it meets the

condition for covariance analysis; if the p-value for the parallelism assumption is greater than 0.05, it meets the condition for covariance analysis. A t-test was conducted for factors not meeting

the assumption conditions in one-way ANCOVA.

TABLE 9 Results of the covariance analysis for participants’ EP and MS tests.

Variable CG (N = 15) EG (N = 15) F P η2_p

CMJ (cm) 51.37a ± 0.81 54.86a ± 0.81 8.73 0.006** 0.24

SLJ (cm) 275.25a ± 1.14 280.88a ± 1.14 11.98 0.002** 0.31

10-m sprint (s) 1.74a±0.02 1.70a±0.02 3.42 0.08 0.11

Squat (kg) 117.37a ± 0.84 117.76a ± 0.84 4.86 0.04 0.15

Note: “a” represents the adjusted mean ± standard deviation of the dependent variable after covariate correction. In the covariance analysis, a t-test is conducted for conditions that do not meet

the assumptions.
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training interventions on inter-limb asymmetries measured
across a range of physical performance tests. In summary, the
asymmetry tests most used to demonstrate changes in side-to-
side differences are a range of unilateral jump and change of
direction (COD) speed tests. When training methods are
considered, most traditional resistance programs have utilized
a combination of strength and jumping-based exercises over
6–10 weeks. The rationale behind this is that resistance
training stimulates the secretion of anabolic hormones,
activating skeletal muscle protein synthesis, promoting muscle
fiber hypertrophy, and enhancing muscle strength and explosive
power (Damas and Ugrinowitsch, 2018; Gallo-Villegas et al.,
2018; Grgic et al., 2018). However, resistance training,
typically performed slowly, lacks intense neural stimulation
and only increases muscle explosive power by enhancing
maximal strength. In contrast, plyometric training utilizes the
lengthening–shortening cycle, activating the stretch reflex and
storing elastic potential energy in muscles for more forceful
contractions (Ebben WPWPB. and Watts P. B., 1998).
Explosive power, being the product of strength and speed,
benefits from the combined advantages of plyometric training,
effectively exercising both strength and speed (Robert and
William, 1994).

During unilateral training, the central nervous system and
proprioceptors activate a comprehensive array of muscle groups,
potentially utilizing the unique physiological process known as
“cross-education.” Governed primarily by neural pathways,
including those in the cerebral cortex and spinal cord, this
phenomenon’s impact varies with the training approach. Notably,
while this study employed bilateral limb interventions, it
disproportionately focused on the weaker limb through increased
training sessions and sets, indicating that the effects of cross-
education are significant (Beobachtungen, 1858; Scripture and
Brown, 1894). Future investigations should intensively explore
the mechanisms behind cross-education to enhance its practical
application. Furthermore, evidence suggests that unilateral training
significantly boosts strength, explosive power, and agility. Derrick-E
Speirs et al. (2016) investigated the impact of 5 weeks of unilateral
versus bilateral squat training on strength, short-distance sprints,
and multidirectional speed, aiming to delineate the comparative
benefits of these training modalities on athletic performance.
Appleby et al. (2019) allocated 33 athletes into three groups: a
unilateral group, a bilateral group, and a CG. They engaged in lower
limb strength training twice weekly, with the bilateral group
performing squat exercises and the unilateral group undertaking

weight-bearing single-leg push-offs from a box. The findings
indicated that both training modalities enhanced maximum lower
limb strength, short-distance sprint capability, and multidirectional
speed; however, unilateral training showed a more pronounced
effect on multidirectional speed. Furthermore, unilateral training
was associated with greater activation of the gluteus medius,
enhanced knee joint stability, and a reduced immediate
testosterone response than bilateral training. However, a formal
power analysis was not conducted during the research design phase
to determine sample size. Given the exploratory nature of this study
and its reliance on a small, specialized cohort, effective power
calculations were not feasible. Future studies will incorporate
power calculations to establish appropriate sample sizes.

In summary, unilateral training, with its high demands for limb
instability and extensive muscle recruitment during training,
effectively reduces inter-limb differences. Future research should
integrate limb asymmetry assessment with basic strength and
explosive power evaluations in basketball training practices. This
approach would optimize the assessment system for basketball
players, providing new tools to understand their physical
deficiencies. Longitudinal studies to explore the long-term
characteristics and trends of limb asymmetry in basketball
players and its cyclical impact on their performance are suggested.

5 Conclusion

The limb length and circumference asymmetries in the
measurements of the limbs in male college basketball players
were less than 3 cm; however, the differences in strength and
explosive power metrics between the limbs were more
pronounced. A 10-week unilateral compound training
intervention effectively reduced the percentage of asymmetry in
these strength and explosive power metrics among male college
basketball players. This reduction in limb asymmetry percentage
difference positively impacted the associated metrics of maximal
strength and explosive power.

6 Practical applications

In future basketball training practices, coaches must closely
monitor the asymmetry and severity of asymmetry between the
upper and lower limbs on both sides of athletes’ bodies. For athletes
exhibiting significant asymmetry, targeted and specialized training

TABLE 10 Comparison of changes in participant EP and MS test results.

Variable CG d% (N = 15) EG d% (N = 15) T P

CMJ (cm) 0.01 ± 0.07 0.06 ± 0.05 −2.64 0.01

SLJ (cm) −0.002 ± 0.02 0.01 ± 0.01 −2.66 0.01

10-m sprint(s) −0.04 ± 0.04 −0.06 ± 0.05 1.35 0.19

20-m sprint(s) −0.01 ± 0.04 −0.02 ± 0.02 0.62 0.54

Squat (kg) 0.04 ± 0.03 0.05 ± 0.02 −0.23 0.82

Note: d = (post-test measurement − pre-test measurement)/pre-test measurement × 100.
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should be implemented to reduce the asymmetrical differences
between their limbs, thereby enhancing performance and
preventing sports injuries. Furthermore, the study utilized loads
based on the athletes’ own body weight, allowing them to apply what
they have learned directly on the court post-training or competition.
It is crucial to actively adopt advanced training concepts and
methodologies that promote the balanced development of
athletes’ limbs, improve training efficiency and effectiveness, and
ultimately boost their overall performance and achievements.
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Objective: This study aims to analyze the effects of plyometric training (PT) on
physical fitness and skill-related performance in female basketball players.

Method: Five databases, includingWeb of Science, Scopus, PubMed, EBSCOhost,
and Google Scholar, were used to select articles published up to 20 December
2023, using a combination of keywords related to PT and female basketball
players. The risk of bias and the certainty of evidence in included articles were
assessed using the Cochrane risk of bias (RoB2) tool and “The Grading of
Recommendations Assessment, Development, and Evaluation” (GRADE).

Results: Ten studies were included for the systematic review, and eight for the
meta-analysis, totalling 246 female basketball players aged 14.5–22.5 years. Most
of these players were highly trained. Most of the included studies exhibited
concerns regarding the risk of bias. The PT programs lasted 4–8 weeks,
conducted 2–3 sessions per week, with sessions lasting 20–90 min and
including 29–190 jumps. In the systematic review, most studies showed that
PT significantly improved performance in countermovement jump (CMJ), squat
jump (SJ), Sargent jump, standing long jump, lateral hop, medicine ball throw,
t-Test, Illinois agility, lane agility drill, linear 20-m sprint, stable and dynamic leg
balance, dribbling, passing, shooting, and various basketball-specific tests, as well
as increased muscle volume and thigh cross-sectional area. However, some
studies showed PT to induce no significant changes in performance during CMJ,
t-Test, Illinois agility, knee extensor/flexor strength, linear sprint, and single leg
balance tests. In the meta-analysis, CMJ height (ES = 0.37; p = 0.036), vertical
jump (VJ) peak power (ES = 0.57; p = 0.015), VJ peak velocity (ES = 0.26; p =
0.004), and t-Test performance time (ES = 0.32; p = 0.004) were significantly
improved with small effects following PT.

Conclusion: The effect of PT on performance in female basketball players was
mixed. Most studies indicated that PT could improve variousmeasures of physical
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fitness and skill-related performance, but performance remained unchanged in
some tests. More studies with established tests are needed to investigate the effect
of PT on female basketball players in the future.

Systematic Review Registration: https://inplasy.com/, Identifier
INPLASY2023120078.

KEYWORDS

plyometrics, jumps, power, agility, shooting, passing

1 Introduction

Basketball is a dynamic sport requiring numerous high-intensity
actions to execute game techniques and tactics (Mancha-Triguero
et al., 2019). Players with high levels of physical fitness, including
agility, power, and endurance, can perform well with limited recovery
time (Rodríguez-Fernández et al., 2023). Several fitness training
methods have been employed for basketball players, such as
resistance, core, functional, game-based conditioning, and high-
intensity interval training (Cao et al., 2024). For instance, Luo
et al. (2023) reported that core training could improve overall
athleticism (e.g., sprinting, jumping, balance) and skill performance
(e.g., shooting, dribbling, passing) in basketball players (Luo et al.,
2023). Usgu et al. (2020) suggested that functional training could
enhance performance-related parameters such as strength, jump
height, flexibility, and agility in basketball players (Usgu et al.,
2020). Among the available training methods, plyometric training
(PT) is a popular choice among basketball coaching staff. For instance,
all surveyed strength and conditioning coaches (n = 20) working in
the National Basketball Association (NBA) indicate they use PT with
their athletes (Simenz et al., 2005).

PT consists of exercises where muscles exert maximum force in
short intervals to increase power (Chu, 1998). The stretch-shortening
cycle (SSC) is a critical neuromuscular phenomenon underlying
plyometric performance (Komi, 2003). In basketball, plyometrics aim
to increase muscle power, allowing athletes to jump higher, sprint faster,
and execute rapid changes in direction more effectively (Ramirez-
Campillo et al., 2022)). These attributes are vital for rebounding,
blocking, and shooting (Yáñez-García et al., 2022). In this regard, PT
offers advantages over othermethods like resistance, core, and functional
training. For instance, PT targets the SSC to enhance explosive power,
speed, and quickness, and also improves neuromuscular efficiency and
coordination, leading to faster muscle contractions. In contrast,
resistance training focuses on optimizing muscle strength and
hypertrophy but may not directly improve explosive power (Lopez
et al., 2021) with less focus on neuromuscular efficiency. Core training
strengthens core muscles essential for stability but does not explicitly
target explosive movements (Feng et al., 2024). Moreover, while
functional training can improve jump performance and overall
neuromuscular coordination through holistic movement patterns, it
may not isolate the explosive component as effectively (Boyle, 2016;
Posnakidis et al., 2022).

The effectiveness of PT has been demonstrated in many sports.
For instance, Silva et al. (2019) indicated that PT could significantly
improve vertical jump performance, strength, horizontal jump
performance, flexibility and agility/speed in volleyball players
(Silva et al., 2019). A review reported that PT improved jump
height, 20-m sprint speed, and endurance in male soccer players

(van de Hoef et al., 2020). Deng et al. (2022) illustrated that PT had a
positive effect on maximal serve velocity and physical performance
in tennis players (Deng et al., 2022). In basketball, most studies have
predominantly focused on the effect of PT on male players. For
example, Asadi (2013) reported that a 6-week in-season PT had
positive effects for improving power and agility performance in male
basketball players (Asadi, 2013). Huang et al. (2023) showed that PT
could increase muscle volume in the lower limbs and legs, increase
the rate of force development, and shorten the jumping time,
thereby enhancing explosive strength in male basketball players
(Huang et al., 2023). However, it may not be appropriate to directly
apply the training effects observed in males to females due to
biological differences, such as substrate metabolism and skeletal
muscle fatigability (Ziv and Lidor, 2010; Landen et al., 2023).
Additionally, menstrual-related factors could affect female
basketball players’ performance (Gasperi et al., 2023). Finally,
male players typically have higher muscle mass and greater
muscle fiber cross-sectional area compared to female players
(Jones et al., 2008; Bartolomei et al., 2021). Therefore, female
players may experience less absolute muscle hypertrophy and
strength gain from similar PT protocols.

Some systematic reviews and meta-analyses have shown that PT
has a positive effect on male athletes (Ramirez-Campillo et al., 2020;
van de Hoef et al., 2020; Čaprić et al., 2022), but few reviews have
focused on female athletes. For instance, Pardos-Mainer et al. (2021)
reported that PT significantly improved vertical jump, linear sprint,
and change of direction (COD) performance more than strength
training in female soccer players (Pardos-Mainer et al., 2021).
Moran et al. (2019) and Stojanović et al. (2017) showed that PT
effectively improves vertical jump performance in female athletes
from various sports (Stojanović et al., 2017; Moran et al., 2019).
However, these reviews are not specific to basketball. In this regard,
Ramirez-Campillo et al. (2022) conducted a meta-analysis
examining the effect of PT on physical fitness in basketball
players but focused on a limited range of attributes including
muscle power, linear speed, change of direction speed, balance
performance, and muscle strength. In this study, there was a
notable underrepresentation of studies specifically focusing on
female basketball players. Most research has either mixed-sex
samples or predominantly male samples, leading to a lack of
targeted data on how female athletes uniquely respond to PT
(Ramirez-Campillo et al., 2022). Moreover, the effect of PT on
wider physical fitness attributes such as flexibility, as well as skill-
related performance such as shooting, passing, and dribbling were
not provided in this previous meta-analysis, creating a need to
synthesise findings in this area given these are crucial elements of
basketball performance. Therefore, the present systematic review
and meta-analysis aimed to comprehensively investigate the effects
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of PT on physical fitness and skill-related performance among
female basketball players.

2 Method

2.1 Protocol and registration

This study adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA 2020)
guidelines (Page et al., 2021). It was registered on 19 December
2023, on the Platform of Registered Systematic Review and Meta-
analysis Protocols (INPLASY2023120078).

2.2 Eligibility criteria

In accordance with the PICOS framework (Table 1) (Amir-
Behghadami and Janati, 2020), the inclusion criteria were: 1) full-
text articles published in English; 2) studies involving healthy female
basketball players with no restrictions on age or skill level; 3)
plyometric training (upper and/or lower limb) as the intervention
in the experimental group; 4) control groups that did not undergo a
PT program, or studies without control groups; 5) outcome
measures that included basketball skill-related performance (e.g.,
shooting, passing, dribbling) or physical fitness (e.g., jump, change
of direction, sprint, muscle strength); 6) randomized controlled
trials (RCTs). The exclusion criteria were: 1) review articles; 2)
studies recruiting male players either solely or combined with female
players with data not reported separately; 3) studies that did not

include a plyometric intervention or combined it with other
interventions; 4) unpublished studies.

2.3 Information sources and search strategy

The search was conducted on 20 December 2023. The following
databases were utilised: Web of Science, Scopus, PubMed,
EBSCOhost, and Google Scholar (Table 2). The search terms
included plyometric* OR “stretch-shortening cycle” OR “jump
training” OR “jump exercise*” AND Female* OR wom?n OR
girl* and basketball. Additionally, the references within the
included studies were also screened.

2.4 Study selection

First, duplicates were eliminated using Endnote software (X20,
Thomson Reuters, New York City, NY, United States).
Subsequently, two independent authors (SC and JL) screened the
titles, abstracts, and full texts based on inclusion, exclusion, and
PICOS criteria. Another author (HS) then double-checked the
results and resolved any discrepancies through discussions with a
third author (SKG) to reach the final decision. The role of each
investigator was defined according to their academic titles. SPSS
software (IBM Corp. Released 2022. IBM SPSS Statistics for
Macintosh, Version 29.0. Armonk, NY: IBM Corp.) was used to
calculate the Kappa statistic to determine the selection agreement
(Narducci et al., 2011).

2.5 Data extraction

Following the selection of studies, specific data were extracted
by the authors (SC and JL), including: 1) participant
characteristics (age, height, body mass, playing level, and
training experience); 2) intervention; 3) comparison (control
group); 4) intervention characteristics (training content,
program length, frequency, session duration, training volume,
time of season); 5) assessment tests; and 6) outcomes (Table 3).
Another author (HS) reviewed the information in the Microsoft
Excel spreadsheet (XP professional edition; Microsoft, Redmond,
WA, United States) for accuracy.

TABLE 1 Inclusion criteria according to the PICOS.

Items Detailed inclusion criteria

Population Female basketball players without injuries

Intervention Plyometric training

Comparison Two or more groups and single-group trials

Outcome basketball skill-related performance (e.g., shooting, passing,
dribbling) or physical fitness (e.g., jump, change of direction, sprint,
muscle strength)

Study designs RCTs

Note. RCTS, randomised controlled trials.

TABLE 2 Number of hits for the complete search strategy for the databases.

Database Complete search strategy Hits
20 December 2023

Web of Science ((AB = (Plyometric* OR “stretch–shortening cycle”OR “jump training”OR “jump exercise*“)) ANDAB = (Female* ORwom?
n OR girl*)) AND AB = (Basketball)

43

Scopus TITLE-ABS-KEY (plyometric* OR “stretch–shortening cycle” OR “jump training” OR “jump exercise*" AND female* OR
wom?n OR girl* AND basketball)

85

PubMed ((Plyometric* [Title/Abstract] OR “stretch–shortening cycle” [Title/Abstract] OR “jump training” [Title/Abstract] OR “jump
exercise*" [Title/Abstract]) AND (Female* [Title/Abstract] OR wom?n [Title/Abstract] OR girl* [Title/Abstract])) AND
(Basketball [Title/Abstract])

10

EBSCOhost AB (Plyometric* OR “stretch–shortening cycle” OR “jump training” OR “jump exercise*") AND AB (Female* OR wom?n OR
girl*) AND AB Basketball

17
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TABLE 3 Data extraction from included articles.

References Participants
characteristics

Intervention Control Characteristics of intervention Measurements Outcome

Train content L/F/D Volume
(GC)

Season Time Groups

Vescovi et al.
(2008)

N = 20; TB: 3 years at least
EG: A = 20.3 ± 1.2 years,
H = 168.4 ± 14.4 cm,
BM = 66.9 ± 9.2 kg
CG: A = 19.9 ± 1.6 years,
H = 171.0 ± 15.2 cm,
BM = 64.8 ± 9.1 kg
PL: developmental

PT No training Wall jumps, tuck jumps,
broad jumps, squat
jumps, side-to-side cone
jumps, front-to-back cone
jumps, 180° jumps, bound
in place, vertical jumps,
bound for distance,
scissor jumps, side-to-side
mattress jumps, front-to-
back mattress jumps,
single-leg distance jump,
jump in to bound

L: 6 weeks
F: 3 sessions/
week
D: 45–60 min

150–190 per
session
3,165 in total

NR CMJ: height, peak power,
average power, peak velocity

EG: all ↔
CG: all ↔

All ↔

Attene et al. (2015) N = 36; TB: NR
A = 14.9 ± 0.9 years,
H = 164.0 ± 7.6 cm,
BM = 54.0 ± 8.7 kg
PL: national

PT Basketball
technical
training

Front obstacle jumps with
knees bending, front
obstacle jumps without
knees bending,
countermovement and
jump onto 50-cm box,
drop jump from 40-cm
box, lunge jump

L: 6 weeks
F: 2 sessions/
week
D: 20 min

64–126 per
session
1,120 in total

NR CMJ: height, power,
strength, speed; SJ: height,
power, max power, strength,
speed

EG: all ↑
CG: all ↔

CMJ and SJ ↑ in
EG vs. CG

McCormick et al.
(2016)

N = 14; TB: NR
A = 16.0 ± 0.8 years,
H = 171.9 ± 6.7 cm,
BM = 60.6 ± 7.9 kg
PL: national

EG1: Frontal-plane
PT
EG2: sagittal-
plane PT

N/A EG1: ankle jumps, squat
jumps and stick, single-
leg hop and stick, squat
jump, single-leg hop,
broad jump, split squat
jump, tuck jumps
EG2; side-to-side ankle
jumps, lateral jump and
stick, ice skater drill,
lateral hop and stick, side-
to-side jumps, lateral hop,
lateral jump and bounce,
ice skater drill, zig-zag
tuck jumps

L: 6 weeks
F: 2 sessions/
week

96–120 per
session
1,296 in total

Off-season CMJ: height; SLJ: right leg
distance, left leg distance
LH: distance
LST: right leg test, left leg test

EG1: all ↑
EG2: all ↑

CMJ ↓ in EG1 vs.
EG2; left leg LH,
left leg LST ↑ in
EG1 vs. EG2; SLJ,
right leg LH, right
leg LST ↔ in
EG1 vs. EG2

Sedaghati (2018) N = 24; TB: 2.6 years
2.55–2.60 years
EG: A = 20.3 ± 2.3 years,
H = 164.0 ± 2.4 cm,
BM = 63.3 ± 3.3 kg
CG: A = 21.2 ± 2.8 years,
H = 164.9 ± 4.2,
BM = 68.3 ± 5.5 kg
PL: developmental

PT Routine
training

squat jumps, ring square
jumps, high-knee jumps,
side and forward
hopscotch, jumping along
rings, pair jumping on
steps, side pair jumping
on steps, zig-zag jumps

L: 8 weeks
F: 3 sessions/
week
D: 60 min

Not clear NR Dynamic balance test:
dominant foot, non-
dominant foot

EG: all ↑
CG: all ↔

Balance ↑ in EG
vs. CG

(Continued on following page)
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TABLE 3 (Continued) Data extraction from included articles.

References Participants
characteristics

Intervention Control Characteristics of intervention Measurements Outcome

Train content L/F/D Volume
(GC)

Season Time Groups

Cherni et al. (2019) N = 26; TB: 10.8 years
EG: A = 20.9 ± 2.6 years,
H = 172 ± 6.0 cm,
BM = 65.1 ± 8.8 kg
CG: A = 21.0 ± 3.0 years,
H = 173 ± 7.24 cm,
BM = 67.3 ± 10.6 kg
PL: national

PT Routine
training

Bounding jumps, 0.4-m
hurdle jumps, 0.4-m drop
jumps

L: 8 weeks
F: 2 sessions/
week

72–126 per
session
1,584 in total

In-season t-Test; eyes open or closed
under stable or dynamic
conditions

EG: all ↑
CG: all ↔

All ↑ in EG vs. CG

Meszler and Váczi
(2019)

N = 18; TB: 5 years
EG: A = 15.8 ± 1.2 years,
H = 176.4 ± 8.6 cm,
BM = 63.5 ± 8.6 kg
CG: A = 15.7 ± 1.3 years,
H = 177.5 ± 7.4 cm;
BM = 66.1 ± 8.9 kg
PL: national

PT Routine
training

50-cm double-leg hurdle
jumps, 25-cm single-leg
lateral cone jumps, single-
leg forward hop, 25-cm
double-leg depth jumps,
35-cm double-leg lateral
cone jumps; 25-cm single-
leg hurdle jumps

L: 7 weeks
F: 2 sessions
/week
D: 20 min

40–100 per
session
1,027 in total

In-season Right or left standing
average on stabilometer;
t-Test; IAT; CMJ height;
knee extensors and flexors
strength

EG: CMJ ↓;
others ↔
CG: knee
extensor strength
↑; others ↔

NR

Cherni et al. (2020) N = 27; TB: 10.8 years
EG: A = 20.9 ± 2.4 years,
H = 172.0 ± 6.0 cm,
BM = 65.1 ± 8.8 kg
CG: A = 21.0 ± 3 years,
H = 173.0 ± 7.24 cm,
BM = 67.3 ± 10.6 kg
PL: international

PT Basketball
training

Bounding jumps, hurdle
jumps, drop jumps

L: 8 weeks
F: 2 sessions/
week

72–126 per
session
1,584 in total

In-season 10/20/30-m sprint; t-Test; SJ
height
CMJ height; leg and thigh
muscle volume;
max thigh CSA

EG: CMJ, 10/20/
30-m sprint ↔;
leg and thigh
muscle volume,
max thigh CSA;
SJ, t-Test ↑
CG: all ↔

t-Test; thigh CAS
↑; others ↔

Sánchez-Sixto et al.
(2021)

N = 36; TB: 5 years
EG: A = 22.55 ± 3.17 years,
H = 166 ± 8.0 cm,
BM = 64.05 ± 11.15 kg
CG: A = 22.58 ± 7.28 years,
H = 169 ± 6 cm,
BM = 65.77 ± 8.29 kg
PL: developmental

PT No training Drop jumps, rebound
jumps

L: 6 weeks
F: 2 sessions/
week;
D: 35 min

29–51 per
session
512 in total

In-season CMJ: height, velocity EG: all ↑
CG: all ↔

All ↑

Pinheiro Paes et al.
(2022)

N = 21; TB: NR
EG: A = 14.45 ± 0.69 years,
H = 1.60 ± 0.07 cm,
BM = 53.72 ± 9.01 kg
CG: A = 15.30 ± 1.16 years,
H = 1.60 ± 0.08 cm,
BM = 59.98 ± 16.74 kg
PL: national

PT Basketball
Training

CMJ, side jumps,
horizontal jumps, high
knee jumps, split squat
jumps, serial forward
hops, single leg vertical
jumps, single leg lateral
hops

L: 6 weeks
F: 2 sessions
/week
D: 30–60 min

50–100 per
session
540 in total

Pre-season 20-m sprint
IAT

EG: 20-m sprint
↑, IAT ↔
CG: 20- sprint ↑,
IAT ↔

NR

(Continued on following page)
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2.6 Risk of bias assessment and certainty
of evidence

The Cochrane risk of bias tool (RoB 2) was employed by two
authors (SC and JL) to assess the risk of bias in all included
randomized controlled trials (RCTs), following the guidelines by
Sterne et al. (2019) (Sterne et al., 2019). RoB two evaluates bias in
five domains: bias arising from the randomization process,
deviations from the intended interventions, missing outcome
data, measurement of the outcome, and selection of the reported
result. In case of disagreements in the risk of bias assessments, the
third author (XW) resolved them. Ultimately, an overall risk of
bias score was determined. The certainty of the evidence was
evaluated using “The Grading of Recommendations Assessment,
Development, and Evaluation (GRADE)” approach (Goldet and
Howick, 2013). This assessment considers factors such as study
design, risk of bias, inconsistency, indirectness, imprecision, and
publication bias to determine the certainty of evidence. A
summary of the findings table was generated with the
assistance of GRADEpro GDT and carried out independently
by two authors.

2.7 Statistical Analysis

In accordance with previous research, studies that provided
three or more sets of baseline and follow-up data for the same
variables underwent meta-analysis using Meta-analysis software
(version 3.0), with a statistical significance threshold of p < 0.05.
The meta-analysis employed the inverse-variance random-effects
model to account for heterogeneity among studies. The I2 statistic
was used to assess heterogeneity, categorized into low (<25%),
moderate (25%–75%), and high (>75%) values. Effect sizes (ES)
between groups were computed using Hedge’s g, and 95%
confidence intervals (CIs) were reported for the ES values. Effect
sizes were categorized as trivial (<0.2), small (0.2–0.6), moderate
(>0.6–1.2), large (>1.2–2.0), very large (>2.0–4.0), and extremely
large (>4.0) (Hopkins et al., 2009). The extended Egger’s test was
used to evaluate the risk of publication bias across studies (Egger
et al., 1997). A sensitivity analysis was performed when Egger’s test
indicated a low p-value (p < 0.05), suggesting significant asymmetry
in the funnel plot, indicating that smaller studies with non-
significant or negative results might be underrepresented in the
meta-analysis. A higher p-value (p ≥ 0.05) suggested that the funnel
plot was symmetrical, indicating no strong evidence of missing
studies based on their size and effect (Egger et al., 1997).

3 Results

3.1 Study selection

A total of 192 studies were initially identified through the search
process, and 80 duplicates were removed using Endnote software.
Following screening titles, abstracts, and full-text articles, ten articles
met the criteria for inclusion in the systematic review, and eight were
eligible for inclusion in the meta-analysis (Figure 1). Two articles
were not included for the meta-analysis due to heterogeneity inT

A
B
LE

3
(C

o
n
ti
n
u
e
d
)
D
at
a
e
xt
ra
ct
io
n
fr
o
m

in
cl
u
d
e
d
ar
ti
cl
e
s.

R
e
fe
re
n
ce

s
P
ar
ti
ci
p
an

ts
ch

ar
ac

te
ri
st
ic
s

In
te
rv
e
n
ti
o
n

C
o
n
tr
o
l

C
h
ar
ac

te
ri
st
ic
s
o
f
in
te
rv
e
n
ti
o
n

M
e
as
u
re
m
e
n
ts

O
u
tc
o
m
e

T
ra
in

co
n
te
n
t

L/
F/
D

V
o
lu
m
e

(G
C
)

Se
as
o
n

T
im

e
G
ro
u
p
s

H
ag
hi
gh
i
et

al
.

(2
02
3)

N
=
24
;
T
B
:
5.
1–
5.
3
ye
ar
s

E
G
1:

A
=
14
.6

±
1.
5
ye
ar
s,

H
=
16
8.
3
±
8.
7
cm

,
B
M

=
61
.7

±
10
.3

kg
E
G
2:

A
=
15
.1

±
1.
6
ye
ar
s,

H
=
16
7.
0
±
5.
5
cm

,
B
M

=
52
.5

±
3.
0
kg

C
G
:
A

=
15
.1

±
1.
8
ye
ar
s,

H
=
16
5.
8
±
9.
7
cm

,
B
M

=
56
.7

±
13
.6

kg
P
L:

na
ti
on

al

E
G
1:

P
T

E
G
2:

H
II
T

R
ou

ti
ne

tr
ai
ni
ng

H
ur
dl
e
ju
m
ps
,
la
te
ra
l

hu
rd
le

ju
m
ps
,
bo
x
dr
ill
s

w
it
h
ri
ng
s,
de
pt
h
ju
m
ps

ov
er
he
ad

ba
ll
th
ro
w
s,

bu
rp
ee
s,
si
tu

p
an
d
th
or
w
s

L:
6
w
ee
ks

F:
2
se
ss
io
ns

/w
ee
k

10
5–
17
4
pe
r

se
ss
io
n

1,
63
6
in

to
ta
l

P
re
-s
ea
so
n

20
-m

sp
ri
nt
;
Sa
rg
en
t
ju
m
p

po
w
er
;
m
ed
ic
in
e
ba
ll
th
ro
w

di
st
an
ce
;
B
A
ST

;
la
ne

ag
ili
ty

dr
ill
;
ba
sk
et
ba
ll-
sp
ec
ifi
c

pe
rf
or
m
an
ce
;
dr
ib
bl
in
g
sk
ill
;

pa
ss
in
g
sk
ill
;
sh
ot
ti
ng

sk
ill
;

E
G
1:

al
l
↑

E
G
2:

al
l
↑

C
G
:
dr
ib
bl
in
g

sk
ill
,
pa
ss
in
g
sk
ill

↑;
ot
he
rs

↔

N
R

N
ot
e.
A
,a
ge
;H

,h
ei
gh
t;
B
M
,b
od

y
m
es
s;
P
L,
pl
ay
in
g
le
ve
l;
T
B
,t
ra
in
in
g
ba
ck
gr
ou

nd
;P
T
,p
ly
om

et
ri
c
tr
ai
ni
ng
;H

II
T
,h
ig
h-
in
te
ns
iv
e
in
te
rv
al
tr
ai
ni
ng
;N

R
,n
ot

re
po

rt
ed
;C

G
,c
on

tr
ol
gr
ou

p;
E
G
,e
xp
er
im

en
ta
lg
ro
up

;L
,l
en
gt
h;
F,
fr
eq
ue
nc
y;
D
,d
ur
at
io
n;
G
C
,g
ro
un

d
co
nt
ac
ts
;

C
M
J,
co
un

te
rm

ov
em

en
tj
um

p;
SJ
,s
qu

at
ju
m
p;
SL
J,
st
an
di
ng

lo
ng

ju
m
p;
LS
T
,l
at
er
al
sh
uf
fl
e
te
st
;L
H
,l
at
er
al
ho

p;
C
SA

,c
ro
ss
-s
ec
ti
on

al
ar
ea
s;
B
A
ST

,b
as
ke
tb
al
l-
ba
se
d
an
ae
ro
bi
c
sp
ec
ifi
c
te
st
;I
A
T
,i
lli
no

is
ag
ili
ty
te
st
;↑
,s
ig
ni
fi
ca
nt
ly
po

si
ti
ve

ef
fe
ct
(p

≤
0.
05
);
↓,
si
gn
ifi
ca
nt
ly

ne
ga
ti
ve

ef
fe
ct

(p
≤
0.
05
);
↔
,n

o
ef
fe
ct

(p
>
0.
05
).

Frontiers in Physiology frontiersin.org06

Cao et al. 10.3389/fphys.2024.1386788

78

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1386788


outcomes. The Kappa statistic for agreement between authors,
calculated using SPSS software, was 1.00.

3.2 Risk of bias assessment and certainty
of evidence

Figure 2 shows the risk of bias for each study according to RoB 2,
and the overall risk of bias across all studies is presented in Figure 3.
Notably, all included articles demonstrated a low risk of bias in the
domains related to deviations from the intended interventions,
missing outcome data, and selection of the reported results.
However, only three studies employed proper randomization
techniques. Attene et al. (2015) implemented block randomization
to ensure equal group sizes. Sánchez-Sixto et al. (2021) used balanced
randomization to assign participants to groups. Haghighi et al. (2023)
electronically generated the randomization sequence and concealed
the process until interventions were assigned. One study had
limitations in its outcome measurement methodology (McCormick
et al., 2016). In summary, most of the included studies exhibited
concerns regarding the risk of bias. Furthermore, the summary of
findings table generated using GRADEpro GDT indicated that the
certainty of evidence ranged from high to very low (see
Supplementary Appendix A).

3.3 Participant characteristics

(1) Sample Size. The ten articles comprised 246 subjects, with
individual studies ranging from 14 (McCormick et al., 2016)
to 36 participants (Attene et al., 2015; Sánchez-Sixto et al.,
2021). The mean sample size across all studies was
24.6 participants (SD = 7.1).

(2) Age. The ages of participants varied across the studies, with
the youngest participants being around 14.5 years old
(Pinheiro Paes et al., 2022) and the oldest 22.6 years old
(Sánchez-Sixto et al., 2021). The mean age across all studies
was 18.5 years old (SD = 3.07).

(3) Playing Level. The level of players in the included studies was
determined by the participant classification framework
(McKay et al., 2021). Six of the studies focused on national
level players (Attene et al., 2015; McCormick et al., 2016;
Cherni et al., 2019; Meszler and Váczi, 2019; Pinheiro Paes
et al., 2022; Haghighi et al., 2023), three examined
developmental players (Vescovi et al., 2008; Sedaghati,
2018; Sánchez-Sixto et al., 2021), and only one focused on
international level players (Cherni et al., 2020).

3.4 Intervention characteristics

The intervention characteristics of the ten articles were
summarized as follows.

1. Training Program Length: The duration of PT in these studies
ranged from 6 to 8 weeks.

2. Training Duration: Six studies reported the training duration
of PT sessions (Vescovi et al., 2008; Attene et al., 2015;

Sedaghati, 2018; Meszler and Váczi, 2019; Sánchez-Sixto
et al., 2021; Pinheiro Paes et al., 2022), which varied from
20 to 60 min.

3. Training Frequency: The PT frequency across all studies
ranged from two to three sessions per week.

4. Training Volume: The PT volume across nine studies ranged
from 29 jumps per session (Sánchez-Sixto et al., 2021) to
190 jumps per session (Vescovi et al., 2008) and from
512 total jumps (Sánchez-Sixto et al., 2021) to 3,165 total
jumps (Vescovi et al., 2008). One study did not clearly provide
the training volume (Sedaghati, 2018).

5. Training Time of Season: Two studies implemented PT during
the pre-season (Pinheiro Paes et al., 2022; Haghighi et al.,
2023), four studies during the in-season (Cherni et al., 2019;
Meszler and Váczi, 2019; Cherni et al., 2020; Sánchez-Sixto
et al., 2021), one study during the off-season (McCormick et al.,
2016), and three studies did not report the training time
(Vescovi et al., 2008; Attene et al., 2015; Sedaghati, 2018).

3.5 Outcomes of systematic review

All ten included articles examined various physical fitness
outcomes, including power, agility, speed, balance, and muscular
strength. Only one included assessments of skill-related basketball
performance (Haghighi et al., 2023).

1. Effect of PT on power-related attributes: Seven studies
evaluated the impact of PT on power-related attributes,
utilizing measurements such as CMJ (height, power,
velocity, strength, speed) (Vescovi et al., 2008; Attene et al.,
2015; McCormick et al., 2016; Meszler and Váczi, 2019; Cherni
et al., 2020; Sánchez-Sixto et al., 2021), squat jump (SJ) (height,
power, strength, speed) (Attene et al., 2015; Cherni et al., 2020),
Sargent jump power (Haghighi et al., 2023), standing long
jump distance (McCormick et al., 2016), and lateral hop
distance (McCormick et al., 2016). Four studies reported
significant improvements in power-related attributes
following PT, indicated by increased performance in CMJ
(height, power, velocity) (Attene et al., 2015; McCormick
et al., 2016; Cherni et al., 2020; Sánchez-Sixto et al., 2021),
Sargent jump power (Haghighi et al., 2023), standing long
jump distance (McCormick et al., 2016), and lateral hop
distance (McCormick et al., 2016). However, two studies
found no significant difference in CMJ performance before
and after PT (Vescovi et al., 2008; Cherni et al., 2020), and one
study showed decreased CMJ performance following PT
(Meszler and Váczi, 2019). Additionally, one study
evaluated the effect of PT on medicine ball throw distance
(Haghighi et al., 2023), showing significant improvement.

2. Effect of PT on linear and change of direction speed: Three
studies examined the effect of PT on linear speed, including
assessments of 10-m (Cherni et al., 2020), 20-m (Cherni et al.,
2020; Pinheiro Paes et al., 2022; Haghighi et al., 2023), and 30-
m sprint (Cherni et al., 2020) tests. Two studies reported
improvements in 20-m sprint time (Pinheiro Paes et al.,
2022; Haghighi et al., 2023), but one study found no
significant impact on 10-m, 20-m, and 30-m sprint time
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FIGURE 1
Systematic review search and screening procedure.

FIGURE 2
Risk of bias for each study.
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(Cherni et al., 2020). Six studies used assessments such as the
lateral shuffle test (McCormick et al., 2016), t-Test (Cherni
et al., 2019; Meszler and Váczi, 2019; Cherni et al., 2020),
Illinois agility test (Meszler and Váczi, 2019; Pinheiro Paes
et al., 2022), and lane agility drill test (Haghighi et al., 2023) to
evaluate the effect of PT on change of direction (COD) speed.
Four studies reported a positive impact of PT on COD speed
(McCormick et al., 2016; Cherni et al., 2019; Cherni et al., 2020;
Haghighi et al., 2023), while two studies (Meszler and Váczi,
2019; Pinheiro Paes et al., 2022) found no improvement in the
t-Test and Illinois agility test.

3. Effect of PT on muscle strength: Two articles explored the
effect of PT on muscle strength. One study used assessments of
knee extensors and flexors strength (Meszler and Váczi, 2019).
Another study (Cherni et al., 2020) assessed the muscle volume
and the cross sectional area (CSA) of the thigh, which are
highly related with muscle strength (Jones et al., 2008; Akagi
et al., 2009). Cherni et al. (2020) indicated that PT increased leg
and thigh muscle volume and maximum thigh CSA, while
Meszler and Váczi (2019) found no significant impact on knee
extensors and flexors strength.

4. Effect of PT on balance: Three studies investigated the effect of
PT on balance, including assessments of the dynamic balance
test (Sedaghati, 2018) eyes open or closed under stable or
dynamic conditions (Cherni et al., 2019), and single leg
standing average on a stabilometer (Meszler and Váczi,
2019). Two studies showed that PT improved both stable and
dynamic leg balance tests (Sedaghati, 2018; Cherni et al., 2019),
while one study found no positive effects on single leg standing
average on a stabilometer test (Meszler and Váczi, 2019).

5. Effect of PT on basketball-related skills: Only one study examined
the impact of PT on basketball skill-related performance
(Haghighi et al., 2023). The study reported improvements in
dribbling, passing, shooting, and various basketball-specific
performances in a circuit following the PT intervention.

3.6 Outcome of meta-analysis

Eight of the articles were analysed using meta-analysis software
(version 3.0), including the effect of PT on power, agility, and speed.

3.6.1 Effect of PT on CMJ height, VJ peak power,
and VJ velocity

Five studies (n = 124) demonstrated that the PT had a small
effect on CMJ height (ES = 0.37; %95 CI = 0.02–0.71; p = 0.036). The
heterogeneity among the studies was low (I2 = 0.0%). The Egger’s
test demonstrated a p = 0.51 (Figure 4), indicating no significant
publication bias among the studies.

Three studies (n = 72) demonstrated that the PT had a small
effect on VJ peak power (ES = 0.57; %95 CI = 0.02–0.71; p = 0.015).
The heterogeneity among the studies was low (I2 = 0.0%). The
Egger’s test demonstrated a p = 0.43 (Figure 5), indicating no
significant publication bias among the studies.

Three studies (n = 79) demonstrated that the PT had a small
effect on VJ peak velocity (ES = 0.26; %95 CI = 0.21–1.10; p = 0.004).
The heterogeneity among the studies was low (I2 = 0.0%). The
Egger’s test demonstrated a p = 0.21 (Figure 6), indicating no
significant publication bias among the studies.

3.6.2 Effect of PT on t-Test
Three studies (n = 70) demonstrated that the PT had a small

effect on the t-Test (ES = 0.32; %95 CI = 0.29–1.54; p = 0.004). The
heterogeneity among the studies was moderate (I2 = 39.75%). The
Egger’s test demonstrated a p = 0.20 (Figure 7), indicating no
significant publication bias among the studies.

3.6.3 Effect of PT on 20-m sprint
Three studies (n = 64) demonstrated that the PT had a small

effect on the 20-m sprint (ES = 0.24; %95 CI = −0.135–0.816; p =
0.161). The heterogeneity among the studies was low (I2 = 0.0%).
The Egger’s test demonstrated a p = 0.12 (Figure 8), indicating no
significant publication bias among the studies.

4 Discussion

This systematic review and meta-analysis aimed to examine the
impact of PT on the physical fitness and skill-related performance of
female basketball players. The systematic review revealed that most
included studies reported a significantly positive effect of PT on
physical fitness components, such as power, agility, speed, balance,
and muscular strength. However, a few studies did not observe

FIGURE 3
Risk of overall bias.
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significant changes in certain tests, including the CMJ performance,
t-Test, Illinois agility test, knee extensors and flexors strength test,
10, 20, and 30-m linear sprints, and single leg standing average on
the stabilometer test. Notably, only one study investigated the effect
of PT on basketball-specific performance, reporting significant
improvements (Haghighi et al., 2023). In the meta-analysis,
significant differences with small effect sizes were found in the
effects of PT on CMJ height, vertical jump peak power and velocity,
and the t-Test (p < 0.05), but not on the 20-m sprint (p > 0.05). The
effects of PT on female basketball players are specifically discussed in
the following sections.

4.1 Effect of PT on power-related attributes

Power-related attributes are crucial for basketball players due to
the sport’s dynamic and multidirectional nature, which requires
rapid and explosive movements (Delextrat and Cohen, 2008;
Abdelkrim et al., 2010; Scanlan et al., 2011; Gonzalez et al.,
2013). Four studies in the review demonstrated that PT had a
significant positive effect on various types of jump performance
(Attene et al., 2015; Cherni et al., 2020; Sánchez-Sixto et al., 2021)
and medicine ball throw distance (Haghighi et al., 2023). These
findings align with results from previous reviews (Markovic, 2007;
Stojanović et al., 2017; Silva et al., 2019). Improvements in power-
related performance, particularly jump ability, are highly relevant

for basketball players as they are essential for executing advanced
skills like rebounding, sprinting, and jump shots during games
(Altavilla et al., 2018). The mechanism of PT concerning the
stretch-shortening cycle (SSC) can explain the improvement in
power. Plyometric exercises engage the SSC, allowing muscles to
store elastic energy during the eccentric phase (muscle lengthening)
and release it quickly during the concentric phase (muscle
shortening) (Chu, 1998; Chu and Meyer, 2013). This results in
more powerful and explosive movements. Additionally, the high-
intensity, rapid nature of plyometric exercises enhances the nervous
system’s ability to recruit muscle fibers more effectively, increasing
the speed and coordination of muscle contractions (Zubac et al.,
2019; Galay et al., 2021).

However, two studies indicated that PT did not enhance CMJ
performance (Vescovi et al., 2008; Cherni et al., 2020). These
divergent results may be attributed to specific participant
characteristics, such as their prior experience with PT and the
training content (Moran et al., 2017; Stojanović et al., 2017).
Compared to the studies that showed the significant
improvement of PT on power-related attributes, participants in
Vescovi et al. (2008) had over 3 years of training experience,
which was the least except for two studies that did not report the
experience (Vescovi et al., 2008). Three years of training experience
may not be sufficient to develop the foundational strength and
technical skills necessary for effective plyometric exercises (Sole
et al., 2022). Players still developing neuromuscular coordination

FIGURE 4
Forest plot of PT on CMJ height.

FIGURE 5
Forest plot of PT on VJ peak power.
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might struggle to achieve optimal muscle activation patterns
required for maximal power gains (Bompa and Carrera, 2015).
Cherni et al. (2020) showed that PT significantly improved SJ
but not CMJ performance, which runs counter to the previous
study that reported somewhat greater positive effects in CMJ than SJ
performance (Stojanović et al., 2017). More studies are needed to
explore the reasons for the divergence.

Additionally, one study reported adverse effects of PT on CMJ
height (Meszler and Váczi, 2019). This might be due to the PT
program being implemented during the in-season basketball

competition. During the season, players already experience
physical and mental fatigue from regular practices, games, and
travel. Adding PT might overload their recovery capacity, leading
to cumulative fatigue and decreased performance (Chelly et al.,
2010). The busy game schedule during the season may not provide
sufficient recovery time between PT sessions (Asadi, 2013), leading
to inadequate muscle recovery and reduced benefits from PT. PT
should be periodized with specific attention to high-load and low-
load phases to maximize performance gains while minimizing
fatigue (Chelly et al., 2010).

FIGURE 6
Forest plot of PT on VJ velocity.

FIGURE 7
Forest plot of PT on t-Test.

FIGURE 8
Forest plot of PT on 20-m sprint.
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4.2 Effect of PT on COD speed

COD speed is critical in basketball. For instance, defenders rely
on COD ability to stay in front of their opponents, adjust to sudden
movements, and close out on shooters (Ivanović et al., 2022). Good
COD speed ability, combined with proper technique, can help
reduce the risk of injuries (Dos’ Santos et al., 2021). The results
of PT on COD speed were inconsistent, aligning with results from
previous reviews (Asadi et al., 2016; Sole et al., 2021). Most studies
demonstrated that PT had a significantly positive effect on the lateral
shuffle test (McCormick et al., 2016), t-Test (Cherni et al., 2019;
Cherni et al., 2020), and lane agility drill (Haghighi et al., 2023)
among female basketball players. The lateral shuffle test assesses an
athlete’s lateral movement agility (Patowary and Das, 2023). The
t-Test assesses forward, lateral, and backward movement, providing
a more comprehensive evaluation of agility compared to the lateral
shuffle test (Keš et al., 2020). The lane agility drill also includes a
combination of forward, lateral, and backward movements, similar
to the t-Test but within a confined space (Čaušević et al., 2023).
Neural adaptations, including increased recruitment of motor units
(Miller et al., 2006; Markovic and Mikulic, 2010; Asadi et al., 2016)
and enhanced neural drive to agonist muscles induced by PT, can
improve cutting skills, allowing players to exhibit better body control
and skill performance during games (Markovic and Mikulic, 2010).

However, two studies did not indicate a significant difference in
the t-Test (Meszler and Váczi, 2019) and the Illinois agility test
(Pinheiro Paes et al., 2022). The meta-analysis also revealed a small
PT effect size (ES = 0.32) on the t-Test. Aside from the issue of PT
being conducted in-season (Meszler and Váczi, 2019), the lower
number of jumps per session (50–100 jumps) in Pinheiro Paes et al.
(2022) compared to others (72–174 jumps) might be another reason.
Volume plays a critical role in neuromuscular adaptation, and if the
jump count is too low, it may not generate sufficient muscle
engagement or neural activation (Ramírez-Campillo et al., 2013).
Additionally, both the t-Test and Illinois agility test combine lateral
movements, forward sprints, and backward runs, which demand
high levels of coordination in multiple planes of motion (Raya et al.,
2013). However, most plyometric exercises in the included studies
primarily focused on the sagittal plane, such as vertical jumps, box
jumps, and bounding. These exercises are excellent for improving
power and explosiveness in forward and backward movements but
may not fully address the lateral and rotational movements required
in the t-Test and Illinois agility test (Weltin et al., 2017).

4.3 Effect of PT on linear speed

In basketball competitions, players sprinting down the court to
score quickly on offense or stop a fast break on defense need
excellent linear speed (Scanlan et al., 2014). In two studies,
results showed that PT significantly improved 20-m sprint
performance (Pinheiro Paes et al., 2022; Haghighi et al., 2023).
The meta-analysis indicated a small effect size (ES = 0.24) of PT on
the 20-m sprint. These results are in line with those reported in a
previous review showing PT was effective in improving sprint
performance (ES = 0.37) (de Villarreal et al., 2012). The
improvement in linear speed performance can be explained in
several ways. First, specific PT exercises such as depth jumps,

box jumps, and bounding enhance the explosive power of the
lower body (Aksović et al., 2021), aiding in rapid force
generation at the start of the sprint (de Villarreal et al., 2012).
Additionally, plyometrics improves the SSC, which involves a rapid
muscle stretch followed by a quick contraction (Galay et al., 2021).
Enhanced SSC efficiency maximizes force production with minimal
ground contact time, crucial for fast acceleration (de Villarreal et al.,
2012). Moreover, participants in the studies byHaghighi et al. (2023)
and Pinheiro Paes et al. (2022) implemented PT during the pre-
season. During this period, there is less pressure from games or
competitions, allowing athletes to focus on training quality without
the risk of fatigue affecting in-season performance.

However, one study found no impact of PT on 10-m, 20-m, and
30-m sprint speed (Cherni et al., 2020). This could be due to the PT
being implemented during the in-season, the training content
including only three types of jumps, and the elite players
potentially reaching a performance plateau. These reasons have
already been discussed previously.

4.4 Effect of PT on muscle strength

Strong muscles, particularly in the legs and core, provide the
power necessary for high jumps, quick acceleration, and effective
pivoting in basketball competition (Cabarkapa et al., 2022).
However, only two included studies investigated the effects of PT
on muscle strength (Cherni et al., 2019; Meszler and Váczi, 2019),
and their findings were contradictory. Cherni et al. (2020)
demonstrated that PT increased leg and thigh muscle volume
and maximum thigh CSA, leading to improvements in strength.
This aligns with a previous review that reported PT has a significant
positive effect on maximal strength compared to other training
methods such as weight training, eccentric training, and isometric
training (De Villarreal et al., 2010). Plyometric exercises improve the
communication between the nervous system and muscles, allowing
for more coordinated and rapid muscle contractions (Chimera et al.,
2004). This efficiency means that muscles can apply more force in a
controlled and effective manner. Additionally, plyometrics enhances
tendon stiffness, allowing tendons to store and release more elastic
energy during explosive movements (Fouré et al., 2010; Ramírez-
delaCruz et al., 2022). This contributes to greater force production
and muscle strength.

In contrast, Meszler and Váczi (2019) indicated that PT did not
impact knee extensors and flexors strength. This discrepancy may be
due to the participants in this study being younger than 16 years old.
At this age, the musculoskeletal system is still maturing, and they
have not fully developed the hormonal environment that supports
muscle growth to the same degree as adults (Fink et al., 2018). Lower
levels of testosterone and growth hormone reduce the potential for
significant muscle growth (Gharahdaghi et al., 2021).

4.5 Effect of PT on balance

Good balance provides a solid, upright, and steady foundation
for playing basketball. This stability supports various aspects of
basketball, including running, defending, shooting, dribbling,
passing, and rebounding (Halabchi et al., 2020). Additionally,
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good balance can help reduce the risk of sustaining injuries
(Sañudo et al., 2019; Crossley et al., 2020). Two included
articles have shown that PT improved both stable and dynamic
leg balance (Sedaghati, 2018; Cherni et al., 2019), which is in lines
with results from previous review (Ramachandran et al., 2021).
Neuromuscular adaptations and proprioception enhancement are
key factors contributing to improved balance. Specifically,
plyometric exercises involve rapid stretching and contracting of
muscles, enhancing the neuromuscular system’s ability to respond
quickly and efficiently (Huang et al., 2021). This improved
neuromuscular control is crucial for maintaining balance during
dynamic movements (Piirainen et al., 2014). Furthermore,
plyometrics often require athletes to perform exercises on
unstable surfaces or in challenging positions, improving
proprioception, which is the body’s ability to sense its position
and movement in space (Alikhani et al., 2019; Zhou et al., 2022).
Better proprioception leads to better balance and stability.

4.6 Effect of PT on basketball-related skills

Haghighi et al. (2023) demonstrated that PT can lead to
improvements in dribbling, passing, shooting skills, and other
basketball-specific performance measures. Basketball shooting skills
rely on physical fitness such as upper body and leg strength for
generating shot power, and core stability for balance and control
(Candra et al., 2018; Aksović et al., 2020; Cabarkapa et al., 2022; Jing,
2023). Upper body strength, especially in the shoulders, arms, and
chest, is essential for generating the necessary power to shoot the
basketball, which is particularly important for long-range shots such
as three-pointers (Cabarkapa et al., 2022). Explosive power in the legs
and core allows for a quick and high jump, which is essential for
creating space from defenders and getting the shot off cleanly (Candra
et al., 2018; Aksović et al., 2020). Good balance provides a solid
foundation for shooting. It allows players to set their feet properly,
align their body towards the basket, and execute the shot with proper
form (Jing, 2023). The improvement of these physical fitness
attributes in included studies could explain the effectiveness of PT
on shooting skills. Strength, COD ability, and balance are important in
executing basketball passing skills (Nikolaos et al., 2012; Spiteri et al.,
2015). The upper body strength allows players to deliver passes over
varying distances with the necessary force (Ahmed, 2013). Good COD
ability enables players to position themselves correctly for making
effective passes (Spiteri et al., 2015). Being able to move swiftly and
change directions helps in avoiding defenders and creating passing
lanes (Spiteri et al., 2015). Balance is essential when making passes
while in motion or after a quick COD (Nikolaos et al., 2012; Fisek and
Agopyan, 2021). Basketball dribbling skills are not only related to ball
control, vision, and court awareness but also depend on various
physical fitness factors such as hand speed, coordination, changes
in pace and speed, and directional control (Ferioli et al., 2020;
Vencúrik et al., 2021). The present study already shows that PT
improved physical attributes, including explosiveness and speed,
which are essential for quick changes of direction and acceleration
while dribbling.

However, without sufficient research focusing on these areas, it
is challenging to draw comprehensive conclusions about the benefits
of PT on skill-related performance in female players. Male and

female athletes may respond differently to the same training
protocols due to physiological and hormonal differences (Ziv and
Lidor, 2010; Gasperi et al., 2023; Landen et al., 2023). Understanding
these unique responses is crucial for developing optimized and
effective training programs tailored to female athletes. Therefore,
comprehensive research involving multiple studies is necessary to
understand the full impact of PT on basketball skills in female
players. This line of research should include examining different
types of plyometric exercises, training durations, and their specific
effects on various basketball skills.

5 Limitations

Several limitations should be considered in this study. Firstly, the
limited number of studies resulted in a relatively small amount of
data available for the meta-analysis. This study did not separately
analyze the results according to age and playing level categorization,
such as adolescents and adults, international level and national level,
due to the limited number of articles, which may affect the analysis.
Finally, while the included studies provided comprehensive details
about the PT program, a few of them did not specify the training
content of the control group. This lack of information could
introduce bias in the results, and also limit the practical
application of the program for players.

6 Conclusion

This review with meta-analysis provides evidence on the effects
of PT on female basketball players. Most of the included articles
indicated that PT significantly improved jumping and throwing
skills, sprinting and cutting skills, muscle properties, balance, and
skill-related performance among female basketball players.
However, a few studies showed no significant difference on some
tests, including the CMJ test, t-Test, Illinois agility test, knee
extensors and flexors strength test, 10, 20, and 30-m sprint tests,
and single-leg standing average on stabilometer test.

7 Practical implications

While the current evidence supports the efficacy of PT in
enhancing physical fitness and some skill-related performance
measures in female basketball players, the limited number of
studies highlights the need for further research. More
comprehensive and focused studies are required to fully
understand the impact of PT on skill-related performance,
ensuring that training programs can be optimized for female
athletes. Given the preliminary evidence supporting the potential
benefits of PT, predominantly encompassing various types of jump
drills, provided in this review, basketball coaches and trainers
working with female players should consider including this form
of training within their annual plan. In doing so, basketball coaches
and trainers should properly manage the training load in an
appropriately periodized manner to ensure physical fitness and
skill-related performance are continuously optimized across the
season. As more evidence is provided on this topic in female
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basketball players, the most beneficial PT drills for certain physical
fitness attributes and skills may be elucidated to provide further
specificity in training prescription.
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Introduction: Basketball, introduced by Naismith as a contactless and indoor
alternative to sports such as American football, now frequently involves
physical contact among players, challenging the traditional notion. Up to date,
a thorough understanding of these contacts and their implications remains
limited. This study aims to analyze player contacts, embedding it within overall
load monitoring to optimize performance and reduce injury risk.
Methods: Using a mixed-method design, video-based observations and
quantitative analysis were employed to study contact characteristics during ten
professional male basketball matches. Fisher exact tests and chi-squared tests
(p < .05) were conducted to examine positional variations across different
contact variables.
Results: A total of 2,069 player contacts were examined, showing centers had
the most contacts at 40.5%, followed by power forwards (19.6%), point guards
(17.7%), shooting guards (12.9%), and small forwards (9.3%). Notably, half-court
defense (46.1%) and set offense (48.9%) emerged as the primary game phases
associated with the majority of contacts across all playing positions. Key play
actions leading to physical contact included screening/picking (25.7%), box
outs (22.9%), and fights for position (FFP) (18%). Post hoc analyses identified
significant associations between centers (32.6%, 5.93) and point guards (21.5%,
−1.98) during screening/picking maneuvers. Moreover, the torso/upper body
(48.1%) and upper extremities (38.2%) were identified as the most affected
contact points, while lower extremities and the head/neck exhibited minimal
impact. Additionally, 81.4% (n= 1,684) of contacts resulted in kinematic
displacement, whereas 18.6% (n= 385) exhibited no change. Post hoc analyses
indicated significant associations of physical contacts against opposing
counterparts for each playing position.
Discussion: Basketball entails frequent physical contacts across all playing
positions, with distinct patterns observed for each playing position. Integrating
contact monitoring alongside traditional load metrics offers a more
comprehensive understanding of physical demands in professional basketball.
Practical implications include the developing of tailored training strategies based
on playing position-specific contact profiles and recognizing the physiological
and biomechanical impacts of contacts. Future research should consider
whether the number of contacts between players has increased over the years,
and it should acknowledge the impact of player contacts on performance in
basketball in order to refine training strategies and enhance player well-being.
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1 Introduction

Basketball was introduced in 1891 as an alternative physical

activity to traditional sports such as American football or

baseball (1). It is an intermittent sport characterized by the

physical demands of requiring players to execute repeated high-

intensity actions (2, 3). These actions include rapid changes of

direction, jumping, cutting, and high-speed movements over

short distances (2, 4, 5). Coaches and staff implement training

strategies aiming to enhancing players’ performance on the court.

Furthermore, training periodization is utilized to monitor and

manage players’ fatigue levels (4, 6). Accordingly, load monitoring

plays a pivotal role in furnishing valuable information for the

development of training programs and maximizing physical

performance while preventing overreaching and reducing injury

risk (7–9). Monitoring external and internal loads, both during

training and competition, is acknowledged as being crucial for

athlete management across different training and competition

phases (10–15). Moreover, it is also important to understand the

extent to which players are exposed to game-like demands during

practice sessions (16–20).

In basketball, the most widely used external load tracking

metrics are currently total distance, relative distance (distance/

duration), time in speed zones (e.g., total, relative and

percentages), high-intensity actions (e.g., time and counts of

accelerations, decelerations, jumps, player load metrics), and peak

velocity (, 2, 5, 13, 20 ). These are usually measured with high

validity using local positioning systems (LPS) (21), global

positioning systems (GPS) (22), video-based time-motion analysis

(TMA) (10, 23), or inertial movement analysis (IMA) including

tri-axial accelerometry, gyroscope, and magnetometer data

(13, 20, 24, 25). External load variables are useful when

considering the role of contextual factors such as gender (26),

team quality (27), playing position (8, 28, 29), ball possession

status (30), game period (3, 31, 32), game outcome (33), final

score differences (per period) (31), and accumulated point

differences (per period) (31). Ultimately, the external load (e.g.,

accelerations) influences the degree of internal load (e.g.,

cardiovascular or metabolic) that represent the psychobiological

response to the stimuli imposed by physical practice and game

demands (34).

While monitoring the external load on basketball players is

now common practice, the contribution of physical contacts to

the external–internal load relationship is limited. Rice (35)

emphasizes that athletes routinely make contact with each other

in basketball, but usually with less force than in typical collision

sports such as rugby. Besides the running demands, players

frequently engage in quick and forceful physical interactions

during key phases of offensive and defensive possession. Thus,

repeated physical contacts are fundamental in basketball (3, 8,

36, 37). For example, when a player posts up, they use their body

to establish position close to the basket, often against a defender

who is trying to push them away. Similarly, when setting or

fighting through screens, players must withstand and apply

considerable force to create or prevent scoring opportunities (8).

Also, the importance of boxing out has been a key performance
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indicator during rebounding (38). These common play actions

during rebounding scenarios involve intense physical contact, as

players use their bodies to gain advantageous positioning

over opponents.

To date, analyses of contact events in basketball have been

largely restricted, with limited information on the frequency and

context of impact events. García et al. (32) noted that guards are

typically less involved in scenarios involving high-impact body

contact with opponents compared to forwards and centers. In

addition, Johnston et al. (39), focusing on physical contacts

during small-sided rugby games reported that contact in game-

based activities induces more upper-body neuromuscular fatigue,

a greater and longer lasting increase in plasma creatine kinase

activity, and an increased perception of effort than game-based

activities involving no contact. Importantly, for a comprehensive

understanding of overall training load, valid measurements of

both the volume and intensity of contacts are essential, because

these actions provide a greater subjective, physical, and

physiological load than noncontact training or high-intensity

intermittent running alone (39).

The quantification of contacts and their significance for the

external–internal load relationship provide valuable information

about the physical demands of the playing positions (40).

Guards, for instance, are primarily involved in accelerative and

decelerative scenarios, such as perimeter play and one-on-one

attacks, which generally involve less physical contact but require

higher peak velocities compared to other positions (32).

Forwards, on the other hand, engage less in high-intensity

actions (41) and are frequently involved in physical battles for

rebounds and screens, leading to more instances of body contact

(3). Centers often experience the most physical contact as they

are typically involved in posting up, boxing out, and protecting

the rim (42). Due to tactical principles, centers usually occupy

smaller court dimensions around the basket (13), resulting in the

lowest total distance covered during matches (32). Conversely,

Ferioli et al. (8) and Svilar et al. (43) found that centers exhibited

the highest number of high-intensity accelerations, jumps, and

high-intensity specific movements during training sessions and

seasonal games, emphasizing a variance in positional

requirements across training and competition modes (32). The

quantification of contact loads (e.g., screens, box outs, post ups)

alongside more traditional running metrics (e.g., distances

covered) and high-intensity efforts (e.g., accelerations) would

offer a more comprehensive picture of the external and internal

demands of basketball by considering different playing positions

(8, 31–33). For the best of the authors’ knowledge, no previous

research has been published related specifically to the

quantification of physical contacts and contextual variables in

professional basketball.

Therefore, the primary objective of this study is to observe and

quantify contacts during professional male basketball matches and

to analyze how contact situations are distributed across playing

positions. Positional contacts are expected to demonstrate

dependencies on situational patterns such as games phase, play

action, and the opponent’s playing position. By examining the

occurrence of contacts, the goal of this study is to enhance the
frontiersin.org

https://doi.org/10.3389/fspor.2024.1419088
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Wellm et al. 10.3389/fspor.2024.1419088
understanding of individual activity profiles and playing positions

in the context of athlete monitoring in basketball. Additionally,

the study aims to highlight the distinct demands associated with

each playing position and provide practical applications for

training purposes.
2 Materials and methods

2.1 Experimental design

Following Creswell and Plano Clark’s (44) methodology, this

study employed a predetermined fixed mixed-method design. This

systematic approach integrates qualitative and quantitative data,

with both components predetermined at the beginning of the

research process. At first, qualitative data collection enables visual

inspection and initial description. Subsequently, a quantitative

summary, guided by standardized observational elements,

complements prior qualitative insights, aiming to support the

overall qualitative estimation. Synthesizing and controlling the data

are followed by a conclusive qualitative stage. In this phase, results

are presented and interpreted in the context of the previously

identified research problem. Merging qualitative and quantitative

components establishes methodological symmetry, thereby

fostering a comprehensive approach that is deemed advantageous

for drawing final conclusions (45). This interconnection ensures a

holistic perspective, promoting a more nuanced and well-rounded

understanding of the research phenomena.
2.2 Participants

A total of 19 players from one team were included in the

analyzed cohort over the study period. Players were categorized

into five positional groups (defined by the head coach): point

guard (PG) (n = 8, mean age = 23.1 ± 4.6 years, mean height =

190 ± 0.1 cm, mean weight = 82.6 ± 8.1 kg), shooting guard (SG)

(n = 3, mean age, 28.5 ± 8 years, mean height = 1.93 ± 0.3 cm,

mean weight = 90.7 ± 5.9 kg), small forward (SF) (n = 2, mean

age, 21.4 ± 2.8 years, mean height = 2.01 ± 0.4 cm, mean weight =

88 ± 8.5 kg), power forward (PF) (n = 4, mean age, 23.8 ± 4.1

years, mean height = 2.00 ± 0.1 cm, mean weight = 97.3 ± 7.9 kg),

and center (C) (n = 2, mean age, 31.9 ± 1.5 years, mean height =

2.02 ± 0.2 cm, mean weight = 107 ± 5 kg). It should be noted that

some players filled more than one playing position. For instance,

certain players transitioned from the SF to the PF within specific

plays due to tactical decisions (e.g., foul trouble) by the head

coach. In such scenarios, these players were categorized

differently, reflecting their positional change during the analyzed

moves, as opposed to their initial designated playing position.

For the analysis, all situational position changes were considered.

Also, not all 19 players could be incorporated into the analysis,

because some did not receive playing time and/or were unable to

play due to injuries. This led to a refined cohort of 9 players

who each participated for an average duration of 10 min across

all games. Players were routinely filmed during all games in the
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course of the competitive season. All players confirmed the usage

of video material for analytical purposes by contract and all

information was publicly available on a streaming service (i.e.,

MagentaTV). Each participant provided written consent for

participation in the study, which was fully conducted according

to the principles of the declaration of Helsinki (46) and approved

by the local ethics committee (Grant Number: 2021-30).
2.3 Observational procedure

Throughout the 2020–2021 German first league season, a

longitudinal video-based analysis was conducted within one

professional basketball team participating in this national league

by two independent raters, possessing a minimum of 20 years of

basketball-specific experience in national and international

competition formats (DW) and a minimum of ten years in video

analysis and game tagging (JJ). Data collection involved

systematically quantifying contact actions of each player across

ten home games during the season. All contacts were analyzed in

real time and, if necessary, by slow motion or frame-by-frame

sequencing. Contacts were included in the analysis only if they

had a recognizable impact on the game, as defined by Meehan

et al. (47). This included game situations with frequent physical

contact resulting from specific basketball movements, such as

setting a screen or boxing out during a rebound, or using

physical contact to disrupt an opponent’s dribble drive, which

contain a clear impact among involved players. These scenarios

represent frequent game sequences in professional basketball that

involve contact but do not constitute targeted collisions. In this

context, a distinction was made between recognizable contacts

and those in collision sports (e.g., tackling in rugby), where

collisions are an integral and expected part of the sport (47).

Furthermore, incidental touches, body stripes, and other non-

substantive forms of contact (e.g., cheering or substitution), were

not considered.

Preceding the video inspection, an analytical catalogue was

formulated by drawing upon insights from prior observational

studies in basketball (48). This catalogue comprised seven

overarching items encompassing 40 specific factors [see Table 1;

for wording, see (48)]. Items I and III classify the positions of

players and opponents engaged in contact situations. In cases

where there was a change in the opposing player, leading to

inconsistent classification, the contact source was categorized as

“Other”. Opponents and teammates were identified as contact

sources (Item II), whereas “Other” encompassed such contacts as

impacts on the floor, court, or basket. Game phases (Item IV)

were categorized into four situations covering the majority of

basketball scenarios, whereas play actions (Item V) represented

various techniques and tactical elements. “Other” play actions

included scenarios not clearly assignable to a specific factor (e.g.,

passes accidentally going into the basket) (see Figure 1).

Four body areas (Item VI) were defined as points of contact with

lower and upper extremities incorporating specific segments. This

broader categorization was chosen because isolated labeling of

individual segments was not feasible in some scenarios. This is
frontiersin.org
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TABLE 1 Items, categories, and factors included for the observation
[Modified from (48)].

Item Category Factor
I Playing position Point guard (PG), shooting guard (SG), small

forward (SF), power forward (PF), center (C)

II Source of contact Opponent, teammate, other

III Playing position
opponent

vs. PG, vs. SG, vs. SF, vs. PF, vs. C, other

IV Game phase Half-court defense, transition defense, fast break, set
offense

V Play action Box out, catching, close out, cutting, dribbling, fight
for position (FFP), fight for the ball (FFTB), lay
up/dunk, other, passing, penetrating, post up,
rebounding, screening/picking, shooting, shot blocking

VI Point of contact head/neck, torso, upper extremity, lower extremity

VII Form of contact Kinematic displacement (occurrence of any
positional changes due to external contact), no
kinematic displacement (absence of positional
change despite external contact was made)
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attributed to rapid multi-contact situations (e.g., knee and lower

leg) and low contact counts, especially in distal anatomic

segments. Item VII segmented contacts into two factors to

analyze kinematic displacements occurring during the contact.

To assess the test-retest reliability of the analytical catalogue, a

pilot study involving one entire game was conducted. The inter-

rater agreement for all items was evaluated over a one-week

interval. Using Cohen’s kappa (κ), the analysis of test-retest-

reliability for Rater 1 resulted in “very good” for Item I (κ = .98),

III (κ = .96), IV (κ = .97), V (κ = .93) VI (κ = .88), VII (κ = .84)

and “good” for Item II (κ = .79). Rater 2 showed “very good”

(Item I, κ = .92; Item III, κ = .89; Item IV, κ = .89; Item V,

κ = .92; VI, κ = .84) and “good” (Item II κ = .78; Item VII

κ = .78) test-retest-reliability. Inter-rater-agreement resulted in

“very good” (Item I, κ = .91; Item III, κ = .94; Item IV, κ = .89;

Item V, κ = .91; Item VI, κ = .82) and “good” (Item II, κ = .79;
FIGURE 1

Percentage of play actions containing contacts per playing position. All obse
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Item VII, κ = .74) concordance. For the final analysis, contact

actions were identified and labeled using Focus for teams by SBG

Sports Software © and subsequently exported to a separate

worksheet using Microsoft Excel (Version 2311). Sequences that

were unanalyzable due to inadequate visibility (e.g., concealed by

teammates or opponents) on the video were further assessed by

both raters. In instances in which contacts were not included, the

agreement between the raters was examined. For the final

determination, all scenarios were discussed by both raters until

an agreement was reached (49).
2.4 Statistical analysis

To assess observational consistency, the agreement between the

two raters for each contact sequence was quantified using κ.

Interrater agreement was assessed for each factor listed in

Table 1. These individual values were aggregated to calculate the

mean values of the individual items. Threshold values for κ were

classified as follows: <.2 (poor), .2–.4 (fair), .4–.6 (moderate),

.6–.8 (good), and .8–.0 (very good) (50). The exploratory data

analysis regarding the positional contact count is presented in

means and standard deviations. Leven’s test for homogeneity of

variances (p = .1), and Shapiro-Wilk test (p = .06) showed non-

significant results, confirming equal variances and normal

distribution of the data. Subsequently, a one-way analysis of

variance (ANOVA) was conducted to determine significant

differences in contact count among different positions. Eta

squared (η²) was used as a measure of effect size, with thresholds

defined by Cohen (51): small (.01), medium (.06), and large

(.14). Post hoc comparisons were conducted using the Tukey

Honest Significant Difference (HSD) test to examine specific

pairwise differences. Playing-position-specific variations
rved contacts are included. FFTB, fight for the ball; FFP, fight for position.
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concerning Items II–VII (Table 1) were examined utilizing the

chi-square test of association and the Fisher exact test with a

post hoc analysis incorporating standardized residuals (52).

The significance level for all statistical tests were set at p < .05.

All graphics and statistical analysis were performed using

RStudio software ® (Version 4.3.3).
3 Results

For the ten games the agreement level between both raters

could be defined as “very good” for Items I (κ = 0.98), II (κ =

0.96), IV (κ = 0.89), and V (κ = 0.91). A level of agreement

ranging from “good” to “moderate” was observed for Items III

(κ = 0.77), VI (κ = 0.79), and VII (κ = 0.58). Out of 2,079

contacts, a total of 10 contacts with a “good” agreement level

(κ = 0.78) could not be identified adequately due to limited visual

inspection, resulting in a final 2,069 contacts being included

across the ten games. The C (n = 837, 40.5% of total) received a

higher number of contacts than PF (n = 406, 19.6% of total), PG

(n = 367, 17.7% of total), SG (n = 267, 12.9% of total) and SF

(n = 192, 9.3% of total). The mean contact count per position

across all games is displayed in Figure 2. ANOVA revealed a

significant effect of player position on contact frequency F(4, 45)

= 24.95, p < .001, η² = .69. Post-hoc comparisons showed

significant differences in contact among between PF-C, PG-C,

SF-C, SG-C (all p < .001) and SF-PF (p < .005). The C (n = 837,

40.5% of total) received a higher number of contacts than PF

(n = 406, 19.6% of total), PG (n = 367, 17.7% of total), SG (n = 267,

12.9% of total) and SF (n = 192, 9.3% of total). The Fisher exact test

and the chi-square test revealed significant associations between the

player’s position and the source of contact [χ²(8, 2,069) = 15.6,

p = .048], the opponent’s playing position [χ²(20, 2,069) = 301, p < .001],
FIGURE 2

Positional average contact count per game over the course of analyzed ga

Frontiers in Sports and Active Living 0593
the game phase [χ²(12, 2,069) = 175, p < .001], the play action

[χ²(60, 2,069) = 421, p < .001], and the point of contact [χ²(12, 2,069) =

67.2, p < .001]. No significant association was found regarding the

form of contact [χ²(4, 2,069) = 6.94, p= .139].

Overall, the predominant source of contacts was made by

opponent players (97.8%). Falls or contacts with objects on the

court (“Other”) ranked as the second most frequent (1.5%),

except for SF. Contacts initiated by teammates were the least

frequent across all playing positions (0.7%). Figure 3 presents an

overview of the opponent’s playing position during contact.

Interestingly, the highest residual associations for each playing

position were identified for the corresponding opposing

counterpart (C = 5.89, PF = 10.29, PG = 8.81, SF = 6.8, SG = 5.38,

all p < .05). With regard to the observed game phases, the

majority of contacts were observed during half-court defense

(46.1%) and set offense (48.9%). Fast breaks (2.9%) and

transitional defensive phases (2.2%) of the game exhibited

significantly fewer contacts between players. Positional post hoc

analyses utilizing standardized residuals indicated the most

contacts for the C during half-court defense (−9.26), set offense
(10.84), and transition defense (−2.51), whereas the SG had

significantly more contacts on fast breaks (6.01).

The observation of different play actions showed that it was

predominantly screening/picking (n = 531, 25.7%), box outs

(n = 474, 22.9%), and fights for position (FFP) (n = 373, 18%)

that led to physical contact, whereas close outs, shot blocking,

while “Other” actions (all n = 6, 0.3%) led to contact less

frequently. Figure 1 presents a visualization of the relative

positional distribution in the aforementioned defined play

actions. The visualization indicates that contacts were most

frequent during screening/picking, box outs, and FFP. In

contrast, the fewest contacts were observed during cutting

movements, shot blocking, and close outs. Post hoc analyses and
mes. Data are presented as mean values and standard deviation.
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FIGURE 3

Contact frequency relative to the oppositional position. Data are presented on all contacts for each position.

FIGURE 4

Positional distribution of contacts across body areas. A deeper shade
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the percentile distribution indicate significant associations between C

(32,6%, 5.93) and PG (21.5%, −1.98) contact involvement during

screening/picking. Conversely, even though SF and SG had the

highest percentage involvement in screening/picking, there was a

statistical divergence. Standardized residuals indicated that SF were

more likely to experience contact during post ups (−1.62), whereas
SG had significantly more contacts during penetration to the

basket (5.36). PF also exhibited a deviation between observed and

expected values. Whereas they received a higher percentage of

contacts during box outs, the standardized residuals, similar to SF,

were highest in post ups (5.61).

Regarding contact points, the torso was the most frequently

affected area (n = 996, 48.1%), followed by the upper (n = 795,

38.4%) and lower extremities (n = 271, 13.1%), whereas the

head/neck (n = 7, 0.3%) were the least impacted. Figure 4

displays playing position-specific distributions of the contact

points. Positional post hoc analysis showed that C and PG had

significantly more contacts at the arms (−4.95; 5.56), torso (2.4;

−2.95), and legs (4.07; −3.97). Sustained contacts at PF (−2.24)
and SG (2.55) showed a significant association with the upper

extremities. SF showed no significant differences in terms of

contact points. Furthermore, a total of 81.4% (n = 1,684) of all

contacts resulted in a kinematic displacement, whereas the

remaining 18.6% (n = 385) exhibited no change in playing

position during the physical contacts between players.

of red indicates a higher frequency of contacts.
4 Discussion

The primary objective of this investigation was to conduct a

video-based analysis of physical contacts during professional
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male basketball games. As highlighted by previous research

emphasizing the importance of considering contacts during

gameplay (28), our results support the assumption that contacts
frontiersin.org

https://doi.org/10.3389/fspor.2024.1419088
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Wellm et al. 10.3389/fspor.2024.1419088
among players are prevalent across all playing positions in

basketball (Figure 2). Notably, the center (C) position emerged as

the recipient of the highest frequency of contacts throughout all

ten games with over 40% of the total number of contacts. This

outcome aligns with findings reported by Ibáñez et al. (53) and

Ribeiro et al. (54). It should be mentioned that a basketball

player’s position is influenced predominantly by individual

factors such as basketball-specific skills, body height, and body

mass, as highlighted by Puente et al. (28) and Svilar et al. (43).

In conjunction with these considerations, a possible explanation

for the increased contact experienced by C may be attributed to

their tactical role that often requires them to occupy smaller

spaces around the basket. These positional demands for C are

confirmed by our results, showing high numbers of box outs

(26.6%) and FFP (18.8%), which typically occur close to the

basket. Studies by Schelling and Torres (13) and Vanderlei et al.

(55) posit that C assume responsibility for shots within the key

area by engaging in disputes for both defensive and offensive

rebounds and executing forceful maneuvers when competing for

spatial dominance (55). A similar explanation is given by Ferioli

et al. (8) positing that C gain possession of the ball by executing

rapid and intense movements such as offensive maneuvers to

score or secure rebounds. Current studies indicate that C

experience a lower physical and physiological demand in terms

of overall running movements, accelerations, and decelerations

(8, 13, 32). However, there is still a lack of evidence regarding

the impact of such contact on external and internal loads in the

context of basketball.

In addition, within this cohort, results indicate that each

playing position engages predominantly in contacts with its

corresponding opposing counterparts. However, there are

instances of contact in different playing positions. One

plausible explanation for this could be mismatches or tactical

maneuvers such as intentional physical interactions during

offensive plays. Notably, an exception to this trend is observed

in the case of the point guard (PG), who exhibits comparable

physical contact frequencies with the C. This pattern may be

explained by the strategic deployment of ball screens, a

significant facet of gameplay, utilized in most offensive plays in

professional basketball (56–58). Our study has shown similar

results, indicating a high number contacts during ball screens

for all positions (Figure 1). The setting of ball screens involves

a collaboration between two players, typically an inside player

as the screener and an outside player as the beneficiary (56).

This strategic maneuver is defined as a fundamental technical–

tactical element wherein the screener executes a screen to create

a favorable situation and advantage for the player with

possession of the ball. This advantageous position is sought for

purposes of passing, shooting, or penetrating to the basket (42,

57, 59). The unique dynamic introduced by ball screens may

contribute to the atypical equalization of contact between PG

and C in contrast to the prevailing pattern observed among

other players.

The majority of contacts in this study were sustained during set

offense and set defense, aligning with the findings of Achenbach

et al. (48). This pattern suggests that contacts are predominantly
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employed in organized situations such as set plays. Concurrently,

this trend is reflected in in-game situations in which contact is

utilized such as screening/picking, box out, or FFP (Figure 1).

Furthermore, results reveal that, within this cohort, these three

game actions (screening/picking, box out, and FFP) constitute

the most prevalent contact actions across all five playing

positions. Ribeiro et al. (54) indicated that the PG experiences

the highest frequency of contacts. Regarding contact with other

players, Puente et al. (28) and Ibáñez et al. (60) reported body

impacts (including physical contacts) exceeding 5 g per minute

(Sum of impacts measured in g-forces in the three planes per

minute). Whereas it is acknowledged that contact in basketball

can lead to injuries necessitating players break, as discussed by

Achenbach et al. (48), Brumitt et al. (61), and Minghelli et al.

(62), it is crucial to recognize that physical contact is inherent to

basketball, constituting an integral aspect of the game that does

not invariably result in severe injuries.

However, existing research on the impact of physical contact

on internal load responses has primarily focused on collision

sports such as rugby (63–65). Consequently, the direct

applicability of these studies to basketball in particular is limited.

Doeven et al. (66), reports a recovery time on the neuromuscular

level up to 48 h after a game which can be explained by the high

number of intensive activities (e.g., jumping, shuffling, running)

performed during basketball matches (3). Furthermore, for a

comprehensive understanding of recovery processes (67),

mentioned that various contextual factors need to be considered

(e.g., travel duration, individual chronotype, playing style). In this

context, the quantification of load induced by physical contacts

might be helpful in implementing primary (e.g., nutrition, sleep

and rest) and secondary (e.g., supplementation, physical recovery,

therapeutic interventions) recovery strategies (68). Also, the

implementation of subjective load measures (e.g., differential

rated perceived exertion, dRPE) might enhance the

understanding of different dimensions of physical efforts such as

contacts received (11). A detailed investigation of physical

contacts during basketball gameplay could extend the knowledge

of internal load responses, building on existing research on

inflammatory processes (69), salivary markers (70), and

neuromuscular performance (71). Therefore, following a

multimodal approach in players’ recovery, the monitoring of load

produced by physical contacts in games and practices needs to

be considered besides commonly used external load markers in

elite basketball.

Our study showed a high number of contacts to the torso and

upper limbs, suggesting that these areas experience significant

internal load, which may lead to structural reactions such as

contusions, tears, impacts, or laceration injuries (72–75). Visual

inspection indicated that contacts in the chest-shoulder area (e.g.,

post ups, screens) are associated with high impacts. This allows

us to speculate that especially C and PF, who are frequently

involved in these situations, experience higher internal load

responses due to physical contacts. Recognizing that controlled

studies of muscular responses during game observations are

challenging, isolated studies with high internal validity (for an

experimental design, see (76) on muscles at different contractile
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characteristics could provide valuable insights into the impact of

physical contact at the muscular level in basketball. Although our

analysis revealed a low incidence of head impacts, it is crucial to

recognize that contact in sports can result in both musculoskeletal

injuries and brain effects. Sports-related concussions, caused by

direct blows to the head, neck, or body, expose the brain to

impulsive forces during sporting activities (77). Repeated

concussions pose a risk to long-term brain health (77, 78), and

there is concern that even frequent low-level impacts in contact

sports can harm healthy individuals. Studies suggest that repeated

subconcussive impacts can lead to neurophysiological changes

(79–81), emphasizing the importance of monitoring physical

contact received in the head/neck area in basketball.

On the other hand, diverse contact situations are evident, with

an elevated incidence of contact for the PG during dribble

situations and for the PG, SG, and SF when penetrating to the

basket. Additionally, the augmented contact observed for the PF

during post ups warrants attention. Indeed, distinct playing

positions yield disparate outcomes in terms of contact scenarios,

indicating the imperative to consider the specificity associated

with each playing position. Even among players occupying the

same playing position, differences in on-court functions may

manifest. Another compelling indication supporting the need for

distinct consideration of playing positions is given by the

distribution of contact points on the body. In this context, C

consistently exhibit the highest frequency of contacts across all

anatomical areas. Delextrat et al. (82) offer insights into these

phenomena, characterizing inside players as engaging

predominantly in static efforts such as blocking and positioning

for rebounds. This underscores the need to recognize and

analyze playing positions individually, acknowledging the diverse

roles and demands inherent to each playing position on the

basketball court.

The monitoring of the contacts players experience could

potentially mitigate the risk of injury. Similar to the monitoring

of in-game workload, gaining insights into in-game contact loads

can empower coaches to formulate more targeted training and

recovery strategies, enhancing the overall preparation of their

players (83). This information underscores that determining the

physical load required for competitive basketball cannot rely

solely on measuring the quantity and intensity of dynamic

actions. Acknowledging the limitations of relying solely on

dynamic metrics, the inclusion of physical contact monitoring

provides a more comprehensive understanding of the physical

demands placed on players during a basketball game. By

integrating information on both dynamic actions and contact

loads, coaches can tailor training regimens and recovery

strategies more effectively and contribute to optimizing player

performance and injury prevention.
4.1 Practical implications

This study advances the understanding of physical contacts in

professional basketball and highlights the importance of

considering physical contacts when assessing internal load after
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gameplay. Utilizing video-based observation in a professional

basketball setting, the study provides initial insights into the

contextual characteristics of physical contacts across various

playing positions. These analyses need to be deepened and

extended in future research. For practitioners, the findings offer

valuable information for conceptualizing load in training,

conditioning, and recovery strategies for basketball players.

Notably, the examination of players’ physical contact profiles

during gameplay reveals significant discrepancies across

individual playing positions. The increased number of contacts

observed across playing positions underscores the need for

tailored resistance training regimes to address the distinct

demands encountered by players in different roles. From a

training perspective, it is imperative to expose players to

manageable levels of contact, isometric exercises, and eccentric

loads on a regular basis. This approach aims to minimize muscle

damage and facilitate adaptive responses to the specific demands

of basketball. Particularly noteworthy is the emphasis on the

fatiguing effect of contusions, as demonstrated by Barnes et al.

(76). Their study, utilizing an unspecific experimental contusion

model, suggests that the impact forces experienced are

comparable to, or slightly lower than, those observed in contact

sports such as rugby union tackles (∼1,600–2,000 N) or martial

art kicks (∼1,500–2,000 N). Consequently, the authors speculate

that the physiological responses observed are indicative of those

typically associated with sport-related contusion injuries.

Although direct cross-sport comparability presents challenges,

these findings offer a preliminary framework for initiating

contusion monitoring in basketball, with the aim of broadening

load monitoring practices within the sport. Moreover, Barnes et al.

(76) highlight that contusions share similarities with eccentric

muscle injuries in certain aspects, underscoring the relevance of

these findings to the broader context of sports medicine.

Furthermore, basketball coaches can leverage the insights

provided by our research on players’ contact demands during

different game phases to tailor individualized and team-based

training sessions. Specifically, exercises for C, given the

heightened contact demands inherent to this playing position,

should emphasize the development of specific movements, body

contacts, and collision scenarios. Guards, who frequently

navigate ball possession amidst diverse contact situations, would

benefit from dedicating substantial time to a variety of

ball-related exercises aimed at enhancing their skills in such

contexts. Another consideration arises when players operate

across multiple playing positions, whether for tactical or

strategic reasons or because modern basketball teams often

deviate from strict adherence to traditional playing position

classification systems. In these instances, the load profile

for these players becomes inherently more complex,

potentially affecting the physical demands across various playing

positions and individuals (23, 84). Consequently, it is essential

to exercise caution when applying the results pertaining to

physical demands classified by playing positions in a practical

setting, particularly in cases where the categorization and

clarification of playing position roles within the team

are ambiguous.
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4.2 Limitations

Match video analysis is an indispensable tool in sports,

particularly for training and coaching purposes. However, its

efficacy is contingent upon various factors and relies primarily on

image quality, resolution, and available camera angles. Whereas

video analysis offers invaluable insights, its utility is not without

limitations. Accessibility to all contacts via video analysis is not

assured. Challenges arise when attempting to identify precise

contact events due to occurrences being outside the camera frame

or obscured by players or referees. Blind spots, created by players

or equipment (e.g., basket), further impede the accurate

identification of critical events. Limited camera positions

exacerbate these challenges by restricting visibility of certain pitch

areas, potentially resulting in information gaps—particularly

during pivotal event moments beyond the field of vision.

It should also be acknowledged that our study identifies only

the initial contact, which often encompasses several ranges.

Consequently, our findings do not account for more detailed

analyses of body areas. Future research efforts could delve deeper

into these nuances to elucidate the intricacies of physical contacts

in basketball more comprehensively. Lastly, the authors

acknowledge that a G*Power analysis is typically conducted to

determine the appropriate sample size for detecting significant

effects. However, in this case, a power analysis was not

performed due to the exploratory and descriptive nature of the

study, which aimed to provide initial insights and preliminary

observations into this research phenomenon.
4.3 Future directions

It is important to note that our study focuses solely on elite

male basketball players from a single country, potentially limiting

the generalizability of our findings across genders, cultures,

playing levels, and nations. Thus, there is a critical need for

further research to bridge these gaps and provide a more

comprehensive understanding of contact dynamics in basketball

across diverse contexts. Furthermore, as a multifaceted team

sport, basketball encompasses dynamically interconnected game

events and situations (85). Studies have analyzed situational

variables such as game location, match status, and opponent

quality in order to explore their impact on performance metrics

(30). Disparities in fundamental player characteristics, including

physical and physiological traits, between top and bottom teams

contribute to variations in attacking and defensive contacts.

Although not within the scope of our study, future research

should comprehensively investigate this aspect.

Whereas our study utilized video analysis to identify player

contacts, it is important to acknowledge that quantifying the

associated load resulting from these contacts cannot be

accomplished solely through video analysis. Video analysis

provides valuable visual data on the occurrence and nature of

contacts during gameplay. However, it lacks the capacity to

measure the physiological or biomechanical impacts of these
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contacts on players directly. Micro-technical devices such as LPS

or GPS offer a potential supplementary method for quantifying

the load resulting from player contacts during basketball

gameplay in future research. Previous studies have demonstrated

the utility of accelerometers or specific load metrics in describing

body contacts and assessing physical loads encountered by

athletes across different sport types (86–88). In addition to video

analysis and micro-technical devices, utilizing psychological

measures such as ratings of perceived exertion or physiological

measures such as heart rate variability offer other valuable

methods for quantifying the internal load response resulting

from player contacts (89). Furthermore, future examinations of

intra- and interindividual variabilities in fatigue markers (e.g.,

creatine kinase or urea) could enhance the understanding of

physical contacts on the dynamics of internal load responses.

Implementing such methods provides a valuable complement to

the video-based quantification of physical load, enhancing the

understanding of the holistic impact of player contacts on

athletes’ performance and well-being in professional basketball.
5 Conclusion

The results of our study underscore the assumption that basketball

cannot be considered as a noncontact sport as initially developed by

Naismith. Given their frequent occurrence across various play

actions and game phases during competitive matches, incorporating

physical contacts into analyses seems appropriate in order to assess

external and internal load in professional basketball. Additionally,

our analysis highlights that contacts affect different anatomical

regions of basketball players. Thus, our findings emphasize the

complexity of physical contacts in shaping the overall load profile of

professional basketball players. In summary, the results suggest that

future research should consider incorporating physical contact in the

assessment of physical load in basketball in order to gain a more

comprehensive picture of external load and internal load responses.

By acknowledging the significance of these contacts, researchers and

sports practitioners can better understand the holistic impact of

player interactions on physiological and biomechanical demands,

and this will lead ultimately to more effective training strategies and

injury prevention measures in basketball.
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The impact of simulated
3x3 tournament on vertical jump
force-time metrics in national
team male basketball players
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Damjana V. Cabarkapa1, Nicolas M. Philipp1 and Andrew C. Fry1

1Jayhawk Athletic Performance Laboratory – Wu Tsai Human Performance Alliance, Department of
Health, Sport and Exercise Sciences, University of Kansas, Lawrence, KS, United States, 2Faculty of Sport
and Physical Education, University of Belgrade, Belgrade, Serbia, 3International Strength and
Conditioning Institute, Novi Sad, Serbia

With innovative portable force plate systems being widely implemented for
lower-body neuromuscular performance assessment in an applied sports
setting and the existing gap in the scientific literature regarding player
performance during in-game competitive scenarios, the purpose of the
present study was to compare changes in countermovement vertical jump
(CVJ) performance pre-post a simulated 3×3 basketball tournament. Seven
current or former members of a 3×3 national basketball team volunteered to
participate in the present investigation. Upon completing standardized warm-up
procedures, athletes stepped on a uni-axial force plate system sampling at
1,000 Hz and performed three maximal-effort CVJs with no arm swing. Then,
the athletes proceeded to play a simulated 3×3 basketball tournament composed
of two consecutive games, separated by a 15-min rest interval. Immediately
following the completion of the second game, the identical CVJ testing
procedures were repeated. Paired sample t-tests were used to examine pre-
post-tournament differences in nineteen CVJ performance metrics (p < 0.05).
The results reveal that force-time metrics during both eccentric and concentric
phases of the CVJ remain relatively unchanged pre-post simulated 3×3 basketball
tournament. However, multiple force-time metrics within the eccentric phase of
the CVJ changed by 12.1%–19.1% (e.g., eccentric peak power and peak velocity,
eccentric duration), suggesting that the eccentric phase of CVJ might be
responsive to performance stimulus to a greater extent than the concentric
phase. Overall, these findings further support the importance of comprehensive
CVJ analysis when intending to measure changes in neuromuscular
performance.

KEYWORDS

force, power, concentric, eccentric, athlete monitoring, biomechanics, sport

1 Introduction

Over the past decade, three-on-three (3×3) basketball has gained global recognition,
including its inclusion as an official sport in the 2020 Tokyo Olympics (Cabarkapa et al.,
2023a). The game features several rule adjustments compared to the standard five-on-five
(5×5) competitive format such as a reduced number of players (i.e., three starters and one
reserve), smaller court dimensions (i.e., 15 m × 11 m), and 10-min match duration with a
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12-s shot clock (Cabarkapa et al., 2023a; Conte et al., 2019; Csurilla
et al., 2023). In addition, 3×3 basketball is played with a single hoop
without breaks after scoring, which increases the intensity of the
gameplay and fosters continuous scoring opportunities (Conte
et al., 2019).

While 3×3 basketball is a relatively recent research topic of
interest within the area of sports science, the data about this domain
of athlete performance is rapidly expanding (Cabarkapa et al., 2023a;
Conte et al., 2019; Montgomery and Maloney, 2018). The majority
of research reports have been focused on comparing physiological
and physical demands between the 3×3 and 5×5 competitive formats
(Cabarkapa et al., 2024; Conte et al., 2019; Figueira et al., 2022; Leite
et al., 2013; McGown et al., 2020;Willberg et al., 2022). These studies
consistently highlight the significantly higher workloads
experienced by 3×3 players, as they tend to spend more time
playing at near maximum intensities, surpassing 90% of their
maximal heart rate (Cabarkapa et al., 2023a; Leite et al., 2013;
McGown et al., 2020). In addition, Conte et al. (Conte et al.,
2019) brought attention to remarkably shorter durations of live
and stoppage time phases in 3×3 basketball games
(i.e., approximately <20 s), with a ratio between these two phases
being 0.92 ± 0.13. This work-to-rest ratio surpasses the one observed
within the traditional 5×5 competitive format, which typically
ranges from 1:2 or higher (Bender, 2019).

Despite the previously mentioned literature comparing the
physiological and physical demands of these two styles of
basketball play, a significant research gap still exists in
understanding player performance characteristics at the elite level
of 3×3 competition, especially during live game scenarios (McGown
et al., 2020; McCormick et al., 2012). This scarcity of data can be
attributed to the inherent challenges posed by competition and
sports club regulations, where testing procedures on actual game
days may potentially disrupt the team’s performance (Scanlan et al.,
2012). Thus, such constraints make it difficult to gain a thorough
understanding of the physical and physiological demands of the
competition as well as how they relate to the player’s performance
(Willberg et al., 2022).

To address these challenges, researchers are increasingly turning
to field-based simulation tests as a means to replicate the demands of
actual competition (Scanlan et al., 2012; Scanlan et al., 2018). In this
context, portable force plates are often employed to collect force-
time data in applied sports settings (Cabarkapa et al., 2023b; Philipp
et al., 2023a). The countermovement vertical jump (CVJ) serves as a
common testing modality used to evaluate players’ neuromuscular
performance in a non-invasive and time-efficient manner (Philipp
et al., 2023a; Cabarkapa et al., 2023a; Merrigan et al., 2022). This
assessment method is especially valuable in sport-specific
environments, offering direct on-field insight into players’
performance capacities (Claudino et al., 2017). In the context of
basketball, CVJ assessment has been used to differentiate between
players included in the starting line-up and their substitutions
(Cabarkapa et al., 2023d), detect position-specific differences
(Cabarkapa et al., 2023e), and difference players across various
competitive levels (Pehar et al., 2017). Also, CVJ assessment has
been used to monitor fatigue-induced changes in neuromuscular
performance pre-post practice (Cabarkapa et al., 2023c), as well as
over the course of an entire basketball season (Philipp et al., 2023a).
However, there is a scarcity of literature employing in-depth CVJ

assessment to distinguish changes in force-time metrics pre-post an
actual competition, especially within the top-tier
3×3 basketball athletes.

Therefore, with innovative portable force plate systems being
widely implemented for lower-body neuromuscular performance
assessment in an applied sports setting and the existing gap in the
scientific literature regarding player performance during in-game
competitive scenarios, the purpose of the present study was to
compare changes in some of the most commonly examined CVJ
force-time metric pre-post simulated 3×3 basketball tournament.

2 Materials and methods

2.1 Participants

Seven basketball players (age = 19.2 ± 1.1 years; height = 193.3 ±
7.2 cm; body mass = 84.6 ± 9.5 kg) volunteered to participate in this
study. The players were current or former members of a
3×3 national basketball team. All athletes were free of
musculoskeletal injuries and actively participated in individual
and/or team strength and conditioning and basketball-specific
training activities at the time point of the data collection. The
testing procedures performed in this investigation were
previously approved by the University of Kansas Institutional
Review Board (No. 00149094) and all participants signed an
informed consent document.

2.2 Procedures

Upon arrival at the outdoor basketball court that corresponds to
3×3 official regulations, all athletes completed a standardized warm-
up procedure (10–15 min) composed of dynamic stretching
exercises (e.g., A-skips, butt-kicks, high knees, side-to-side lunges,
high-knee-pulls) administered by a Certified Strength and
Conditioning Specialist. Following familiarization with the testing
procedures, all athletes stepped on a dual uni-axial force plate
(ForceDecks Max, VALD Performance, Brisbane, Australia)
sampling at 1,000 Hz and performed three maximal-effort CVJs
with no arm swing (i.e., hands on the hips during the entire
movement). Each jump trial was separated by a 10–15 s rest
interval and the mean value across three trials was used for
performance analysis purposes. Strong verbal encouragement was
provided throughout testing procedures and the athletes were
instructed to focus on pushing against the ground as explosively
as possible (Kershner et al., 2019).

After completion of initial CVJ testing procedures, the
participants proceeded with playing a simulated 3×3 basketball
tournament composed of two games, separated by a 15-min rest
interval. The games were played according to 3×3 basketball rules
(i.e., no break after a scored basket, 12-s shot clock, no half-time or
quarters). The winner of the game was the team that first reached the
21-point score or the team that had more points at the 10-min mark.
The gameplay was only paused when the free-throw shots were
attempted (i.e., 10–15 s). To ensure that athletes were competing to
the best of their ability, members of the coaching staff were present
to observe the simulated tournament. Immediately following the
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completion of the second game, the identical CVJ testing procedures
were repeated (i.e., pre-post simulated tournament). In addition, all
athletes shared approximately the same amount of playing time
(i.e., administered by the coach’s game plan). The testing procedures
were conducted on an official 3×3 outdoor basketball court between
17:00–19:00h on a sunny day (21°C) with moderate humidity (43%).

2.3 Variables

The dependent variables examined in the present study were:
braking phase duration, eccentric braking impulse, concentric
impulse, eccentric and concentric duration and peak velocity,
peak and mean force and power during both eccentric and
concentric phases of the CVJ movement, contraction time, jump
height (i.e., impulse-momentum calculation), reactive strength
index (RSI)-modified (i.e., jump height divided by contraction
time), and countermovement depth. The selection of the force-
time metrics of interest, automatically computed via VALD
performance analysis software that demonstrated adequate levels
of validity and reliability, was based on previously published

research reports (Cabarkapa et al., 2023a; Merrigan et al., 2022;
Cabarkapa et al., 2023b; Anicic et al., 2023; Merrigan et al., 2024;
Philipp et al., 2023b; Philipp et al., 2023c). Additional information
pertaining to data analysis software can be found at https://
valdperformance.com/forcedecks/.

2.4 Statistical analysis

Shapiro-Wilk test corroborated that the assumption of
normality was not violated. Descriptive statistics, means and
standard deviations, were calculated for each dependent
variable analyzed in the present study. Paired sample t-tests
were used to examine pre- to post-tournament differences in
each CVJ force-time metric of interest. The percent difference
was calculated for each dependent variable. Due to the small
sample size (n = 7), Hedges’ g was calculated to determine effect
size (g = 0.2 – small effect, g = 0.5 –moderate effect, g = 0.8 – large
effect) (Hedges, 1981; Cabarkapa et al., 2022). All statistical
analyses were completed with SPSS (Version 26.0; IBM Corp.,
Armonk, NY, USA).

TABLE 1 Descriptive data (mean ± standard deviation) and comparison statistics, including effect size (ES) and percentage difference (%-diff), for changes in
each dependent variable examined pre- to post-tournament.

Variable [unit] Pre-tournament Post-tournament p-value ES %-diff

Eccentric phase

Braking phase duration [s] 0.296 ± 0.078 0.246 ± 0.033 0.139 0.835 18.5

Eccentric braking impulse [N·s] 53.7 ± 17.4 60.8 ± 4.8 0.224 0.556 12.4

Eccentric duration [s] 0.531 ± 0.099 0.461 ± 0.046 0.183 0.906 14.1

Eccentric peak velocity [m·s-1] −1.14 ± 0.33 −1.29 ± 0.28 0.144 0.490 12.3

Eccentric peak force [N] 2114.1 ± 280.9 2220.4 ± 244.3 0.331 0.404 4.9

Eccentric mean force [N] 834.3 ± 94.6 829.4 ± 92.4 0.011 0.052 0.6

Eccentric peak power [W] 1,414.4 ± 669.3 1712.3 ± 609.8 0.183 0.465 19.1

Eccentric mean power [W] 471.0 ± 171.1 512.4 ± 162.9 0.222 0.247 8.4

Concentric phase

Concentric duration [s] 0.240 ± 0.036 0.222 ± 0.031 0.060 0.536 7.8

Concentric impulse [N·s] 0.249 ± 0.025 0.245 ± 0.028 0.387 0.151 1.6

Concentric peak velocity [m·s-1] 3.03 ± 0.13 3.01 ± 0.21 0.533 0.114 0.7

Concentric peak force [N] 2257.2 ± 253.1 2353.9 ± 189.2 0.218 0.432 4.2

Concentric mean force [N] 1885.3 ± 172.6 1944.6 ± 161.4 0.189 0.354 3.1

Concentric peak power [W] 5314.7 ± 511.5 5369.1 ± 609.1 0.670 0.097 1.0

Concentric mean power [W] 2992.9 ± 285.3 3071.7 ± 328.8 0.491 0.256 2.6

Other

Contraction time [s] 0.771 ± 0.127 0.683 ± 0.053 0.147 0.904 12.1

Jump height [cm] 44.4 ± 4.0 43.5 ± 6.3 0.541 0.171 2.0

RSI-modified [ratio] 0.60 ± 0.10 0.64 ± 0.10 0.519 0.400 6.5

Countermovement depth [cm] −29.5 ± 9.2 −27.9 ± 6.7 0.209 0.198 5.6

Note: RSI, reactive strength index.
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3 Results

Descriptive statistics for each dependent variable examined in
this study are presented in Table 1. Besides the difference in
eccentric mean force that was trivial in magnitude (g = 0.052),
no statistically significant differences were observed in any CVJ
force-time metrics of interest. The percentage difference pre-post-
tournament across all dependent variables ranged between 0.7% and
19.1%. In addition, the majority of the effect sizes were small to
moderate (g = 0.052–0.556) in magnitude, except breaking phase
duration, eccentric duration, and contraction time, which
demonstrated large effect size differences (g = 0.835–0.906).

4 Discussion

To the best of our knowledge, this is the first study that
examined pre-post changes in neuromuscular performance
characteristics of top-tier 3×3 basketball players. The results
reveal that force-time metrics during both eccentric and
concentric phases of the CVJ remain relatively unchanged. No
statistically significant differences were observed in any variables
of interest except eccentric mean force, which was trivial in
magnitude (g = 0.052). However, multiple metrics such as
eccentric braking impulse, eccentric duration, braking phase
duration, and eccentric peak velocity and power did demonstrate
moderate to large effect size magnitudes (g = 0.456–0.906). Overall,
these data suggest that the eccentric phase of CVJ tends to be
affected by performance stimulus to a greater extent than the
concentric phase.

Previous research focused on examining the acute impact of
fatigue on neuromuscular performance characteristics has obtained
mixed findings (Cabarkapa et al., 2023c; Cabarkapa D. V. et al., 2023;
Gathercole et al., 2015; Hoffman et al., 2002; Spiteri et al., 2013).
Some research reports have revealed a notable decrease in multiple
force-time metrics (Cabarkapa et al., 2023c; Spiteri et al., 2013),
while others observed no changes in CVJ performance parameters
during practice as well as an official competition (Cabarkapa D. V.
et al., 2023; Gathercole et al., 2015; Hoffman et al., 2002). A recently
published study by Cabarkapa et al. (Cabarkapa et al., 2023c) found
a significant decrease in concentric impulse, peak velocity, and mean
and power pre-post practice when examining a cohort of
professional 5×5 basketball players, which is contradictory to the
results obtained in the present investigation. The observed
discrepancy in the findings may be attributed to the sport-
specific demands as well as the level of play (e.g., first and
second-tier professional basketball league vs. national team).
Unlike the 5×5 competitive style that requires a considerable
aerobic energy contribution (Ostojic et al., 2006), a
3×3 basketball game largely relies on anaerobic energy demands
(Cabarkapa et al., 2023a; Leite et al., 2013; McGown et al., 2020). The
game is played for 10 min on a smaller court and without breaks
after the basket is scored. Although the intensity of gameplay within
that short timeframe might be higher (Cabarkapa et al., 2023a; Leite
et al., 2013; McGown et al., 2020), the overall workloads placed on
3×3 basketball players during practice or competition might be
lower when compared to their 5×5 counterparts and be incapable of
inducing a considerable reduction in CVJ performance. Still, it

should be noted that superior aerobic fitness may allow
3×3 athletes to play the game at a faster pace as it can provide a
solid base that meets the on-court performance demands (e.g., low
efficiency of aerobic energy system may limit athlete’s competitive
ability) (Ostojic et al., 2006). Also, considering that the participants
examined in this study were top-tier athletes selected to play for the
national team, we can assume that the inability to detect significant
changes in neuromuscular performance may be attributed to the fact
that these athletes were adequately trained to sustain on-court
competitive demands imposed by a simulated 3×3 basketball
tournament.

Despite no statistically significant differences in CVJ
performance metrics being observed in all dependent variables of
interest examined in the present study, except eccentric mean force
which was trivial in magnitude, it should be noted that multiple
metrics did demonstrate moderate to large effect sizes. Eccentric
peak power and peak velocity experienced a moderate increase
(19.1% and 12.3%, respectively), while eccentric duration and
overall contraction time were reduced (14.1% and 12.1%,
respectively). Considering that no change in eccentric mean and
peak force was observed pre-post simulated 3×3 basketball
tournament, we can conclude that this increase in eccentric peak
power was primarily driven by an increase in the velocity of the
movement (i.e., power= force x velocity) (Fry et al., 2019). Based on
unpublished data from our laboratory, these results seem to follow
the same trend observed within the CVJ data collected on
professional cohorts of team-sport athletes (e.g., handball,
basketball, volleyball), where exercise-induced fatigue tends to
have a greater impact on the eccentric phase of the CVJ than the
concentric phase. In a similar manner, a slight decrease observed in
the overall CVJ contraction time seems to be mainly induced by a
decrease in the eccentric phase duration, as pre-post tournament
change in concentric duration was notably shorter. Lastly, the results
of this study reveal that jump height as one of the most commonly
used performance measures tends to be resistant to detecting
fatigue-induced performance changes (i.e., 2.0% pre-post-
tournament change). This further supports previously published
research by Merrigan et al. (Merrigan et al., 2020) that indicates that
being solely focused on examining outcome metrics such as jump
height may fail to provide in-depth insight pertaining to movement
strategy (e.g., how the specific outcome was achieved). Lastly, while
further research is warranted on this topic, it should be noted that
some of the observed positive changes in force-time metrics could be
influenced by a potentiation effect, given that previous research has
found that the potentiation effect does not dissipate 5–6 min post-
exercise completion (Chiu et al., 2023; Philipp et al., 2023b;
MacIntosh et al., 2012).

While the findings of the present study provide additional
insight into neuromuscular performance characteristics of top-
tier 3×3 basketball players and how they change in response to a
simulated tournament play, this study is not without limitations. As
with many investigations conducted on a cohort of professional
athletes, one of the limitations is the sample size, which could have
been larger. Another limitation relates to the inability to quantify the
external load (i.e., the amount of work performed) that the examined
group of 3×3 athletes was exposed to. This information could
provide a better understanding of factors that contributed to
changes in CVJ force-time metrics and it presents one of the
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future research directions. Moreover, additional research is
warranted to examine if these findings are sex-specific, if they
can be applied to other 3×3 basketball competitive levels (e.g.,
junior, semi-professional), and if they are impacted by athletes’
recovery strategies (e.g., sleep, supplementation).

5 Conclusion

In conclusion, the results of the present investigation reveal that
force-time metrics during both eccentric and concentric phases of
the CVJ remain relatively unchanged pre-post simulated
3×3 basketball tournament. However, it should be noted that
multiple force time metrics within the eccentric phase of the CVJ
changed by 12.1%–19.1% (e.g., eccentric peak power and peak
velocity, eccentric duration), suggesting that the eccentric phase
of CVJ might be responsive to performance stimulus to a greater
extent than the concentric phase. These findings may be used by
sports practitioners when assessing athletes’ readiness to compete,
monitoring fatigue-recovery neuromuscular performance changes,
and ability to sustain game-like exercise stimulus. Moreover, these
findings further support the importance of comprehensive CVJ
analysis when intending to measure changes in neuromuscular
performance.
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wheelchair basketball based on
match results of Tokyo 2020
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2Department of Physical Therapy, School of Healthcare, Ibaraki Prefectural University of Health
Sciences, Ami, Japan
Background: The competitiveness of wheelchair basketball has increased over
time. However, screen-play, considered a vital offensive tactic in running
basketball, is still poorly clarified. Therefore, this study aimed to clarify the
impact of screen-play on scoring and game results in wheelchair basketball
and assess the roles of each player classification (PC).
Methods: Information regarding screen-play, including 13 categories such as
shot success, location, and PC, was recorded for 22 wheelchair basketball
games in the Tokyo 2020 Paralympic Games. This information was analyzed
using the chi-square test to evaluate the significant differences in the
appearance frequency of variables in each category (categorical variable)
between the winning and losing teams and the shot-success rate.
Results: Except for PC-related categorical variables, comparing the appearance
frequency of the winning and losing teams confirmed a significant difference for
screen and pass locations (all p < 0.05). Regarding the shot-success rates of the
winning and losing teams, a significant difference in five categories was
confirmed, including shot and pass locations (all p < 0.05). Regarding the PC,
comparing the appearance frequency of the winning and losing teams
confirmed a significant difference for PC of the screener (p < 0.05). Significant
differences were found in the shot-success rates of the winning and losing
teams in nine, five, three, and four categories regarding the PCs of the
shooter, user, screener, and passer, respectively, such as shot location, pass
location, and type of screen (p < 0.05, respectively).
Conclusion: In wheelchair basketball offenses, it may be effective to consider
the following points in the scenario lead-up to a shot: Using two different
spaces, in the paint and the 3-point field goal area, could be crucial in screen-
play. Improving the accuracy of on-the-ball screen plays appears vital, and
using off-the-ball screens could also contribute to winning. Allocating
approximately 50% of screeners to the middle-point classification (Middle)
players and the rest to the low-point (Low) and high-point (High) classification
players, at approximately 25% each, may be practical. Regarding winning team
player roles, using High shooters and users; Low, Middle, and High screeners;
and Middle and High passers contributed to play success.
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1 Introduction

Wheelchair basketball is a sport originally used mainly as a

treatment for war-injured soldiers and was adopted by the first

Paralympic Games in Rome in 1960 (1). As international

tournaments are flourishing, not only rehabilitation aspects but

also competitive aspects are garnering more attention (2). To

date, 108 national institutions have been affiliated with the

International Wheelchair Basketball Federation (3). Wheelchair

basketball is one of the world’s top-rated sports featured in

the Paralympics.

Wheelchair basketball is based on similar rules as running

basketball; however, the use of wheelchairs and player

classification (PC) simultaneously differentiates it from

running basketball. PC involves eight categories, ranging from

1.0 to 4.5, with 0.5-point increments. The eight categories of

PC are determined by the difference between the players’

volume of action (the limit to which a player can move

voluntarily in any direction and return to the upright

seated position with control without holding the wheelchair

for support or using the upper extremities to aid the

movement) (4).

Some studies on wheelchair basketball have been conducted

based on the players’ performance in actual games, as described

below. These studies examined differences between individual

competitors, [categorized by PC] based on statistical data

recorded in an official match, including the success or failure

of shots, number of rebounds, assists, and turnovers. For

example, Vanlandewijck et al. (5) analyzed the players’

performance based on statistical data collected from the World

Championship men’s games in 1998. They reported that the

PC represented the functional potential of the players. For

instance, this study indicated that the 4.0- and 4.5-point

players are significantly superior in rebounding and shooting

close to the basket because of their seat height,

maneuverability, power to close the basket, and ability to

control their trunks for grasping the rebound. Additionally,

Molik et al. (6) analyzed the quality of each player’s

contribution using statistical data of the game, such as scores,

shots, and rebounds, based on their classification in the

women’s games, which tend to be lower scoring, at the World

Championships in 2006. They clarified that this depended on

the team’s ranking, based on the order assigned in the

tournament. However, these studies are based on individual

perspectives. Since wheelchair basketball is a team sport, it is

also essential to analyze performance from a team perspective.

However, only a few studies have focused on teams, such as
Abbreviations

ASR, adjusted standardized residual; PC, player classification; Middle, middle-point
paint-low; PH, paint-high; 3P, 3-point field goal area; ON-U, the plays where the
on-the-ball screen shot after receiving a pass from the user; ON-A, plays where an
ON-E, plays that led to a shot through two or more extra passes after the user u
ball screen; OF-S, plays where the screener of the off-the-ball screen shot.
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the study by Gómez et al. (7). The authors focused on the

Beijing Paralympics in 2008 and the World Championships in

2010 and reported that the following factors that affected the

match outcome: the field goal percentage and free throw rate

(i.e., free-throws made/field-goals attempted) in men’s games,

and the field goal percentage and offensive rebound percentage

[i.e., offensive rebounds/(offensive rebounds + opponents’

defensive rebounds)] in women’s games.

Furthermore, when focusing on the team, each player’s

performance in the game is exhibited in cooperation with other

players by using tactics. Thus, clarifying the tactics of

wheelchair basketball via statistical analyses of data is also

necessary. Recently, Francis et al. (8) developed a model that

predicted the outcome of field goal attempts based on specific

action variables included in the categorical predictor variables.

They analyzed five variables related to offensive tactics,

including Shot Location and PC. “Pre shot” includes an

offensive tactic that uses screens, such as “Curl” and “Pick &

Roll”. These tactics have also been described as “vital to any

type of offense” in running basketball (9). Moreover, because

the wheelchair is considered a part of the player (10), has a

constant width, and cannot move laterally without changing the

wheels’ direction, players cannot pass through narrow spaces as

in running basketball. Therefore, in wheelchair basketball, “a

player can neither jump nor move laterally,” screen-play is

essential for the offense to break through the defense and shoot

with a higher success rate (11). However, the abovementioned

previous studies have not conducted a detailed analysis

of screen-play.

In summary, while wheelchair basketball has been emphasized

as a competitive sport, studies focusing on its competitiveness

remain limited. Therefore, this study aimed to clarify the impact

of screen-play on scoring and game results and assess the role of

each PC in wheelchair basketball.
2 Materials and methods

2.1 Participants

This cross-sectional study targets multiple teams participating

in a single international competition, the Tokyo 2020

Paralympics. We analyzed 22 games, where the top 8 of the 12

men’s teams participated in wheelchair basketball; each team

consisted of 12 players.

The need for written informed consent was waived by the

Institutional Review Board of Ibaraki Prefectural University of
classification; Low, low-point classification; High, high-point classification; PL,
user shot using the on-the-ball screen; ON-S, plays where the screener of the
other player shot after receiving a pass from the user of the on-the-ball screen;
sed the on-the-ball screen; OF-U, plays where the user shot using the off-the-
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Health Sciences, since this research has a retrospective nature,

did not include any identifying data, and only used the data of

the games that are open to the public. As an alternative to

written informed consent, we announced an information

disclosure document regarding ethical considerations on the

Ibaraki Prefectural University of Health Sciences Hospital

website. The Institutional Review Board of Ibaraki Prefectural

University of Health Sciences approved the above

method. This study was conducted in accordance with the

Declaration of Helsinki and was approved by the Institutional

Review Board of Ibaraki Prefectural University of Health

Sciences (No. e390).
FIGURE 1

Shot/screen/pass locations.
2.2 Study procedures

We recorded all 3,841 possessions in 22 games and considered

2,567 offensive sequences that resulted in field goal attempts for

analysis. All data generated and analyzed during this study were

obtained from the footage of those games on the Paralympics

YouTube channel (https://www.youtube.com/@paralympics).

2.2.1 Categorization of screen-play
Information regarding the following 13 categories was recorded

and screen plays that led to field goal attempts in each game were

analyzed: (Ⅰ) the success of shots (made/missed), (Ⅱ) presence of

a screen (with/without), (Ⅲ) location of shots on screen plays (shot

location), (Ⅳ) location of the screen used immediately before shots

(screen location), (Ⅴ) location of the pass issued immediately

before a shot on screen plays (pass location), (Ⅵ) type of screen,

(Ⅶ) type of screen-play, (Ⅷ) movement of on-the-ball screen

plays, (Ⅸ) movement of off-the-ball screen plays, (X) PC of

the shooter on screen plays, (Ⅺ) PC of the user, (Ⅻ) PC of the

screener, and (XIII) PC of the passer who passed the ball to

the shooter on screen plays.

Regarding (Ⅲ), (Ⅳ), and (Ⅴ), we divided each location into

the following six areas based on the figure used by Francis et al.

(8) (Figure 1): paint-low (PL), paint-high (PH), Top, Corner,

Wing, 3-point field goal area (3P). Compared to the figure of

Francis et al., our figure has the following three modifications:

we divided the restricted area into two sections, considering

that basketball tactics distinguish between the low-post and

high-post (9); we also divided the 2-point field goal area into

two sections, considering that basketball tactics distinguish

between the corner and wing (9); as the base point for

dividing those areas, we used the center line side edge of the

neutral zone, which is on a line extending from the outer edge

of the free-throw line toward the end-line (10).

Regarding (Ⅵ), we categorized the type of screen into the

following two types: i) on-the-ball screens, where the user or

screener held the ball; ii) off-the-ball screens, where neither the

user nor the screener held the ball.

Regarding (Ⅶ), we categorized the type of screen-play into the

following six types based on the difference in the shooter (whether

the shooter was the user, the screener, or another player of the

screen play) and the process leading to the shot along with the
Frontiers in Sports and Active Living 03109
type of screen mentioned above (9) (Figure 2): the plays where the

user shot using the on-the-ball screen (ON-U); plays where the

screener of the on-the-ball screen shot after receiving a pass from

the user (ON-S); plays where another player shot after receiving a

pass from the user of the on-the-ball screen (ON-A); plays that led

to a shot through two or more extra passes after the user used the

on-the-ball screen (ON-E); plays where the user shot using the off-

the-ball screen (OF-U); and plays where the screener of the off-

the-ball screen shot (OF-S). In wheelchair basketball, a player may

progress with a live ball on the court in any direction unless the

number of pushes while holding the ball exceeds 2 (10). Therefore,

we categorized ON-U when it was confirmed that the user pushed

the big wheel without dribbling after holding the ball by using the

off-the-ball screen and OF-U when both dribbling and pushing the

big wheel were not confirmed.

Regarding (Ⅷ), we categorized the movement of on-the-ball

screen plays into four variables based on the difference in

movements of the user after using the on-the-ball screen (9) and

whether the screener held the ball or not (12) (Figure 3).

Regarding (Ⅸ), we categorized the movement of off-the-ball

screen plays into four variables according to the location of the

screener relative to the defense, considering the screen’s angle

(9) (Figure 4).

Regarding (X), (Ⅺ), (Ⅻ), and (XIII), referring to the study by

Francis et al. (8), we set a PC of 1.0 and 1.5, 2.0–3.0, and 3.5–4.5 as

low-point (Low), middle-point (Middle), and high-point (High)

category players, respectively, based on the PC recognized by

the classifiers.

2.2.2 Data extraction
A single observer extracted data from the videos according to

the abovementioned categories. The observer, who had more

than 10 years of experience as a basketball coach and a master’s
frontiersin.org
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FIGURE 2

Types of screen-play; (A) the plays where the user shot using the on-the-ball screen (ON-U), (B) plays where the screener of the on-the-ball screen
shot after receiving a pass from the user (ON-S), (C) plays where another player shot after receiving a pass from the user of the on-the-ball screen
(ON-A), (D) plays that led to a shot through two or more extra passes after the user used the on-the-ball screen (ON-E), (E) plays where the user shot
using the off-the-ball screen (OF-U), and (F) plays where the screener of the off-the-ball screen shot (OF-S).
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degree in physical education, received suggestions on wheelchair

basketball tactics and confirmation of screen-play categorization

validity in this study from a former national team coach in

wheelchair basketball.

The conditions set for data extraction are described in the

following paragraphs. These criteria were set to guarantee the
Frontiers in Sports and Active Living 04110
reproducibility of the results and control the conditions for

checking screen plays.

Firstly, in wheelchair basketball, screen plays both in the

frontcourt and backcourt are effective tactics because players

cannot move laterally (13, 14). However, the effectiveness of

screen plays in the frontcourt and backcourt may differ. In
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FIGURE 3

Movements of on-the-ball screen plays; (A) the plays where the screener held a ball (Around), (B) plays where the user moved toward the center-line
side against the screener (Center-line), (C) plays where the user moved toward the end-line side against the screener (End-line), and (D) plays where
the screener was on the center-line side of the defense who protected the user holding a ball in a Top or 3P on Top extension (ON-Down).
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running basketball, screen plays are mainly described assuming

they will occur primarily in the frontcourt (9, 12, 15, 16). In

wheelchair basketball, there is an offensive tactic called a “back

pick” that uses a screen in the backcourt (13, 17), but similar to

running basketball, there is a tendency to mainly describe screen

plays in the frontcourt (8, 14). This is because screen plays in the

frontcourt are thought to be more directly linked to scoring than

in the backcourt, since the defense has less space and time to

deal with screen plays in the frontcourt. Therefore, we only

analyzed screen plays occurring in the frontcourt.

Secondly, this study aimed to assess the impact of screen-play,

which corresponded to 2-on-2 among offensive tactics. Therefore,

we excluded the following five types of plays from the screen plays

to avoid including plays that do not fit the 2-on-2 screen-play

criteria and to increase reproducibility regarding data extraction:

(i) plays where the user who held the ball used the screen and

stopped dribbling and then dribbled again to shoot, (ii) plays

where the user with the ball turned his back to the basket

immediately after using a screen, and (iii) plays where the user

with the ball faked immediately after using a screen and then

dribbled and passed. Furthermore, we excluded (iv) plays with
Frontiers in Sports and Active Living 05111
<14 s remaining on the shot clock at the start of offense and (v)

plays that led to a direct shot from a throw-in pass at the side or

end-line. In running basketball, it has been reported that players

are likely to choose certain plays when the duration of the on-

the-ball screen play is short (18). Thus, even in wheelchair

basketball, situations (iv) and (v) could increase the possibility of

using only certain types of screen-play or none at all.

Lastly, regarding the PC of the screener, screen location, and

type of screen-play, we analyzed single screen plays (one

screener); however, we excluded double screen plays (two

screeners) since these occurred less frequently. Additionally,

regarding the movement of on-the-ball screen plays, we excluded

one play that did not fall into the above four types. Regarding

the movement of off-the-ball screen plays, we excluded one play

with different movement combinations by a double screen.
2.3 Statistical analysis

The extracted data were analyzed using the chi-square test to

confirm whether there was a significant difference in the
frontiersin.org
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FIGURE 4

Movements of off-the-ball screen plays; (A) the plays where the screener was on the end-line side of the defense who protected the user (Back), (B)
the plays where the screener was on the middle-line (the imaginary line connecting baskets running through the center of the court) side of the
defense who protected the user (Cross), (C) the plays where the screener was on the center-line side of the defense who protected the user
(Down), and (D) the plays where the screener was on the side-line side of the defense who protected the user (Flare).
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appearance frequency of each categorical variable and the

shot-success rate (ratio of successful shots to the number of

attempted shots) between the winning and losing teams.

Additionally, to analyze the characteristics for the

classification, the chi-square test was used to confirm the

difference in shot-success rate for the other variables

associated with each category of the PC: the PC of the shooter,

user, screener, and passer.

All statistical analyses were performed using IBM SPSS

Statistics for Windows version 28 (IBM Corp., Armonk, NY,

USA), and all significance levels were set at p < 0.05.

Furthermore, referring to the studies by Agresti (19) and Sharpe

(20), in cases where a significant difference was confirmed

among three or more groups, we used adjusted standardized

residual (ASR) analysis to interpret the data. In this study,

ASR > +2 indicated a higher frequency than the compared target,

and ASR <−2 indicated a lower frequency than the compared

target. In addition, as based on the study by Fritz et al. (21)

regarding effect sizes, we used φ where the data was analyzed in
Frontiers in Sports and Active Living 06112
2 × 2 contingency tables and used Cramér’s V (φc) for larger

contingency tables than 2 × 2. The formulas for φ and φc are as

follows, where N is the sample size and k is the number of

independent variables in the analysis:

w ¼
ffiffiffiffiffi
x2

N

r

wc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2

N(k� 1)

s

3 Results

Given the extensive and comprehensive analyses conducted in

this study, detailed statistical information is provided exclusively

for categories where significant differences were observed

(Tables 1–7).
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TABLE 1 Differences in the appearance frequency of each categorical variable in screen-play.

Screen location Win Lose χ2 (df = 5) p Cramér’s V (φc)
PL Frequency 53 55 22.483* <0.001 0.112

Percentage 5.8% 6.3%

ASR −0.486 0.486

PH Frequency 89 58

Percentage 9.7% 6.7%

ASR 2.330 −2.330
Top Frequency 70 113

Percentage 7.6% 13.0%

ASR −3.739 3.739

Corner Frequency 260 228

Percentage 28.3% 26.2%

ASR 1.004 −1.004
Wing Frequency 395 349

Percentage 43.0% 40.1%

ASR 1.250 −1.250
3P Frequency 52 68

Percentage 5.7% 7.8%

ASR −1.817 1.817

Pass location Win Lose χ2 (df = 5) p Cramér’s V (φc)
PL Frequency 22 12 14.242* 0.014 0.111

Percentage 3.8% 2.1%

ASR 1.710 −1.710
PH Frequency 85 68

Percentage 14.6% 11.8%

ASR 1.407 −1.407
Top Frequency 95 112

Percentage 16.3% 19.4%

ASR −1.386 1.386

Corner Frequency 130 98

Percentage 22.3% 17.0%

ASR 2.278 −2.278
Wing Frequency 159 169

Percentage 27.3% 29.3%

ASR −0.763 0.763

3P Frequency 91 117

Percentage 15.6% 20.3%

ASR −2.073 2.073

PL, paint-low; PH, paint-high; 3P, 3-point field goal area; ASR, adjusted standardized residual.

*p < 0.05.
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3.1 Differences in the appearance frequency
and shot-success rate of each categorical
variable in screen-play between winning
and losing teams

Except for categorical variables related to PC, a comparison of

the appearance frequency of the winning and losing teams

confirmed a significant difference for the following two categories

(Table 1): (Ⅳ) the screen location [χ2 (5) = 22.483, p < 0.001]

and (V) pass location [χ2 (5) = 14.242, p = 0.014]. No significant

differences were observed for other categories.

Regarding screen location, the appearance frequency in the PH

was higher than expected in the winning team (ASR = 2.330), and

lower than expected in the losing team (ASR =−2.330), while the

appearance frequency in the Top was higher than expected in the

losing team (ASR = 3.739), and lower than expected in the winning

team (ASR =−3.739). Regarding pass location, the appearance
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frequency in the Corner was higher than expected in the winning

team (ASR = 2.278), and lower than expected in the losing team

(ASR =−2.278), while the appearance frequency in the 3P was

higher than expected in the losing team (ASR = 2.073), and lower

than expected in the winning team (ASR =−2.073).
Next, a significant difference was found in the shot-success rates

of the winning and losing teams for five categories (Table 2): (Ⅱ)

presence of a screen, (Ⅲ) shot location, (Ⅴ) pass location, (Ⅶ)

type of screen-play, and (Ⅸ) movement of off-the-ball screen plays.

No significant differences were observed for other categories.

Specifically, regarding the presence of a screen, the winning team

(44.1%) had a significantly higher shot-success rate than the losing

team (39.2%) (χ2 = 4.469, p = 0.035). Regarding shot location, in the

plays where shots were delivered from the PH and 3P, the winning

team (50.0% and 31.5%, respectively) had a significantly higher shot-

success rate than the losing team (26.6% and 20.3%, respectively)

(χ2 = 8.902, p = 0.003; χ2 = 4.275, p = 0.039, respectively). Regarding
frontiersin.org
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TABLE 2 Differences in shot-success rate of each categorical variable in screen-play.

Presence of screen Success Fail χ2 (df = 1) p φ
With screen Win Frequency 413 523 4.469* 0.035 0.050

Percentage 44.1% 55.9%

Lose Frequency 344 533

Percentage 39.2% 60.8%

Without screen Win Frequency 203 172 3.066 0.080 0.064

Percentage 54.1% 45.9%

Lose Frequency 181 198

Percentage 47.8% 52.2%

Shot location Success Fail χ2 (df = 1) p φ
PL Win Frequency 142 107 0.046 0.083 0.010

Percentage 57.0% 43.0%

Lose Frequency 134 105

Percentage 56.1% 43.9%

PH Win Frequency 37 37 8.902* 0.003 0.241

Percentage 50.0% 50.0%

Lose Frequency 21 58

Percentage 26.6% 73.4%

Top Win Frequency 35 56 0.162 0.687 −0.031
Percentage 38.5% 61.5%

Lose Frequency 34 48

Percentage 41.5% 58.5%

Corner Win Frequency 90 112 0.026 0.872 0.008

Percentage 44.6% 55.4%

Lose Frequency 84 108

Percentage 43.8% 56.3%

Wing Win Frequency 70 126 1.588 0.208 0.068

Percentage 35.7% 64.3%

Lose Frequency 43 104

Percentage 29.3% 70.7%

3P Win Frequency 39 85 4.275* 0.039 0.128

Percentage 31.5% 68.5%

Lose Frequency 28 110

Percentage 20.3% 79.7%

Pass location Success Fail χ2 (df = 1) p φ
PL Win Frequency 11 11 0.000 1.000 0.010

Percentage 50.0% 50.0%

Lose Frequency 6 6

Percentage 50.0% 50.0%

PH Win Frequency 41 44 1.535 0.215 0.100

Percentage 48.2% 51.8%

Lose Frequency 26 42

Percentage 38.2% 61.8%

Top Win Frequency 39 56 2.378 0.123 −0.107
Percentage 41.1% 58.9%

Lose Frequency 58 54

Percentage 51.8% 48.2%

Corner Win Frequency 55 75 0.056 0.813 −0.016
Percentage 42.3% 57.7%

Lose Frequency 43 55

Percentage 43.9% 56.1%

Wing Win Frequency 69 90 0.082 0.774 −0.016
Percentage 43.4% 56.6%

Lose Frequency 76 93

Percentage 45.0% 55.0%

3P Win Frequency 47 44 7.080* 0.008 0.184

Percentage 51.6% 48.4%

Lose Frequency 39 78

Percentage 33.3% 66.7%

(continued)
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TABLE 2 Continued

Type of screen-play Success Fail χ2 (df = 1) p φ
ON-U Win Frequency 154 206 7.209* 0.007 0.104

Percentage 42.8% 57.2%

Lose Frequency 102 210

Percentage 32.7% 67.3%

ON-S Win Frequency 31 38 2.075 0.150 −0.122
Percentage 44.9% 55.1%

Lose Frequency 40 30

Percentage 57.1% 42.9%

ON-A Win Frequency 74 104 0.726 0.394 0.045

Percentage 41.6% 58.4%

Lose Frequency 65 110

Percentage 37.1% 62.9%

ON-E Win Frequency 33 52 1.396 0.237 −0.090
Percentage 38.8% 61.2%

Lose Frequency 42 46

Percentage 47.7% 52.3%

OF-U Win Frequency 108 118 2.312 0.128 0.073

Percentage 47.8% 52.2%

Lose Frequency 86 126

Percentage 40.6% 59.4%

OF-S Win Frequency 13 5 2.880 0.090 0.275

Percentage 72.2% 27.8%

Lose Frequency 9 11

Percentage 45.0% 55.0%

Movement of off-the-ball
screen plays

Success Fail χ2 (df = 1) p φ

Back Win Frequency 29 23 3.801 0.051 0.185

Percentage 55.8% 44.2%

Lose Frequency 22 37

Percentage 37.3% 62.7%

Cross Win Frequency 17 8 0.266 0.606 0.074

Percentage 68.0% 32.0%

Lose Frequency 14 9

Percentage 60.9% 39.1%

Down Win Frequency 27 27 5.302* 0.021 0.220

Percentage 50.0% 50.0%

Lose Frequency 16 40

Percentage 28.6% 71.4%

Flare Win Frequency 47 65 0.297 0.586 −0.038
Percentage 42.0% 58.0%

Lose Frequency 43 51

Percentage 45.7% 54.3%

PL, paint-low; PH, paint-high; 3P, 3-pointfield goal area;ON-U, the playswhere the user shot using theon-the-ball screen;ON-S, playswhere the screenerof the on-the-ball screen shot after receiving a pass

from the user;ON-A, plays where another player shot after receiving a pass from the user of the on-the-ball screen; ON-E, plays that led to a shot through two ormore extra passes after the user used the on-

the-ball screen; OF-U, plays where the user shot using the off-the-ball screen; OF-S, plays where the screener of the off-the-ball screen shot; Back, plays where the screener was on the end-line side of the
defensewho protected the user; Cross, plays where the screener was on themiddle-line (the imaginary line connecting baskets running through the center of the court) side of the defensewhoprotected the

user; Down, plays where the screener on the center-line side of the defense who protected the user; Flare, plays where the screener on the side-line side of the defense who protected the user.

*p < 0.05.

Yasuda et al. 10.3389/fspor.2024.1418130
pass location, in the plays where the shooter received a pass from 3P,

the winning team (51.6%) had a significantly higher shot-success

rate than the losing team (33.3%) (χ2 = 7.080, p = 0.008). Regarding

type of screen-play, for ON-U, the winning team (42.8%) had a

significantly higher shot-success rate than the losing team (32.7%)

(χ2 = 7.209, p = 0.007). Regarding movement of off-the-ball screen

plays, in a Down movement of off-the-ball screen plays, the winning

team (50.0%) had a significantly higher shot-success rate than the

losing team (28.6%) (χ2 = 5.302, p = 0.021).
Frontiers in Sports and Active Living 09115
3.2 Differences in the appearance
frequency and shot-success rate for each
categorical variable between winning and
losing teams, depending on the PC

3.2.1 Differences in the appearance frequency
Regarding the PC, a significant difference was found between

the appearance frequency of the winning and losing teams

for one category (Table 3): (Ⅻ) the PC of the screener
frontiersin.org
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TABLE 3 Differences in the appearance frequency in screen-play depending on the PC.

Screener Win Lose χ2 (df = 5) p Cramér’s V (φc)
Low Frequency 237 284 10.546* 0.005 0.077

Percentage 25.8% 32.6%

ASR −3.174 3.174

Middle Frequency 457 404

Percentage 49.7% 46.4%

ASR 1.416 −1.416
High Frequency 225 183

Percentage 24.5% 21.0%

ASR 1.751 −1.751

PC, player classification; ASR, adjusted standardized residual.
*p < 0.05.

Yasuda et al. 10.3389/fspor.2024.1418130
[χ2 (2) = 10.546, p = 0.005]. No significant differences were

observed for other categories.

The appearance frequency in the Low screener was higher than

expected in the losing team (ASR = 3.174), and lower than expected

in the winning team (ASR =−3.174).

3.2.2 PC of the shooter
Regarding the PC of the shooter on screen plays, a significant

difference was confirmed in the shot-success rate between the

winning and losing teams for nine categories (Table 4): (Ⅱ)

presence of a screen, (Ⅲ) shot location, (Ⅳ) screen location,

(Ⅴ) pass location, (Ⅵ) type of screen, (Ⅶ) type of screen-play,

(Ⅷ) movement of on-the-ball screen plays, (Ⅺ) PC of the user,

and (Ⅻ) PC of the screener. No significant differences were

observed for other categories.

Regarding presence of a screen, when High players attempted

shots on screen plays, the winning team (47.0%) had a

significantly higher shot-success rate than the losing team

(37.2%) (χ2 = 8.323, p = 0.004). Regarding shot location, when

High players shot at the PH and 3P, the winning team (53.3%

and 33.8%, respectively) had a significantly higher shot-success

rate than the losing team (19.4% and 19.8%, respectively)

(χ2 = 9.723, p = 0.002 and χ2 = 3.902, p = 0.048, respectively).

Regarding screen location, when High players shot using a

screen set on the Wing, the winning team (42.1%) had a

significantly higher shot-success rate than the losing team

(30.1%) (χ2 = 5.169, p = 0.023). However, when Low players

attempted a shot using a screen set on the Wing, the winning

team (21.1%) had a significantly lower shot-success rate than

the losing team (53.8%) (χ2 = 5.602, p = 0.018). Regarding pass

location, when Middle players received a pass from the Top and

attempted a shot, the winning team (35.6%) had a significantly

lower shot-success rate than the losing team (58.5%) (χ2 =

5.129, p = 0.024). Regarding type of screen, when High players

shot using the on-the-ball screen and off-the-ball screen, the

winning team (44.4% and 53.7%, respectively) had a

significantly higher shot-success rate than the losing team

(35.9% and 40.5%, respectively) (χ2 = 4.621, p = 0.032 and χ2 =

4.032, p = 0.045, respectively). Regarding type of screen-play,

when High players selected ON-U, in the plays where the user

attempted the shot as the shooter, the winning team (46.9%)

had a significantly higher shot-success rate than the losing team
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(33.7%) (χ2 = 6.638, p = 0.010). Regarding movement of on-the-

ball screen plays, in plays where High players made a shot after

the user used the movement toward the center-line side, the

winning team (49.6%) had a significantly higher shot-success

rate than the losing team (36.0%) (χ2 = 4.722, p = 0.030).

Regarding PC of the user, in plays where both the shooter and

user were High players, the winning team (47.7%) had a

significantly higher shot-success rate than the losing team

(36.9%) (χ2 = 8.304, p = 0.004). Regarding PC of the screener, in

plays where the shooter was a High player and the screener was

a Middle player, the winning team (47.5%) had a significantly

higher shot-success rate than the losing team (35.5%) (χ2 =

5.503, p = 0.019).

3.2.3 PC of the user
Regarding the PC of the user on screen plays, we confirmed a

significant difference in the shot-success rate between the winning

and losing teams for five categories (Table 5): (Ⅲ) shot location,

(V) pass location, (Ⅵ) type of screen, (Ⅶ) type of screen-play,

(Ⅸ) movement of off-the-ball screen plays. No significant

differences were observed for other categories. Since ON-U is a

play where the user attempts the shot as the shooter, the result

of analyzing ON-U according to (Ⅶ) type of screen-play on this

section is similar to that based on the PC of the shooter.

Regarding shot location, in the plays where the user was a

High player and the shooter shot at the PH and 3P, the

winning team (51.1% and 36.2%, respectively) had a

significantly higher shot-success rate than the losing team

(24.3% and 19.8%, respectively) (χ2 = 6.206, p = 0.013 and χ2 =

5.253, p = 0.022, respectively). Regarding pass location, in plays

where the user was a High player and the shooter received a

pass from the 3P immediately before the shot, the winning

team (52.7%) had a significantly higher shot-success rate than

the losing team (34.4%) (χ2 = 4.068, p = 0.044). Regarding type

of screen, in plays where the shooter shot after a High user

used the off-the-ball screen, the winning team (52.0%) had a

significantly higher shot-success rate than the losing team

(38.8%) (χ2 = 4.218, p = 0.040). Regarding movement of off-the-

ball screen plays, in plays where the shooter shot after a Middle

user used a Down movement, the winning team (52.2%) had a

significantly higher shot-success rate than the losing team

(24.0%) (χ2 = 4.057, p = 0.044).
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TABLE 4 Differences in shot-success rate for each categorical variable depending on the PC of the shooter.

Shooter Presence of screen Success Fail χ2 (df = 1) p φ
Low With screen Win Frequency 24 36 0.906 0.341 −0.081

Percentage 40.0% 60.0%

Lose Frequency 38 41

Percentage 48.1% 51.9%

Middle With screen Win Frequency 184 256 0.446 0.504 0.023

Percentage 41.8% 58.2%

Lose Frequency 157 240

Percentage 39.5% 60.5%

High With screen Win Frequency 205 231 8.323* 0.004 0.100

Percentage 47.0% 53.0%

Lose Frequency 149 252

Percentage 37.2% 62.8%

Shooter Shot location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 10 11 0.707 0.400 −0.116

Percentage 47.6% 52.4%

Lose Frequency 19 13

Percentage 59.4% 40.6%

Middle PL Win Frequency 65 59 0.002 0.968 −0.003
Percentage 52.4% 47.6%

Lose Frequency 69 62

Percentage 52.7% 47.3%

High PL Win Frequency 67 37 0.285 0.593 0.040

Percentage 64.4% 35.6%

Lose Frequency 46 30

Percentage 60.5% 39.5%

Low PH Win Frequency 0 1

Percentage 0.0% 100.0%

Lose Frequency 0 2

Percentage 0.0% 100.0%

Middle PH Win Frequency 13 15 1.054 0.305 0.124

Percentage 46.4% 53.6%

Lose Frequency 14 27

Percentage 34.1% 65.9%

High PH Win Frequency 24 21 9.723* 0.002 0.346

Percentage 53.3% 46.7%

Lose Frequency 7 29

Percentage 19.4% 80.6%

Low Top Win Frequency 8 10 0.000 1.000 0.000

Percentage 44.4% 55.6%

Lose Frequency 12 15

Percentage 44.4% 55.6%

Middle Top Win Frequency 19 28 0.009 0.926 0.010

Percentage 40.4% 59.6%

Lose Frequency 13 20

Percentage 39.4% 60.6%

High Top Win Frequency 8 18 0.536 0.464 −0.106
Percentage 30.8% 69.2%

Lose Frequency 9 13

Percentage 40.9% 59.1%

Low Corner Win Frequency 6 9 0.056 0.812 0.044

Percentage 40.0% 60.0%

Lose Frequency 5 9

Percentage 35.7% 64.3%

Middle Corner Win Frequency 37 56 0.304 0.581 −0.042
Percentage 39.8% 60.2%

Lose Frequency 36 46

Percentage 43.9% 56.1%
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TABLE 4 Continued

Shooter Shot location Success Fail χ2 (df = 1) p φ
High Corner Win Frequency 47 47 0.517 0.472 0.052

Percentage 50.0% 50.0%

Lose Frequency 43 53

Percentage 44.8% 55.2%

Low Wing Win Frequency 0 4 0.429 (**) −0.577
Percentage 0.0% 100.0%

Lose Frequency 2 2

Percentage 50.0% 50.0%

Middle Wing Win Frequency 34 59 2.542 0.111 0.130

Percentage 36.6% 63.4%

Lose Frequency 14 44

Percentage 24.1% 75.9%

High Wing Win Frequency 36 63 0.430 0.512 0.048

Percentage 36.4% 63.6%

Lose Frequency 27 58

Percentage 31.8% 68.2%

Low 3P Win Frequency 0 1

Percentage 0.0% 100.0%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Middle 3P Win Frequency 16 39 0.893 0.345 0.091

Percentage 29.1% 70.9%

Lose Frequency 11 41

Percentage 21.2% 78.8%

High 3P Win Frequency 23 45 3.902* 0.048 0.159

Percentage 33.8% 66.2%

Lose Frequency 17 69

Percentage 19.8% 80.2%

Shooter Screen location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 0 1 1.000 (**) −0.447

Percentage 0.0% 100.0%

Lose Frequency 3 2

Percentage 60.0% 40.0%

Middle PL Win Frequency 15 9 0.512 0.474 0.104

Percentage 62.5% 37.5%

Lose Frequency 12 11

Percentage 52.2% 47.8%

High PL Win Frequency 20 8 2.232 0.135 0.201

Percentage 71.4% 28.6%

Lose Frequency 14 13

Percentage 51.9% 48.1%

Low PH Win Frequency 1 1 1.000 (**) 0.250

Percentage 50.0% 50.0%

Lose Frequency 3 1

Percentage 75.0% 25.0%

Middle PH Win Frequency 18 20 0.110 0.740 0.040

Percentage 47.4% 52.6%

Lose Frequency 13 17

Percentage 43.3% 56.7%

High PH Win Frequency 17 30 0.038 0.846 −0.023
Percentage 36.2% 63.8%

Lose Frequency 10 16

Percentage 38.5% 61.5%

Low Top Win Frequency 0 2

Percentage 0.0% 100.0%

Lose Frequency 0 6

Percentage 0.0% 100.0%

(Continued)
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TABLE 4 Continued

Shooter Screen location Success Fail χ2 (df = 1) p φ
Middle　 Top Win Frequency 14 20 0.513 0.474 0.081

Percentage 41.2% 58.8%

Lose Frequency 15 30

Percentage 33.3% 66.7%

High Top Win Frequency 14 20 0.304 0.582 0.056

Percentage 41.2% 58.8%

Lose Frequency 22 40

Percentage 35.5% 64.5%

Low Corner Win Frequency 15 15 0.025 0.875 0.022

Percentage 50.0% 50.0%

Lose Frequency 11 12

Percentage 47.8% 52.2%

Middle Corner Win Frequency 49 66 0.158 0.691 0.026

Percentage 42.6% 57.4%

Lose Frequency 44 66

Percentage 40.0% 60.0%

High Corner Win Frequency 61 54 1.624 0.203 0.088

Percentage 53.0% 47.0%

Lose Frequency 42 53

Percentage 44.2% 55.8%

Low Wing Win Frequency 4 15 5.602* 0.018 −0.311
Percentage 21.1% 78.9%

Lose Frequency 21 18

Percentage 53.8% 46.2%

Middle Wing Win Frequency 76 122 0.151 0.698 0.021

Percentage 38.4% 61.6%

Lose Frequency 56 98

Percentage 36.4% 63.6%

High Wing Win Frequency 75 103 5.169* 0.023 0.124

Percentage 42.1% 57.9%

Lose Frequency 47 109

Percentage 30.1% 69.9%

Low 3P Win Frequency 1 1 1.000 0.000

Percentage 50.0% 50.0%

Lose Frequency 2 2

Percentage 50.0% 50.0%

Middle 3P Win Frequency 11 15 0.224 0.636 −0.062
Percentage 42.3% 57.7%

Lose Frequency 16 17

Percentage 48.5% 51.5%

High 3P Win Frequency 15 9 2.289 0.130 0.204

Percentage 62.5% 37.5%

Lose Frequency 13 18

Percentage 41.9% 58.1%

Shooter Pass location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 0 1

Percentage 0.0% 100.0%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Middle PL Win Frequency 6 8 0.628 (**) −0.218
Percentage 42.9% 57.1%

Lose Frequency 4 2

Percentage 66.7% 33.3%

High PL Win Frequency 5 3 0.592 (**) 0.220

Percentage 62.5% 37.5%

Lose Frequency 2 3

Percentage 40.0% 60.0%

(Continued)
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TABLE 4 Continued

Shooter Pass location Success Fail χ2 (df = 1) p φ
Low PH Win Frequency 4 6 0.335 (**) −0.310

Percentage 40.0% 60.0%

Lose Frequency 5 2

Percentage 71.4% 28.6%

Middle PH Win Frequency 18 24 0.449 0.503 0.073

Percentage 42.9% 57.1%

Lose Frequency 15 27

Percentage 35.7% 64.3%

High PH Win Frequency 19 14 3.264 0.071 0.251

Percentage 57.6% 42.4%

Lose Frequency 6 13

Percentage 31.6% 68.4%

Low Top Win Frequency 6 6 0.540 0.462 −0.144
Percentage 50.0% 50.0%

Lose Frequency 9 5

Percentage 64.3% 35.7%

Middle Top Win Frequency 16 29 5.129* 0.024 −0.229
Percentage 35.6% 64.4%

Lose Frequency 31 22

Percentage 58.5% 41.5%

High Top Win Frequency 17 21 0.190 0.663 0.048

Percentage 44.7% 55.3%

Lose Frequency 18 27

Percentage 40.0% 60.0%

Low Corner Win Frequency 9 6 0.157 0.692 −0.069
Percentage 60.0% 40.0%

Lose Frequency 12 6

Percentage 66.7% 33.3%

Middle Corner Win Frequency 23 43 0.187 0.665 −0.040
Percentage 34.8% 65.2%

Lose Frequency 19 30

Percentage 38.8% 61.2%

High Corner Win Frequency 23 26 0.522 0.470 0.081

Percentage 46.9% 53.1%

Lose Frequency 12 19

Percentage 38.7% 61.3%

Low Wing Win Frequency 4 13 1.710 0.191 −0.207
Percentage 23.5% 76.5%

Lose Frequency 10 13

Percentage 43.5% 56.5%

Middle Wing Win Frequency 39 34 1.431 0.232 0.097

Percentage 53.4% 46.6%

Lose Frequency 35 45

Percentage 43.8% 56.3%

High Wing Win Frequency 26 43 1.193 0.275 −0.094
Percentage 37.7% 62.3%

Lose Frequency 31 35

Percentage 47.0% 53.0%

Low 3P Win Frequency 1 1 0.295 (**) 0.409

Percentage 50.0% 50.0%

Lose Frequency 1 10

Percentage 9.1% 90.9%

Middle 3P Win Frequency 20 20 1.810 0.179 0.146

Percentage 50.0% 50.0%

Lose Frequency 16 29

Percentage 35.6% 64.4%

(Continued)
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TABLE 4 Continued

Shooter Pass location Success Fail χ2 (df = 1) p φ
High 3P Win Frequency 26 23 3.191 0.074 0.170

Percentage 53.1% 46.9%

Lose Frequency 22 39

Percentage 36.1% 63.9%

Shooter Type of screen Success Fail χ2 (df = 1) p φ
Low On-the-ball screen Win Frequency 19 29 0.736 0.391 −0.081

Percentage 39.6% 60.4%

Lose Frequency 31 34

Percentage 47.7% 52.3%

Middle On-the-ball screen Win Frequency 133 196 0.080 0.777 0.011

Percentage 40.4% 59.6%

Lose Frequency 114 176

Percentage 39.3% 60.7%

High On-the-ball screen Win Frequency 140 175 4.621* 0.032 0.087

Percentage 44.4% 55.6%

Lose Frequency 104 186

Percentage 35.9% 64.1%

Low Off-the-ball screen Win Frequency 5 7 0.181 0.671 −0.083
Percentage 41.7% 58.3%

Lose Frequency 7 7

Percentage 50.0% 50.0%

Middle Off-the-ball screen Win Frequency 51 60 0.737 0.391 0.058

Percentage 45.9% 54.1%

Lose Frequency 43 64

Percentage 40.2% 59.8%

High Off-the-ball screen Win Frequency 65 56 4.032* 0.045 0.132

Percentage 53.7% 46.3%

Lose Frequency 45 66

Percentage 40.5% 59.5%

Shooter Type of screen-play Success Fail χ2 (df = 1) p φ
Low ON-U Win Frequency 0 4 1.000 (**) −0.272

Percentage 0.0% 100.0%

Lose Frequency 1 5

Percentage 16.7% 83.3%

Middle ON-U Win Frequency 63 99 1.468 0.226 0.071

Percentage 38.9% 61.1%

Lose Frequency 42 89

Percentage 32.1% 67.9%

High ON-U Win Frequency 91 103 6.638* 0.010 0.134

Percentage 46.9% 53.1%

Lose Frequency 59 116

Percentage 33.7% 66.3%

Low ON-S Win Frequency 7 7 1.146 0.284 −0.186
Percentage 50.0% 50.0%

Lose Frequency 13 6

Percentage 68.4% 31.6%

Middle ON-S Win Frequency 12 18 2.200 0.138 −0.183
Percentage 40.0% 60.0%

Lose Frequency 21 15

Percentage 58.3% 41.7%

High ON-S Win Frequency 12 13 0.242 0.622 0.078

Percentage 48.0% 52.0%

Lose Frequency 6 9

Percentage 40.0% 60.0%

Low ON-A Win Frequency 10 12 0.023 0.879 0.021

Percentage 45.5% 54.5%

Lose Frequency 13 17

Percentage 43.3% 56.7%
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TABLE 4 Continued

Shooter Type of screen-play Success Fail χ2 (df = 1) p φ
Middle ON-A Win Frequency 44 60 1.108 0.292 0.078

Percentage 42.3% 57.7%

Lose Frequency 27 51

Percentage 34.6% 65.4%

High ON-A Win Frequency 20 32 0.016 0.898 0.012

Percentage 38.5% 61.5%

Lose Frequency 25 42

Percentage 37.3% 62.7%

Low ON-E Win Frequency 2 6 0.638 (**) −0.158
Percentage 25.0% 75.0%

Lose Frequency 4 6

Percentage 40.0% 60.0%

Middle ON-E Win Frequency 14 19 0.907 0.341 −0.108
Percentage 42.4% 57.6%

Lose Frequency 24 21

Percentage 53.3% 46.7%

High ON-E Win Frequency 17 27 0.112 0.737 −0.038
Percentage 38.6% 61.4%

Lose Frequency 14 19

Percentage 42.4% 57.6%

Low OF-U Win Frequency 5 6 0.670 (**) −0.145
Percentage 45.5% 54.5%

Lose Frequency 6 4

Percentage 60.0% 40.0%

Middle OF-U Win Frequency 42 56 0.273 0.601 0.037

Percentage 42.9% 57.1%

Lose Frequency 38 59

Percentage 39.2% 60.8%

High OF-U Win Frequency 61 56 3.278 0.070 0.122

Percentage 52.1% 47.9%

Lose Frequency 42 63

Percentage 40.0% 60.0%

Low OF-S Win Frequency 0 1 0.295 (**) −0.250
Percentage 0.0% 100.0%

Lose Frequency 1 3

Percentage 25.0% 75.0%

Middle OF-S Win Frequency 9 4 0.417 (**) 0.195

Percentage 69.2% 30.8%

Lose Frequency 5 5

Percentage 50.0% 50.0%

High OF-S Win Frequency 4 0 0.091 (**) 0.535

Percentage 100.0% 0.0%

Lose Frequency 3 3

Percentage 50.0% 50.0%

Shooter Movement of on-
the-ball screen plays

Success Fail χ2 (df = 1) p φ

Low Around Win Frequency 1 2 1.000 (**) −0.333
Percentage 33.3% 66.7%

Lose Frequency 2 1

Percentage 66.7% 33.3%

Middle Around Win Frequency 3 1 0.569 (**) 0.262

Percentage 75.0% 25.0%

Lose Frequency 5 6

Percentage 45.5% 54.5%

High Around Win Frequency 4 8 1.000 (**) 0.000

Percentage 33.3% 66.7%

Lose Frequency 2 4

Percentage 33.3% 66.7%

Low Center-line Win Frequency 10 15 0.394 0.530 −0.084
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TABLE 4 Continued

Shooter Movement of on-
the-ball screen plays

Success Fail χ2 (df = 1) p φ

Percentage 40.0% 60.0%

Lose Frequency 15 16

Percentage 48.4% 51.6%

Middle Center-line Win Frequency 58 91 0.484 0.486 0.042

Percentage 38.9% 61.1%

Lose Frequency 45 84

Percentage 34.9% 65.1%

High Center-line Win Frequency 62 63 4.722* 0.030 0.137

Percentage 49.6% 50.4%

Lose Frequency 45 80

Percentage 36.0% 64.0%

Low End-line Win Frequency 8 10 0.022 0.881 −0.022
Percentage 44.4% 55.6%

Lose Frequency 14 16

Percentage 46.7% 53.3%

Middle End-line Win Frequency 70 98 0.003 0.959 −0.003
Percentage 41.7% 58.3%

Lose Frequency 60 83

Percentage 42.0% 58.0%

High End-line Win Frequency 70 91 1.892 0.169 0.078

Percentage 43.5% 56.5%

Lose Frequency 53 95

Percentage 35.8% 64.2%

Low ON-Down Win Frequency 0 2

Percentage 0.0% 100.0%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Middle ON-Down Win Frequency 2 6 0.315 (**) −0.327
Percentage 25.0% 75.0%

Lose Frequency 4 3

Percentage 57.1% 42.9%

High ON-Down Win Frequency 3 13 0.391 (**) −0.197
Percentage 18.8% 81.3%

Lose Frequency 4 7

Percentage 36.4% 63.6%

Shooter User Success Fail χ2 (df = 1) p φ
Low Low Win Frequency 5 10 0.354 0.552 −0.107

Percentage 33.3% 66.7%

Lose Frequency 7 9

Percentage 43.8% 56.3%

Low Middle Win Frequency 13 12 0.012 0.914 0.018

Percentage 52.0% 48.0%

Lose Frequency 7 6

Percentage 53.8% 46.2%

Low High Win Frequency 12 20 0.691 0.406 −0.099
Percentage 37.5% 62.5%

Lose Frequency 18 20

Percentage 47.4% 52.6%

Middle Low Win Frequency 1 1 1.000 (**) 0.250

Percentage 50.0% 50.0%

Lose Frequency 1 3

Percentage 25.0% 75.0%

Middle Middle Win Frequency 136 191 1.022 0.312 0.040

Percentage 41.6% 58.4%

Lose Frequency 116 192

Percentage 37.7% 62.3%

(Continued)

Yasuda et al. 10.3389/fspor.2024.1418130

Frontiers in Sports and Active Living 17 frontiersin.org123

https://doi.org/10.3389/fspor.2024.1418130
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


TABLE 4 Continued

Shooter User Success Fail χ2 (df = 1) p φ
Middle High Win Frequency 47 64 0.434 0.510 −0.047

Percentage 42.3% 57.7%

Lose Frequency 40 45

Percentage 47.1% 52.9%

High Low Win Frequency 1 1 1.000 (**) −0.091
Percentage 50.0% 50.0%

Lose Frequency 3 2

Percentage 60.0% 40.0%

High Middle Win Frequency 30 39 0.598 0.439 0.067

Percentage 43.5% 56.5%

Lose Frequency 24 41

Percentage 36.9% 63.1%

High High Win Frequency 174 191 8.304* 0.004 0.109

Percentage 47.7% 52.3%

Lose Frequency 122 209

Percentage 36.9% 63.1%

Shooter Screener Success Fail χ2 (df = 1) p φ
Low Low Win Frequency 7 11 0.450 0.502 −0.092

Percentage 38.9% 61.1%

Lose Frequency 17 18

Percentage 48.6% 51.4%

Low Middle Win Frequency 9 15 2.407 0.121 −0.217
Percentage 37.5% 62.5%

Lose Frequency 16 11

Percentage 59.3% 40.7%

Low High Win Frequency 7 9 0.732 0.392 0.149

Percentage 43.8% 56.3%

Lose Frequency 5 12

Percentage 29.4% 70.6%

Middle Low Win Frequency 46 51 0.718 0.397 0.059

Percentage 47.4% 52.6%

Lose Frequency 44 62

Percentage 41.5% 58.5%

Middle Middle Win Frequency 89 140 0.014 0.905 −0.006
Percentage 38.9% 61.1%

Lose Frequency 82 126

Percentage 39.4% 60.6%

Middle High Win Frequency 48 61 0.941 0.332 0.070

Percentage 44.0% 56.0%

Lose Frequency 30 51

Percentage 37.0% 63.0%

High Low Win Frequency 60 62 1.981 0.159 0.086

Percentage 49.2% 50.8%

Lose Frequency 58 85

Percentage 40.6% 59.4%

High Middle Win Frequency 97 107 5.503* 0.019 0.121

Percentage 47.5% 52.5%

Lose Frequency 60 109

Percentage 35.5% 64.5%

High High Win Frequency 45 55 1.796 0.180 0.099

Percentage 45.0% 55.0%

Lose Frequency 30 55

Percentage 35.3% 64.7%

PC, player classification; Low, low-point classification; Middle, middle-point classification; High, high-point classification; PL, paint-low; PH, paint-high; 3P, 3-point field goal area; ON-U, the

plays where the user shot using the on-the-ball screen; ON-S, plays where the screener of the on-the-ball screen shot after receiving a pass from the user; ON-A, plays where another player shot
after receiving a pass from the user of the on-the-ball screen; ON-E, plays that led to a shot through two or more extra passes after the user used the on-the-ball screen; OF-U, plays where the

user shot using the off-the-ball screen; OF-S, plays where the screener of the off-the-ball screen shot; Around, plays where the screener held a ball; Center-line, plays where the user moved

toward the center-line side against the screener; End-line, plays where the user moved toward the end-line side against the screener; ON-Down, plays where the screener was on the center-line

side of the defense who protected the user holding a ball in a Top or 3P on Top extension.
*p < 0.05.

**We adopted p-value by Fisher’s method.
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TABLE 5 Differences in shot-success rate for each categorical variable depending on the PC of the user.

User Shot location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 0 1 1.000 (**) −0.447

Percentage 0.0% 100.0%

Lose Frequency 3 2

Percentage 60.0% 40.0%

Middle PL Win Frequency 55 43 0.024 0.876 0.011

Percentage 56.1% 43.9%

Lose Frequency 60 49

Percentage 55.0% 45.0%

High PL Win Frequency 87 63 0.040 0.841 0.012

Percentage 58.0% 42.0%

Lose Frequency 71 54

Percentage 56.8% 43.2%

Low PH Win Frequency 0 0

Percentage 0.0% 0.0%

Lose Frequency 0 2

Percentage 0.0% 100.0%

Middle PH Win Frequency 13 14 2.270 0.132 0.184

Percentage 48.1% 51.9%

Lose Frequency 12 28

Percentage 30.0% 70.0%

High PH Win Frequency 24 23 6.206* 0.013 0.272

Percentage 51.1% 48.9%

Lose Frequency 9 28

Percentage 24.3% 75.7%

Low Top Win Frequency 0 1 1.000 (**) −0.408
Percentage 0.0% 100.0%

Lose Frequency 2 2

Percentage 50.0% 50.0%

Middle Top Win Frequency 14 23 0.003 0.955 −0.006
Percentage 37.8% 62.2%

Lose Frequency 15 24

Percentage 38.5% 61.5%

High Top Win Frequency 21 32 0.146 0.703 −0.040
Percentage 39.6% 60.4%

Lose Frequency 17 22

Percentage 43.6% 56.4%

Low Corner Win Frequency 5 5 1.000 (**) 0.101

Percentage 50.0% 50.0%

Lose Frequency 4 6

Percentage 40.0% 60.0%

Middle Corner Win Frequency 40 53 0.012 0.912 −0.008
Percentage 43.0% 57.0%

Lose Frequency 39 50

Percentage 43.8% 56.2%

High Corner Win Frequency 45 54 0.036 0.849 0.014

Percentage 45.5% 54.5%

Lose Frequency 41 52

Percentage 44.1% 55.9%

Low Wing Win Frequency 2 4 0.524 (**) −0.316
Percentage 33.3% 66.7%

Lose Frequency 2 1

Percentage 66.7% 33.3%

Middle Wing Win Frequency 37 63 3.838 0.050 0.150

Percentage 37.0% 63.0%

Lose Frequency 16 54

Percentage 22.9% 77.1%

High Wing Win Frequency 31 59 0.008 0.929 0.007

Percentage 34.4% 65.6%

Lose Frequency 25 49

Percentage 33.8% 66.2%
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TABLE 5 Continued

User Shot location Success Fail χ2 (df = 1) p φ
Low 3P Win Frequency 0 1

Percentage 0.0% 100.0%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Middle 3P Win Frequency 14 40 0.275 0.600 0.051

Percentage 25.9% 74.1%

Lose Frequency 11 40

Percentage 21.6% 78.4%

High 3P Win Frequency 25 44 5.253* 0.022 0.184

Percentage 36.2% 63.8%

Lose Frequency 17 69

Percentage 19.8% 80.2%

User Pass location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 0 0

Percentage 0.0% 0.0%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Middle PL Win Frequency 6 4 1.000 (**) 0.045

Percentage 60.0% 40.0%

Lose Frequency 5 4

Percentage 55.6% 44.4%

High PL Win Frequency 5 7 1.000 (**) −0.059
Percentage 41.7% 58.3%

Lose Frequency 1 1

Percentage 50.0% 50.0%

Low PH Win Frequency 0 2 1.000 (**) −0.577
Percentage 0.0% 100.0%

Lose Frequency 1 1

Percentage 50.0% 50.0%

Middle PH Win Frequency 12 18 1.200 0.273 0.141

Percentage 40.0% 60.0%

Lose Frequency 8 22

Percentage 26.7% 73.3%

High PH Win Frequency 29 24 0.482 0.487 0.074

Percentage 54.7% 45.3%

Lose Frequency 17 19

Percentage 47.2% 52.8%

Low Top Win Frequency 5 4 1.000 (**) −0.016
Percentage 55.6% 44.4%

Lose Frequency 4 3

Percentage 57.1% 42.9%

Middle Top Win Frequency 20 27 2.263 0.132 −0.151
Percentage 42.6% 57.4%

Lose Frequency 30 22

Percentage 57.7% 42.3%

High Top Win Frequency 14 25 0.816 0.366 −0.094
Percentage 35.9% 64.1%

Lose Frequency 24 29

Percentage 45.3% 54.7%

Low Corner Win Frequency 0 1 2.000 0.157 −1.000
Percentage 0.0% 100.0%

Lose Frequency 1 0

Percentage 100.0% 0.0%

Middle Corner Win Frequency 24 31 0.044 0.833 −0.020
Percentage 43.6% 56.4%

Lose Frequency 26 31

Percentage 45.6% 54.4%
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TABLE 5 Continued

User Pass location Success Fail χ2 (df = 1) p φ
High Corner Win Frequency 31 43 0.038 0.845 0.018

Percentage 41.9% 58.1%

Lose Frequency 16 24

Percentage 40.0% 60.0%

Low Wing Win Frequency 0 0

Percentage 0.0% 0.0%

Lose Frequency 3 1

Percentage 75.0% 25.0%

Middle Wing Win Frequency 32 39 0.522 0.470 0.059

Percentage 45.1% 54.9%

Lose Frequency 31 48

Percentage 39.2% 60.8%

High Wing Win Frequency 37 51 0.809 0.368 −0.068
Percentage 42.0% 58.0%

Lose Frequency 42 44

Percentage 48.8% 51.2%

Low 3P Win Frequency 1 0 0.333 (**) 0.632

Percentage 100.0% 0.0%

Lose Frequency 1 4

Percentage 20.0% 80.0%

Middle 3P Win Frequency 17 18 1.962 0.161 0.154

Percentage 48.6% 51.4%

Lose Frequency 16 32

Percentage 33.3% 66.7%

High 3P Win Frequency 29 26 4.068* 0.044 0.185

Percentage 52.7% 47.3%

Lose Frequency 22 42

Percentage 34.4% 65.6%

User Type of screen Success Fail χ2 (df = 1) p φ
Low On-the-ball screen Win Frequency 1 6 1.000 (**) −0.127

Percentage 14.3% 85.7%

Lose Frequency 3 9

Percentage 25.0% 75.0%

Middle On-the-ball screen Win Frequency 122 178 0.577 0.448 0.031

Percentage 40.7% 59.3%

Lose Frequency 111 184

Percentage 37.6% 62.4%

High On-the-ball screen Win Frequency 169 216 1.156 0.282 0.040

Percentage 43.9% 56.1%

Lose Frequency 135 203

Percentage 39.9% 60.1%

Low Off-the-ball screen Win Frequency 6 6 0.337 0.561 −0.116
Percentage 50.0% 50.0%

Lose Frequency 8 5

Percentage 61.5% 38.5%

Middle Off-the-ball screen Win Frequency 51 58 0.777 0.378 0.061

Percentage 46.8% 53.2%

Lose Frequency 42 61

Percentage 40.8% 59.2%

High Off-the-ball screen Win Frequency 64 59 4.218* 0.040 0.133

Percentage 52.0% 48.0%

Lose Frequency 45 71

Percentage 38.8% 61.2%

User Type of screen-play Success Fail χ2 (df = 1) p φ
Low ON-U Win Frequency 0 4 1.000 (**) −0.272

Percentage 0.0% 100.0%

Lose Frequency 1 5

Percentage 16.7% 83.3%
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TABLE 5 Continued

User Type of screen-play Success Fail χ2 (df = 1) p φ
Middle ON-U Win Frequency 63 99 1.468 0.226 0.071

Percentage 38.9% 61.1%

Lose Frequency 42 89

Percentage 32.1% 67.9%

High ON-U Win Frequency 91 103 6.638* 0.010 0.134

Percentage 46.9% 53.1%

Lose Frequency 59 116

Percentage 33.7% 66.3%

Low ON-S Win Frequency 1 1 1.000 (**) 0.577

Percentage 50.0% 50.0%

Lose Frequency 0 2

Percentage 0.0% 100.0%

Middle ON-S Win Frequency 12 20 3.065 0.080 −0.219
Percentage 37.5% 62.5%

Lose Frequency 19 13

Percentage 59.4% 40.6%

High ON-S Win Frequency 18 17 0.342 0.559 −0.069
Percentage 51.4% 48.6%

Lose Frequency 21 15

Percentage 58.3% 41.7%

Low ON-A Win Frequency 0 1 1.000 (**) −0.333
Percentage 0.0% 100.0%

Lose Frequency 1 2

Percentage 33.3% 66.7%

Middle ON-A Win Frequency 29 32 2.802 0.094 0.140

Percentage 47.5% 52.5%

Lose Frequency 28 55

Percentage 33.7% 66.3%

High ON-A Win Frequency 45 71 0.058 0.810 −0.017
Percentage 38.8% 61.2%

Lose Frequency 36 53

Percentage 40.4% 59.6%

Low ON-E Win Frequency 0 0

Percentage 0.0% 0.0%

Lose Frequency 1 0

Percentage 100.0% 0.0%

Middle ON-E Win Frequency 18 27 0.230 0.631 −0.049
Percentage 40.0% 60.0%

Lose Frequency 22 27

Percentage 44.9% 55.1%

High ON-E Win Frequency 15 25 1.238 0.266 −0.126
Percentage 37.5% 62.5%

Lose Frequency 19 19

Percentage 50.0% 50.0%

Low OF-U Win Frequency 5 6 0.670 (**) −0.145
Percentage 45.5% 54.5%

Lose Frequency 6 4

Percentage 60.0% 40.0%

Middle OF-U Win Frequency 42 56 0.273 0.601 0.037

Percentage 42.9% 57.1%

Lose Frequency 38 59

Percentage 39.2% 60.8%

High OF-U Win Frequency 61 56 3.278 0.070 0.122

Percentage 52.1% 47.9%

Lose Frequency 42 63

Percentage 40.0% 60.0%

Low OF-S Win Frequency 1 0 1.000 (**) 0.333

Percentage 100.0% 0.0%

Lose Frequency 2 1

Percentage 66.7% 33.3%
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TABLE 5 Continued

User Type of screen-play Success Fail χ2 (df = 1) p φ
Middle OF-S Win Frequency 9 2 0.584 (**) 0.171

Percentage 81.8% 18.2%

Lose Frequency 4 2

Percentage 66.7% 33.3%

High OF-S Win Frequency 3 3 0.600 (**) 0.227

Percentage 50.0% 50.0%

Lose Frequency 3 8

Percentage 27.3% 72.7%

User Movement of off-the-
ball screen plays

Success Fail χ2 (df = 1) p φ

Low Back Win Frequency 1 0

Percentage 100.0% 0.0%

Lose Frequency 2 0

Percentage 100.0% 0.0%

Middle Back Win Frequency 14 11 1.481 0.224 0.167

Percentage 56.0% 44.0%

Lose Frequency 11 17

Percentage 39.3% 60.7%

High Back Win Frequency 14 12 2.932 0.087 0.231

Percentage 53.8% 46.2%

Lose Frequency 9 20

Percentage 31.0% 69.0%

Low Cross Win Frequency 1 0

Percentage 100.0% 0.0%

Lose Frequency 1 0

Percentage 100.0% 0.0%

Middle Cross Win Frequency 5 3 1.000 (**) −0.135
Percentage 62.5% 37.5%

Lose Frequency 6 2

Percentage 75.0% 25.0%

High Cross Win Frequency 11 5 1.094 0.296 0.191

Percentage 68.8% 31.3%

Lose Frequency 7 7

Percentage 50.0% 50.0%

Low Down Win Frequency 0 1

Percentage 0.0% 100.0%

Lose Frequency 0 0

Percentage 0.0% 0.0%

Middle Down Win Frequency 12 11 4.057* 0.044 0.291

Percentage 52.2% 47.8%

Lose Frequency 6 19

Percentage 24.0% 76.0%

High Down Win Frequency 15 15 1.984 0.159 0.180

Percentage 50.0% 50.0%

Lose Frequency 10 21

Percentage 32.3% 67.7%

Low Flare Win Frequency 4 5 1.000 (**) −0.056
Percentage 44.4% 55.6%

Lose Frequency 5 5

Percentage 50.0% 50.0%

Middle Flare Win Frequency 19 33 0.730 0.393 −0.088
Percentage 36.5% 63.5%

Lose Frequency 19 23

Percentage 45.2% 54.8%
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TABLE 5 Continued

User Movement of off-the-
ball screen plays

Success Fail χ2 (df = 1) p φ

High Flare Win Frequency 24 27 0.031 0.861 0.018

Percentage 47.1% 52.9%

Lose Frequency 19 23

Percentage 45.2% 54.8%

PC, player classification; Low, low-point classification; Middle, middle-point classification; High, high-point classification; PL, paint-low; PH, paint-high; 3P, 3-point field goal area; ON-U, the

plays where the user shot using the on-the-ball screen; ON-S, plays where the screener of the on-the-ball screen shot after receiving a pass from the user; ON-A, plays where another player shot

after receiving a pass from the user of the on-the-ball screen; ON-E, plays that led to a shot through two or more extra passes after the user used the on-the-ball screen; OF-U, plays where the

user shot using the off-the-ball screen; OF-S, plays where the screener of the off-the-ball screen shot; Back, plays where the screener was on the end-line side of the defense who protected the
user; Cross, plays where the screener was on the middle-line (the imaginary line connecting baskets running through the center of the court) side of the defense who protected the user; Down,

plays where the screener on the center-line side of the defense who protected the user; Flare, plays where the screener on the side-line side of the defense who protected the user.

*p < 0.05.

**We adopted p-value by Fisher’s method.
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3.2.4 PC of the screener
We confirmed a significant difference in the shot-success rates

of the winning and losing teams according to the PC of the

screener for three categories (Table 6): (Ⅲ) shot location, (Ⅴ)

pass location, (Ⅶ) type of screen-play. No significant differences

were observed for other categories.

Regarding shot location, in the plays where the screener was a

Low player and the shooter shot at the PH, the winning team

(55.0%) had a significantly higher shot-success rate than the

losing team (12.0%) (χ2 = 9.586, p = 0.002). In plays involving a

Middle screener and where the shooter shot at the 3P, the

winning team (38.8%) had a significantly higher shot-success rate

than the losing team (16.2%) (χ2 = 8.686, p = 0.003). In plays

where the screener was a High player and the shooter shot at the

PH and Corner, the winning team (75.0% and 56.0%,

respectively) had a significantly higher shot-success rate than the

losing team (30.0% and 33.3%, respectively) (χ2 = 7.200, p = 0.007

and χ2 = 4.322, p = 0.038, respectively). Regarding pass location,

in plays involving a Middle screener and where the shooter shot

after receiving a pass from the 3P, the winning team (60.9%) had

a significantly higher shot-success rate than the losing team

(34.0%) (χ2 = 6.712, p = 0.010). However, in plays involving a

Middle screener and where the shooter shot after receiving a

pass from the Top, the winning team (31.0%) had a significantly

lower shot-success rate than the losing team (54.7%) (χ2 = 5.365,

p = 0.021). Regarding type of screen-play, in plays involving a

Low screener and where the shooter shot by ON-U, the winning

team (52.5%) had a significantly higher shot-success rate than

the losing team (31.2%) (χ2 = 6.398, p = 0.011).

3.2.5 PC of the passer
Regarding the PC of the passer on screen plays, we confirmed a

significant difference in the shot-success rates of the winning and

losing teams for four categories (Table 7): (Ⅲ) shot location,

(Ⅴ) pass location, (Ⅵ) type of screen, (Ⅸ) movement of off-the-

ball screen plays. No significant differences were observed for

other categories.

Regarding shot location, in the plays where the passer was a

Middle player and the shooter shot at the 3P, the winning team

(42.4%) had a significantly higher shot-success rate than the

losing team (4.8%) (χ2 = 9.074, p = 0.003). When the passer was a
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High player and the shooter shot at the Wing, the winning team

(45.2%) had a significantly higher shot-success rate than the

losing team (18.8%) (χ2 = 5.696, p = 0.017). Regarding pass

location, in the plays where the passer was a High player and the

shooter shot after receiving a pass from the 3P, the winning team

(48.6%) had a significantly higher shot-success rate than the

losing team (28.3%) (χ2 = 3.884, p = 0.049). Regarding type of

screen, when the passer was a High player and the shooter shot

after the user used the off-the-ball screen, the winning team

(50.9%) had a significantly higher shot-success rate than the

losing team (37.2%) (χ2 = 4.407, p = 0.036). Regarding movement

of off-the-ball screen plays, when the passer was a Middle player

and the shooter shot after the user used a Back movement, the

shot-success rate was significantly higher in the winning team

(61.5%) than in the losing team (32.0%) (χ2 = 4.464, p = 0.035).

However, when the passer was a Middle player and the shooter

shot after the user used a Flare movement, the winning team

(34.0%) had a significantly lower shot-success rate than the

losing team (55.0%) (χ2 = 4.116, p = 0.042). In the plays where

the passer was a High player and the shooter shot after the user

used a Down movement, the shot-success rate of the winning

team (48.0%) was significantly higher than that of the losing

team (22.6%) (χ2 = 3.989, p = 0.046).
4 Discussion

4.1 Differences in play style between the
winning and losing teams in screen-play

The collective impact of different screen-play types creates distinct

play styles between the winning and losing teams. The winning teams

strategically positioned their screens in the central area of the court

(relatively close to the basket) for offense, as they appeared

significantly more frequently at the PH area than at the Top in

terms of screen location. Additionally, for offensive passing, the

winning teams predominantly utilized the side-line position

(relatively close to the end-line) of the court for offense, as they

appeared significantly more frequently in the Corner location than

in the 3P in terms of pass location. Research of on-the-ball screen

plays focusing on a running basketball team that finished runners-
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TABLE 6 Differences in shot-success rate for each categorical variable depending on the PC of the screener.

Screener Shot location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 45 37 0.427 0.514 −0.050

Percentage 54.9% 45.1%

Lose Frequency 55 37

Percentage 59.8% 40.2%

Middle PL Win Frequency 67 48 0.282 0.595 0.036

Percentage 58.3% 41.7%

Lose Frequency 58 48

Percentage 54.7% 45.3%

High PL Win Frequency 30 22 0.388 0.533 0.065

Percentage 57.7% 42.3%

Lose Frequency 21 20

Percentage 51.2% 48.8%

Low PH Win Frequency 11 9 9.586* 0.002 0.462

Percentage 55.0% 45.0%

Lose Frequency 3 22

Percentage 12.0% 88.0%

Middle PH Win Frequency 14 24 0.019 0.891 0.016

Percentage 36.8% 63.2%

Lose Frequency 12 22

Percentage 35.3% 64.7%

High PH Win Frequency 12 4 7.200* 0.007 0.447

Percentage 75.0% 25.0%

Lose Frequency 6 14

Percentage 30.0% 70.0%

Low Top Win Frequency 4 10 1.106 0.293 −0.189
Percentage 28.6% 71.4%

Lose Frequency 8 9

Percentage 47.1% 52.9%

Middle Top Win Frequency 22 30 0.096 0.757 −0.032
Percentage 42.3% 57.7%

Lose Frequency 20 24

Percentage 45.5% 54.5%

High Top Win Frequency 9 16 0.287 0.592 0.079

Percentage 36.0% 64.0%

Lose Frequency 6 15

Percentage 28.6% 71.4%

Low Corner Win Frequency 29 32 0.012 0.911 0.010

Percentage 47.5% 52.5%

Lose Frequency 34 39

Percentage 46.6% 53.4%

Middle Corner Win Frequency 31 56 2.206 0.137 −0.115
Percentage 35.6% 64.4%

Lose Frequency 38 43

Percentage 46.9% 53.1%

High Corner Win Frequency 28 22 4.322* 0.038 0.224

Percentage 56.0% 44.0%

Lose Frequency 12 24

Percentage 33.3% 66.7%

Low Wing Win Frequency 19 24 1.792 0.181 0.144

Percentage 44.2% 55.8%

Lose Frequency 13 30

Percentage 30.2% 69.8%

Middle Wing Win Frequency 35 63 1.518 0.218 0.095

Percentage 35.7% 64.3%

Lose Frequency 19 52

Percentage 26.8% 73.2%

High Wing Win Frequency 15 39 0.415 0.520 −0.069
Percentage 27.8% 72.2%

Lose Frequency 11 21

Percentage 34.4% 65.6%
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TABLE 6 Continued

Screener Shot location Success Fail χ2 (df = 1) p φ
Low 3P Win Frequency 5 12 0.472 (**) 0.135

Percentage 29.4% 70.6%

Lose Frequency 6 28

Percentage 17.6% 82.4%

Middle 3P Win Frequency 26 41 8.686* 0.003 0.254

Percentage 38.8% 61.2%

Lose Frequency 11 57

Percentage 16.2% 83.8%

High 3P Win Frequency 6 22 0.279 0.597 −0.068
Percentage 21.4% 78.6%

Lose Frequency 9 24

Percentage 27.3% 72.7%

Screener Pass location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 3 4 1.000 (**) −0.169

Percentage 42.9% 57.1%

Lose Frequency 3 2

Percentage 60.0% 40.0%

Middle PL Win Frequency 6 5 1.000 (**) −0.051
Percentage 54.5% 45.5%

Lose Frequency 3 2

Percentage 60.0% 40.0%

High PL Win Frequency 2 2 0.467 (**) 0.500

Percentage 50.0% 50.0%

Lose Frequency 0 2

Percentage 0.0% 100.0%

Low PH Win Frequency 14 13 0.017 0.897 0.018

Percentage 51.9% 48.1%

Lose Frequency 11 11

Percentage 50.0% 50.0%

Middle PH Win Frequency 21 21 2.957 0.086 0.199

Percentage 50.0% 50.0%

Lose Frequency 10 23

Percentage 30.3% 69.7%

High PH Win Frequency 6 10 1.000 (**) −0.010
Percentage 37.5% 62.5%

Lose Frequency 5 8

Percentage 38.5% 61.5%

Low Top Win Frequency 14 12 0.161 0.688 0.047

Percentage 53.8% 46.2%

Lose Frequency 23 24

Percentage 48.9% 51.1%

Middle Top Win Frequency 13 29 5.365* 0.021 −0.238
Percentage 31.0% 69.0%

Lose Frequency 29 24

Percentage 54.7% 45.3%

High Top Win Frequency 12 15 0.103 0.748 −0.051
Percentage 44.4% 55.6%

Lose Frequency 6 6

Percentage 50.0% 50.0%

Low Corner Win Frequency 18 27 0.049 0.825 0.025

Percentage 40.0% 60.0%

Lose Frequency 12 20

Percentage 37.5% 62.5%

Middle Corner Win Frequency 21 31 0.415 0.520 −0.065
Percentage 40.4% 59.6%

Lose Frequency 22 25

Percentage 46.8% 53.2%
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TABLE 6 Continued

Screener Pass location Success Fail χ2 (df = 1) p φ
High Corner Win Frequency 16 17 0.006 0.938 0.011

Percentage 48.5% 51.5%

Lose Frequency 9 10

Percentage 47.4% 52.6%

Low Wing Win Frequency 21 26 0.141 0.707 −0.036
Percentage 44.7% 55.3%

Lose Frequency 29 31

Percentage 48.3% 51.7%

Middle Wing Win Frequency 24 44 1.220 0.269 −0.093
Percentage 35.3% 64.7%

Lose Frequency 32 40

Percentage 44.4% 55.6%

High Wing Win Frequency 22 19 1.104 0.293 0.120

Percentage 53.7% 46.3%

Lose Frequency 15 21

Percentage 41.7% 58.3%

Low 3P Win Frequency 11 13 0.118 0.731 0.043

Percentage 45.8% 54.2%

Lose Frequency 17 24

Percentage 41.5% 58.5%

Middle 3P Win Frequency 28 18 6.712* 0.010 0.269

Percentage 60.9% 39.1%

Lose Frequency 16 31

Percentage 34.0% 66.0%

High 3P Win Frequency 6 12 0.493 (**) 0.141

Percentage 33.3% 66.7%

Lose Frequency 6 23

Percentage 20.7% 79.3%

Screener Type of screen-
play

Success Fail χ2 (df = 1) p φ

Low ON-U Win Frequency 32 29 6.398* 0.011 0.215

Percentage 52.5% 47.5%

Lose Frequency 24 53

Percentage 31.2% 68.8%

Middle ON-U Win Frequency 83 119 3.350 0.067 0.098

Percentage 41.1% 58.9%

Lose Frequency 47 102

Percentage 31.5% 68.5%

High ON-U Win Frequency 38 48 1.220 0.269 0.085

Percentage 44.2% 55.8%

Lose Frequency 29 52

Percentage 35.8% 64.2%

Low ON-S Win Frequency 7 7 1.146 0.284 −0.186
Percentage 50.0% 50.0%

Lose Frequency 13 6

Percentage 68.4% 31.6%

Middle ON-S Win Frequency 12 18 2.200 0.138 −0.183
Percentage 40.0% 60.0%

Lose Frequency 21 15

Percentage 58.3% 41.7%

High ON-S Win Frequency 12 13 0.242 0.622 0.078

Percentage 48.0% 52.0%

Lose Frequency 6 9

Percentage 40.0% 60.0%

Low ON-A Win Frequency 13 26 0.434 0.510 −0.068
Percentage 33.3% 66.7%

Lose Frequency 22 33

Percentage 40.0% 60.0%
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TABLE 6 Continued

Screener Type of screen-
play

Success Fail χ2 (df = 1) p φ

Middle ON-A Win Frequency 44 53 1.247 0.264 0.083

Percentage 45.4% 54.6%

Lose Frequency 32 54

Percentage 37.2% 62.8%

High ON-A Win Frequency 17 25 0.533 0.465 0.084

Percentage 40.5% 59.5%

Lose Frequency 11 23

Percentage 32.4% 67.6%

Low ON-E Win Frequency 4 8 0.729 (**) −0.106
Percentage 33.3% 66.7%

Lose Frequency 13 16

Percentage 44.8% 55.2%

Middle ON-E Win Frequency 18 27 2.229 0.135 −0.161
Percentage 40.0% 60.0%

Lose Frequency 23 18

Percentage 56.1% 43.9%

High ON-E Win Frequency 11 17 0.167 0.683 0.060

Percentage 39.3% 60.7%

Lose Frequency 6 12

Percentage 33.3% 66.7%

Low OF-U Win Frequency 57 53 0.710 0.400 0.058

Percentage 51.8% 48.2%

Lose Frequency 46 54

Percentage 46.0% 54.0%

Middle OF-U Win Frequency 29 41 0.373 0.541 0.050

Percentage 41.4% 58.6%

Lose Frequency 30 52

Percentage 36.6% 63.4%

High OF-U Win Frequency 18 22 0.771 0.380 0.106

Percentage 45.0% 55.0%

Lose Frequency 10 19

Percentage 34.5% 65.5%

Low OF-S Win Frequency 0 1 1.000 (**) −0.250
Percentage 0.0% 100.0%

Lose Frequency 1 3

Percentage 25.0% 75.0%

Middle OF-S Win Frequency 9 4 0.417 (**) 0.195

Percentage 69.2% 30.8%

Lose Frequency 5 5

Percentage 50.0% 50.0%

High OF-S Win Frequency 4 0 0.200 (**) 0.535

Percentage 100.0% 0.0%

Lose Frequency 3 3

Percentage 50.0% 50.0%

PC, player classification; Low, low-point classification; Middle, middle-point classification; High, high-point classification; PL, paint-low; PH, paint-high; 3P, 3-point field goal area; ON-U, the

plays where the user shot using the on-the-ball screen; ON-S, plays where the screener of the on-the-ball screen shot after receiving a pass from the user; ON-A, plays where another player shot
after receiving a pass from the user of the on-the-ball screen; ON-E, plays that led to a shot through two or more extra passes after the user used the on-the-ball screen; OF-U, plays where the

user shot using the off-the-ball screen; OF-S, plays where the screener of the off-the-ball screen shot.

*p < 0.05.

**We adopted p-value by Fisher’s method.
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up in the World Championship men’s games in 2006 indicates that

the team tended to set a screen in the central location of the court,

not the side-line side (22). However, the team tended to set their

screens more in “the high court area”, a location far from the

basket. Given that the winning teams set more screens at the PH,

closer to the basket, there may be differences in the effective

locations for setting screens between wheelchair basketball and

running basketball. Furthermore, a previous study has reported that
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setting a screen on the side-line side is more effective in enabling

users to progress toward the end-line side (12). The critical point of

view common to both is using screen plays to create free space (16,

23). Therefore, although significant differences were not confirmed

regarding screen plays on the side-line side (Corner, Wing), the

winning team may have set screens in appropriate locations and

used the free space effectively created by screen plays, as

recommended in running basketball.
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TABLE 7 Differences in shot-success rate for each categorical variable depending on the PC of the passer.

Passer Shot location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 2 5 0.622 (**) −0.214

Percentage 28.6% 71.4%

Lose Frequency 5 5

Percentage 50.0% 50.0%

Middle PL Win Frequency 48 34 0.463 0.496 −0.053
Percentage 58.5% 41.5%

Lose Frequency 51 29

Percentage 63.7% 36.3%

High PL Win Frequency 59 49 0.001 0.972 −0.002
Percentage 54.6% 45.4%

Lose Frequency 62 51

Percentage 54.9% 45.1%

Low PH Win Frequency 2 3

Percentage 40.0% 60.0%

Lose Frequency 2 3

Percentage 40.0% 60.0%

Middle PH Win Frequency 12 10 1.773 0.183 0.188

Percentage 54.5% 45.5%

Lose Frequency 10 18

Percentage 35.7% 64.3%

High PH Win Frequency 12 11 3.725 0.054 0.291

Percentage 52.2% 47.8%

Lose Frequency 5 16

Percentage 23.8% 76.2%

Low Top Win Frequency 0 0

Percentage 0.0% 0.0%

Lose Frequency 1 0

Percentage 100.0% 0.0%

Middle Top Win Frequency 10 17 0.145 0.704 −0.050
Percentage 37.0% 63.0%

Lose Frequency 13 18

Percentage 41.9% 58.1%

High Top Win Frequency 21 30 0.038 0.846 −0.021
Percentage 41.2% 58.8%

Lose Frequency 16 21

Percentage 43.2% 56.8%

Low Corner Win Frequency 5 3 0.281 0.596 0.125

Percentage 62.5% 37.5%

Lose Frequency 5 5

Percentage 50.0% 50.0%

Middle Corner Win Frequency 24 31 0.435 0.510 −0.064
Percentage 43.6% 56.4%

Lose Frequency 26 26

Percentage 50.0% 50.0%

High Corner Win Frequency 19 33 0.820 0.365 −0.083
Percentage 36.5% 63.5%

Lose Frequency 30 37

Percentage 44.8% 55.2%

Low Wing Wi Frequency 1 6 1.000 (**) −0.033
Percentage 14.3% 85.7%

Lose Frequency 1 5

Percentage 16.7% 83.3%

Middle Wing Win Frequency 13 32 0.060 0.806 −0.027
Percentage 28.9% 71.1%

Lose Frequency 11 24

Percentage 31.4% 68.6%

High Wing Win Frequency 19 23 5.696* 0.017 0.277

Percentage 45.2% 54.8%

Lose Frequency 6 26

Percentage 18.8% 81.3%
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TABLE 7 Continued

Passer Shot location Success Fail χ2 (df = 1) p φ
Low 3P Win Frequency 1 2

Percentage 33.3% 66.7%

Lose Frequency 1 2

Percentage 33.3% 66.7%

Middle 3P Win Frequency 14 19 9.074* 0.003 0.410

Percentage 42.4% 57.6%

Lose Frequency 1 20

Percentage 4.8% 95.2%

High 3P Win Frequency 3 17 0.646 (**) 0.105

Percentage 15.0% 85.0%

Lose Frequency 2 22

Percentage 8.3% 91.7%

Passer Pass location Success Fail χ2 (df = 1) p φ
Low PL Win Frequency 0 2 1.000 (**) −0.316

Percentage 0.0% 100.0%

Lose Frequency 1 3

Percentage 25.0% 75.0%

Middle PL Win Frequency 6 3 1.000 (**) −0.051
Percentage 66.7% 33.3%

Lose Frequency 5 2

Percentage 71.4% 28.6%

High PL Win Frequency 5 6 1.000 (**) 0.255

Percentage 45.5% 54.5%

Lose Frequency 0 1

Percentage 0.0% 100.0%

Low PH Win Frequency 0 1 1.000 (**) −0.408
Percentage 0.0% 100.0%

Lose Frequency 2 2

Percentage 50.0% 50.0%

Middle PH Win Frequency 17 19 0.040 0.842 −0.027
Percentage 47.2% 52.8%

Lose Frequency 10 10

Percentage 50.0% 50.0%

High PH Win Frequency 24 24 3.130 0.077 0.184

Percentage 50.0% 50.0%

Lose Frequency 14 30

Percentage 31.8% 68.2%

Low Top Win Frequency 5 7 0.001 0.981 −0.004
Percentage 41.7% 58.3%

Lose Frequency 8 11

Percentage 42.1% 57.9%

Middle Top Win Frequency 15 26 2.095 0.148 −0.159
Percentage 36.6% 63.4%

Lose Frequency 22 20

Percentage 52.4% 47.6%

High Top Win Frequency 19 23 0.860 0.354 −0.096
Percentage 45.2% 54.8%

Lose Frequency 28 23

Percentage 54.9% 45.1%

Low Corner Win Frequency 1 3 1.000 (**) −0.091
Percentage 25.0% 75.0%

Lose Frequency 1 2

Percentage 33.3% 66.7%

Middle Corner Win Frequency 23 29 0.008 0.929 −0.009
Percentage 44.2% 55.8%

Lose Frequency 23 28

Percentage 45.1% 54.9%
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TABLE 7 Continued

Passer Pass location Success Fail χ2 (df = 1) p φ
High Corner Win Frequency 31 43 0.019 0.891 −0.013

Percentage 41.9% 58.1%

Lose Frequency 19 25

Percentage 43.2% 56.8%

Low Wing Win Frequency 1 0

Percentage 100.0% 0.0%

Lose Frequency 2 0

Percentage 100.0% 0.0%

Middle Wing Win Frequency 32 42 0.007 0.934 −0.007
Percentage 43.2% 56.8%

Lose Frequency 29 37

Percentage 43.9% 56.1%

High Wing Win Frequency 36 48 0.054 0.817 −0.017
Percentage 42.9% 57.1%

Lose Frequency 45 56

Percentage 44.6% 55.4%

Low 3P Win Frequency 1 1 1.000 (**) 0.167

Percentage 50.0% 50.0%

Lose Frequency 1 2

Percentage 33.3% 66.7%

Middle 3P Win Frequency 28 24 2.953 0.086 0.162

Percentage 53.8% 46.2%

Lose Frequency 23 38

Percentage 37.7% 62.3%

High 3P Win Frequency 18 19 3.884* 0.049 0.208

Percentage 48.6% 51.4%

Lose Frequency 15 38

Percentage 28.3% 71.7%

Passer Type of screen Success Fail χ2 (df = 1) p φ
Low On-the-ball screen Win Frequency 0 6 0.066 (**) −0.408

Percentage 0.0% 100.0%

Lose Frequency 8 10

Percentage 44.4% 55.6%

Middle On-the-ball screen Win Frequency 64 82 0.048 0.826 −0.013
Percentage 43.8% 56.2%

Lose Frequency 69 84

Percentage 45.1% 54.9%

High On-the-ball screen Win Frequency 77 109 0.235 0.628 −0.026
Percentage 41.4% 58.6%

Lose Frequency 76 97

Percentage 43.9% 56.1%

Low Off-the-ball screen Win Frequency 8 8 0.259 0.611 0.089

Percentage 50.0% 50.0%

Lose Frequency 7 10

Percentage 41.2% 58.8%

Middle Off-the-ball screen Win Frequency 57 61 0.138 0.711 0.025

Percentage 48.3% 51.7%

Lose Frequency 43 51

Percentage 45.7% 54.3%

High Off-the-ball screen Win Frequency 56 54 4.407* 0.036 0.138

Percentage 50.9% 49.1%

Lose Frequency 45 76

Percentage 37.2% 62.8%

Passer Movement of off-the-
ball screen plays

Success Fail χ2 (df = 1) p φ

Low Back Win Frequency 3 1 1.000 (**) 0.258

Percentage 75.0% 25.0%

Lose Frequency 2 2

Percentage 50.0% 50.0%
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TABLE 7 Continued

Passer Movement of off-the-
ball screen plays

Success Fail χ2 (df = 1) p φ

Middle Back Win Frequency 16 10 4.464* 0.035 0.296

Percentage 61.5% 38.5%

Lose Frequency 8 17

Percentage 32.0% 68.0%

High Back Win Frequency 10 12 0.155 0.694 0.055

Percentage 45.5% 54.5%

Lose Frequency 12 18

Percentage 40.0% 60.0%

Low Cross Win Frequency 1 1 0.400 (**) 0.612

Percentage 50.0% 50.0%

Lose Frequency 0 3

Percentage 0.0% 100.0%

Middle Cross Win Frequency 7 4 0.338 (**) −0.268
Percentage 63.6% 36.4%

Lose Frequency 7 1

Percentage 87.5% 12.5%

High Cross Win Frequency 9 3 0.667 (**) 0.177

Percentage 75.0% 25.0%

Lose Frequency 7 5

Percentage 58.3% 41.7%

Low Down Win Frequency 0 2 0.400 (**) −0.707
Percentage 0.0% 100.0%

Lose Frequency 3 1

Percentage 75.0% 25.0%

Middle Down Win Frequency 15 12 3.495 0.062 0.270

Percentage 55.6% 44.4%

Lose Frequency 6 15

Percentage 28.6% 71.4%

High Down Win Frequency 12 13 3.989* 0.046 0.267

Percentage 48.0% 52.0%

Lose Frequency 7 24

Percentage 22.6% 77.4%

Low Flare Win Frequency 4 4 0.627 (**) 0.167

Percentage 50.0% 50.0%

Lose Frequency 2 4

Percentage 33.3% 66.7%

Middle Flare Win Frequency 18 35 4.116* 0.042 −0.210
Percentage 34.0% 66.0%

Lose Frequency 22 18

Percentage 55.0% 45.0%

High Flare Win Frequency 25 26 0.892 0.345 0.095

Percentage 49.0% 51.0%

Lose Frequency 19 29

Percentage 39.6% 60.4%

PC, player classification; Low, low-point classification; Middle, middle-point classification; High, high-point classification; PL, paint-low; PH, paint-high; 3P, 3-point field goal area; Back, plays

where the screener was on the end-line side of the defense who protected the user; Cross, plays where the screener was on the middle-line (the imaginary line connecting baskets running
through the center of the court) side of the defense who protected the user; Down, plays where the screener on the center-line side of the defense who protected the user; Flare, plays

where the screener on the side-line side of the defense who protected the user.

*p < 0.05.

**We adopted p-value by Fisher’s method.
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Considering the result of presence of a screen, the winning

team used screen-play effectively to score. Regarding the shot

location, the winning team made shots at a higher success rate

than the losing team, not only at a location relatively close to the

basket, such as PH, but also at a location far from the basket,

such as 3P. Given that there is a higher tendency for more shots

to be taken in the paint than in other locations in wheelchair

basketball (24), it is necessary to consider the practical use of
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screen plays for shooting at a location close to the basket to

make shots with a high success rate. However, it is also necessary

to consider the practical use of screen plays for shooting at a

location far from the basket due to the difference in the points

obtained per shot (i.e., 2-point vs. 3-point shots). Specifically,

when considering the practical use of screen plays as an offensive

tactic, if there are few defenders around the basket and it is

possible to penetrate there, aiming for the shot relatively close to
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the basket is effective in terms of shot-success rate. On the other

hand, if there are many defenders around the basket and a

higher shot-success rate cannot be expected, aiming for the shot

at 3P is effective in terms of scoring efficiency. In recent trends

in running basketball, the number of 3-point shots and shots in

the paint has been rising, while the number of midrange 2-point

shots has been decreasing (15, 25). The number of shots at 3P is

not large in wheelchair basketball screen plays; in this study, the

proportion of these shots out of the total number of shots was

13.2% (124/936) and 15.7% (138/877) for the winning and losing

teams, respectively. However, increasing the number of shots at

3P may be effective, as in running basketball. This is because

having the ball player farther from the basket can lure the

defense away from the basket. Luring the defense may allow

the ball player to easily get past the defense if the distance to the

player is short and the time lag is very short (23). Moreover,

there is no “double dribble” violation in wheelchair basketball,

which is different from running basketball (10, 17). Therefore,

for attacking near the basket in wheelchair basketball, it may also

be effective to create situations where players can shoot at a 3P,

luring the defense further away from the basket. Regarding the

screen location, considering above results (difference between the

PH and Top), in wheelchair basketball, a location relatively close

to the basket is an important space that should be used not only

as a location to shoot but also as a location to set a screen.

Additionally, regarding the pass location, the above difference in

the shot-success rate at the 3P likely affected the finding in plays

where a pass was issued from the 3P to the shooter. We believe

this finding might have been a direct consequence of defenses

focusing on players with good shooting ability, which could

create a greater possibility for other players to shoot. However,

further research may be needed to verify this notion. Considering

these points, when using screen plays practically in wheelchair

basketball, it is essential to use the following locations to shoot,

set screens, and pass: one closer to the basket in the paint and

one farther from the basket at 3P.

Regarding the type of screen-play, we found that the winning

team showed a higher ON-U shot accuracy. Studies on screen-

play in running basketball have verified the effectiveness of a

tactic, where the ball handler was the user, known as Pick & Roll

(12, 16, 22, 23, 26, 27). In this study, approximately 96.4%

(612/635) of screen plays using the on-the-ball screen targeted

for this analysis corresponded to the Pick & Roll tactic. Some of

these studies have reported that users’ shots employing the Pick

& Roll maneuver are effective (12, 23). However, some of these

studies have also reported that the plays where the user passes

after using the screen are efficient (16, 22, 27). Although the

number was smaller than that of ON-U (winning team: 154/360,

42.8%; losing team: 102/312, 32.7%), the result of this study

indicated that ON-S had a higher shot-success rate for both

winning and losing teams (31/69, 44.9% and 40/70, 57.1%,

respectively). Therefore, improving the accuracy of the Pick &

Roll maneuver is crucial in wheelchair basketball, as in running

basketball. Specifically, it is essential in screen-play to suppose

various situations in which the user has difficulty shooting and

practice repeatedly so that players can make the more
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appropriate choice (e.g., who to pass to). The number of plays

that led to a successful shot using the on-the-ball screen (541)

was significantly higher than that of those that led to a shot

using the off-the-ball screen (216) (χ2 = 139.531, p < 0.001).

However, since the shot-success rate in a Down movement was

significantly higher for the winning team than the losing team,

the winning team effectively used the off-the-ball screen plays.

Furthermore, just as the off-the-ball screen should be used for

purposes other than shooting in running basketball (26), it may

also be necessary to consider using it for purposes other than

shooting in wheelchair basketball; hence, the practical use of the

off-the-ball screen should not be overlooked.
4.2 Relationship between screen-play
and the PC

This study’s result shows the losing team more typically

assigned Low players to screeners than the winning team.

Additionally, no significant difference was observed in the

frequency of Low and High screeners (237/919, 25.8% and

225/919, 24.5%, respectively) in the winning team (χ2 = 0.312,

p = 0.577), while a significant difference was found in this

frequency (284/871, 32.6% and 183/871, 21.0%, respectively) in

the losing team (χ2 = 21.844, p < 0.001). In the traditional

wheelchair basketball offense, “the low pointers” are encouraged

to work to set the screen to get “the high pointers” free for high-

percentage shots (14). Although it is possible that “the low

pointers” and “the high pointers” do not entirely match our

division of Low and High, the results from the present study

show that the winning team adopted a different strategy from

this encouragement. Therefore, it is necessary to consider the

balance with other players rather than simply fixing Low players

in the role of screeners. Considering the result of differences in

the appearance frequency regarding the screener depending on

the PC, a practical solution may be to assign approximately 50%

of screener roles to Middle players, and to balance the remainder

between Low and High players. In wheelchair basketball, to

represent the roles of each player with different PCs, Low,

Middle, and High players are frequently categorized as guards,

forwards, and centers, respectively, corresponding to running

basketball positions (5, 24). In running basketball screen-play, it

is more effective for the center to play the role of screener (12).

Therefore, this result shows the difference in player roles in

wheelchair and running basketball.

Regarding differences in the shot-success rate according to the

PC of the shooter, High players primarily contributed to the winning

team’s successful plays. This shows a tendency similar to that

reported in previous studies in wheelchair basketball (8, 24, 28).

Additionally, the various results that showed a significant difference

only in High players between the winning and losing teams

indicate High players’ contributions to screen-play. High players’

contributions as shooters can be confirmed by the following results:

(Ⅱ) presence of a screen (in plays with screen), (Ⅲ) shot location

(in plays where shot at PH and 3P), (Ⅳ) screen location (in plays

where screens set at Wing), (Ⅵ) type of screen (in plays with the
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on-the-ball and off-the-ball screen plays), (Ⅶ) type of screen-play

(in plays where used ON-U), (Ⅷ) movement of on-the-ball screen

plays (in plays where used Center-line movement), (Ⅺ) PC of the

user (in plays where the users were High), and (Ⅻ) PC of the

screener (in plays where the screeners were Middle). The results

described in the previous section were directly influenced by

whether the shooter was a High player: the winning team had a

higher shot-success rate than the losing team when shooting at

the PH, which is relatively close to the basket, and at 3P, which

is far from the basket. However, regarding the results of screen

and pass locations, when the shooter was a Low or Middle

player, the shot-success rate of the losing team was higher than

that of the winning team. This result is highly likely related to

the findings of Gil et al. (29), who reported that differences in

strength of the trunk muscles and pelvic stability due to

classification affected the distance when throwing or passing a ball.

Furthermore, the higher PC players tended to have a higher sitting

body height (29). Therefore, their ball-release position was higher

than that of lower PC players, and the ball could reach the ring

even with a lower release velocity (30, 31). Thus, creating a

situation where a High player can shoot is more important for

ensuring a high success rate. In addition, considering the result of

the type of screen, the High shooters of the winning team could

use the on-the-ball screen and off-the-ball screen practically

without distinction for screen plays. However, we found a

significant difference in the type of screen-play only for ON-U.

Thus, when the shooter is a High player, it is possible that the

practical use of the on-the-ball screen, which occurs more

frequently, has a more substantial effect on the outcome than that

of the off-the-ball screen. Moreover, considering that setting

screens to facilitate users’ movement toward the central location of

the court in running basketball is effective (12), the High player’s

Center-line movement of on-the-ball screen plays may have been

more effective.

For the results of PH and 3P in shot location and the off-the-

ball screen in the type of screen regarding the PC of the user, the

High players of the winning team recorded a higher shot-success

rate, and these results are almost identical to those regarding the

shooter. Moreover, 52.0% (360/692) of the on-the-ball screen

plays were ON-U, and 92.6% (226/244) of the off-the-ball screen

plays were OF-U in the winning team. Since both categories refer

to plays in which the user takes a shot, the user may have

contributed to the winning team’s success, mainly as the shooter.

However, considering the result according to 3P in the pass

location of the PC of the passer, it may be effective for the user

to become the passer instead of the shooter. In other words, not

only did the High players of the winning team make high-

percentage 3-point shots, but they also made passes at 3P that

led to high-percentage shots. On the other hand, in addition to

the High players, other classification players also contributed as

users to the team’s success in the winning team. The winning

team had a higher shot-success rate in a Down movement of off-

the-ball screen plays than the losing team, and this result is

related to the contributions of the Middle players as users.

Therefore, since Middle players contribute significantly as users,

it is impractical to use only High players as users.
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Considering the results of PH in shot location and ON-U in the

type of screen-play regarding the PC of the screener, the Low

players contributed to the winning team’s successful plays

executing their roles as screeners. In addition, the winning team’s

Middle players contributed as screeners in plays where shots and

passes were made at 3P, and High players contributed as

screeners in plays where shots were made at PH and Corner.

The result of the Low screener in the winning team may indicate

the Low players’ contribution in the plays mentioned so far

where shots were made at PH (as shown in Table 2). Similarly,

in the winning team, Middle screeners may have contributed in

plays where shots were made at 3P, and High screeners may

have contributed in plays where shots were made at PH.

Therefore, although at different frequencies, Low, Middle, and

High players contributed as screeners. Furthermore, the High

players of the winning team contributed as screeners in plays

where shots were made at the Corner, a priority location in

wheelchair basketball for shooting a field goal in the study of

Francis et al. (8). Additionally, as mentioned above, the winning

team utilized the Corner as the pass location more than the

losing team. Thus, our findings might indicate that the winning

team follows the theory for using screen-play. In addition, in the

winning team, the Middle screeners’ contributions in plays where

the shooter received a pass from the 3P may be related to the

results of the pass location of High passers described in

the previous section (as shown in Table 7). Low players in the

winning team contributed as screeners to ON-U, whose

importance we have previously described. In other words, High

player’s successful performance in screen-play as a shooter is

only possible thanks to the contributions of Middle and Low

players. Therefore, when practicing screen plays in wheelchair

basketball, it is vital to consider the actions of Middle and Low

players in the screener’s role, creating a situation where the

shooter can shoot with a high success rate. However, considering

the result of the screener in pass location, a difference in the

tendency to make practical use of screen plays between the winning

and losing teams needs to be considered, even if the screener was a

Middle player.

Regarding the difference in the shot-success rate from the

perspective of the PC of the passer, we found that Middle and

High players contributed to the winning team’s success. The

winning team succeeded in plays where the shooter received a

pass from a Middle player and shot at 3P. Thus, Middle players

contributed not only as screeners but also as passers.

Additionally, in plays where the shooter shot after receiving a

pass from 3P, the winning team had a higher shot-success rate

when the passer was a High player. Therefore, plays might be

constructed more effectively by considering the results of the

PC of the shooter regarding the shot location and the PC of the

user regarding the pass location, and the results of the PC of

the passer additionally. For instance, if the screen user with

good shooting ability holds the ball far from the basket, the

defense is forced to respond to prevent the user from shooting.

By creating such a situation where other players can receive the

pass and shoot with a high success rate and where the user can

also contribute as a passer, the offense is highly likely to
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construct the play effectively. Since a play with an off-the-ball

screen always involves a pass, the results of type of screen and

movement of off-the-ball screen plays must be considered. In

the winning team’s off-the-ball screen plays, a High passer

contributed to the successful plays, especially those with a Down

movement. On the other hand, in the plays where a Middle player

was the passer, the fact that the winning team had a higher shot-

success rate on the Back than on the Flare movement of off-the-

ball screen plays compared to losing team indicates a difference in

the tendency to make practical use of screen plays between the

winning and losing teams. Moreover, these results may be related

to the results of the PC of the screener regarding the pass

location. Therefore, the passer should understand the type of

movement that is appropriate for the screen and the location from

which to pass.

Thus, this study’s results clearly showed that High players make

a direct and significant contribution to scoring, similar to those of

previous studies (8, 24, 28). However, it is also clear that Low and

Middle players in the winning team played roles as screeners and
FIGURE 5

Example of practical application; (A) A high user uses the screen of a Low sc
prevent a shot of ON-U. The High user makes a pass to the teammate at the
receiving the pass on Top makes a pass to the High player, who moves to the
player receiving the pass at 3P makes a pass to the Middle screener, who dive
pass to the High user, who uses the off-the-ball screen from a Back movem
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passers and contributed to the success of screen plays. Therefore,

as in the report of Hindawi et al. (32), since players in highly

competitive teams may have a high level of thinking and

understanding of offensive tactics, it is necessary to understand

the tendency in screen plays regardless of the PC. Furthermore,

it is necessary to consider that the sum of the PC of the five

players playing on the court in wheelchair basketball is limited to

14.0. Therefore, it is essential to pay more attention to the

contribution of each of the players with different PCs in each

process leading up to the shot in screen-play as offensive tactics

in wheelchair basketball.
4.3 Practical application

Based on the above considerations, the following plays may

hold practical value (Figure 5): when a High dribbles toward

the Corner, and uses the screen of a Low screener in the

Center-line movement of on-the-ball screen plays, the defense
reener in the center-line movement. Against the play, a defense tries to
Top; (B) A defense tries to prevent a shot at the Top. The Middle player
3P using the Down movement of off-the-ball screen plays; (C) the High
s close to the basket; (D) the High player receiving the pass at 3P makes a
ent.
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may attempt to prevent a shot of ON-U, allowing this High user

to make a pass to a teammate at the Top (Figure 5A). If a defense

attempts to prevent a shot at the Top further, the player receiving

the pass can make another pass to the High player, who moves to

the 3P using the Down movement of off-the-ball screen plays

(Figure 5B). If the High player receiving a pass is expected to

have a high shot-success rate at 3P, this play would be more

effective. This is because the High player holding a ball may

have several options to make a more effective pass besides

shooting from the 3P at this time (Figures 5C,D). Thus,

effective options would change depending on how a defense

reacts to the movement of screen plays.
4.4 Limitations

Our study had some limitations. First, a single observer

extracted data in this study. However, we did not evaluate

intra-rater reliability, which is important to ensure consistency

during video analysis (33). Therefore, the actual reliability of

video analysis in this study is unknown, which could have

affected the quality of data extraction. Second, although we

recorded 3,841 possessions, and the results of this study show a

tendency similar to that reported in previous studies, the

method of recording by a single observer may have increased

the possibility of data recording errors in addition to the

observer bias. Third, since this study primarily focused on the

success rate of shots about screen-play, other critical aspects of

wheelchair basketball gameplay, such as turnovers, assists, or

defensive actions, may have been overlooked. Furthermore,

since the results obtained in this study are limited to the men’s

games in the Tokyo Paralympics, some variables may have been

affected by other competitions and categories. Doi et al. revealed

differences between men’s and women’s teams regarding how

offensive rebounds, number of successful field goals, steals, and

turnovers affect the team’s total scores (28, 34). Therefore, the

limited focus on elite men’s games may restrict the broader

relevance and applicability of the study findings. Additionally,

despite the findings that passing to a screener, who moves close to

the basket, is effective in running basketball (16, 22, 27), the results

regarding the type of screen-play in this study could have shown

limited evidence except for the direct effects of the specific on-the-

ball screen play (ON-U). Thus, there may be a discrepancy in

recognizing the teaching practice. In the future, it will be necessary

to conduct surveys and construct new analytical frameworks to

overcome these issues.
5 Conclusion

In wheelchair basketball offenses, it may be effective to

consider the following points in the scenario lead-up to a shot:

Regarding the shot, screen, and pass, it could be necessary to

use screen plays practically in two different spaces (in the paint

and at the 3P). Moreover, it appears vital to improve the on-

the-ball screen plays’ accuracy, particularly ON-U, which is
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equivalent to a Pick & Roll maneuver that is also effective in

running basketball. Furthermore, using both the on-the-ball

screen and off-the-ball screen seems to be a factor in winning

the game. In wheelchair basketball screen plays, it may be

practical to allocate approximately 50% of the screener roles to

Middle players and the rest to Low and High players, at

approximately 25% each. Regarding the PC, to win the game,

High players should play the roles of shooters and users; Low,

Middle, and High players should act as screeners; and Middle

and High players should play the roles of passers to contribute

to the success of plays. Players expected to have a high shot-

success rate may be able to contribute to screen plays more

effectively as passers by understanding effective movement and

passing options of screen plays. In wheelchair basketball screen-

play, further research on the contributions of each player based

on different PCs is essential.
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Meta-analysis of the effect of
plyometric training on the athletic
performance of youth basketball
players
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University, School of Humanities, Langfang, China, 3College of Physical Education, Shenyang Sport
University, Shenyang, China, 4Department of Ultrasound, Second Hospital of Shanxi Medical University,
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Objective: To investigate the effects of Plyometric Training (PT) on the athletic
performance of youth basketball players (age 5–17.99) and to provide a
theoretical basis for applying PT in basketball training practice.

Method: PubMed, Web of Science, Cochrane Library, EBSCO and other data
platforms were searched, and Meta-analysis was performed using STATA
16.0 software.

Result: A total of 24 studies were included, with a sample size of 738 participants.
The results showed that PT improved jumping, linear sprinting, change of
direction (COD) speed, and balance in youth basketball players (p < 0.05) but
did not significantly improve lower limb strength (p > 0.05). The results of
subgroup analyses showed that:1) Regarding the effect of PT on different
aspects of athletic performance, enhancements were found for vertical jump,
5–10 m, 20–30 m sprinting ability, velocity-oriented and force-oriented COD
speed, and dynamic balance ability of youth basketball players. 2) When analyzing
different participant subgroups, basketball players aged 5 to 10.99 and
11–14.99 years appeared to improve their jump, sprinting ability, and COD
speed through PT training, whereas no improvements in sprinting ability and
COD speed were found for players aged 15 to 17.99. Male and female youth
basketball players could improve their jumping through PT, in contrast, straight-
line sprinting ability and COD speed were significantly improved only by male
youth basketball players, and balance ability was significantly improved only by
female youth basketball players. 3) Regarding different training protocols, high-
frequency PT (>2 times/week) with a low-volume (jumping ≤150 times/week) and
Single-type PT (one specific movement) improved only jumping ability. In
contrast, low-frequency PT (1–2 times/week) with a high-volume
(jumping >150 times/week) and mixed-type PT (varied jumping drills)
protocols significantly improved jumping, linear sprinting, COD speed, and
balancing abilities.

Conclusion: PT can enhance the jumping, linear sprinting, COD speed, and
balance of youth basketball players, but it does not affect lower limb strength. It is
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recommended that coaches make full use of the training-sensitive periods of
young athletes by incorporating low-frequency, high-volume, and mixed-type PT
into their regular training routines over the long term.

KEYWORDS

plyometric, youth, basketball, sports performance, meta analysis

1 Introduction

Basketball is an intermittent team sport marked by intense
physical contact and rapid transitions between offense and
defense. During a game, players repeatedly engage in high-
intensity activities such as sprinting, shuffling, jumping,
accelerations, decelerations, and changes of direction (CODs)
(Pernigoni et al., 2021). As the competitive level of basketball
continues to escalate globally, the performance of athletes has
become one of the critical determinants of success in the sport.
In recent years, the emergence of advanced training methods and
techniques has underscored the importance of scientific training
approaches in basketball. Plyometric training (PT), which consists of
exercises exploiting the stretch-shortening cycle (SSC) (Sole, 2017;
Markovic and Mikulic, 2010), has gained increasing attention and
application among coaches due to its beneficial effects on athletic
performance (Weldon et al., 2022). The fundamental principle of
this training modality is based on the exploitation of the SSC of
skeletal muscles, which encompasses three distinct phases (Ramírez-
delaCruz et al., 2022b): The initial phase involves the eccentric
contraction, where the tendons resist an external load, undergo
passive elongation, induce a protective inhibition, and store elastic
potential energy. This is followed by an isometric contraction phase,
during which the stored elastic potential energy is transferred to the
skeletal muscles. Finally, in the concentric contraction phase, the
inclusion of elastic potential energy enhances the power output
during the shortening action of the skeletal muscles. At the same
time, PT can enhance motor unit recruitment capacity and
synchronization, improving muscle adaptability and response to
force, which in turn facilitates the development of muscular
strength, power, and overall body coordination (Markovic and
Mikulic, 2010; Cormie et al., 2011). Therefore, the nature of PT
aligns well with the physiological demands and movement
characteristics inherent in the sport of basketball (Asadi et al.,
2017; Arede et al., 2019).

However, the nervous and muscular systems are not fully
developed during youth. Differences in neural conduction
velocity, control capabilities, and muscle architecture between
youths and adults significantly impact the control and
coordination of their SSC (Radnor et al., 2018; Lloyd and Oliver,
2012) summarize the training sensitive periods for athletes aged
2–21 years based on growth and development characteristics in their
YPD model. They identify the critical periods for athletic
development as ages 12 to 16 for males and 11 to 15 for females,
during which agility, speed, strength, and endurance exhibit
heightened sensitivity to training. Previous research indicates that
PT can enhance vertical jump performance and sprint speed in
prepubescent boys (Kotzamanidis, 2006), as well as jumping, COD
speed, and balance abilities in adolescent female basketball players
(Bouteraa et al., 2020), with meta-analytic results also indicating that

PT can improve strength and jumping capabilities in youth athletes
(Behm et al., 2017; Chen et al., 2023; Moran et al., 2017). However,
the specific training effects of PT on youth athletes at different stages
of development remain unclear, particularly in the absence of a
comprehensive understanding of the maturation cycle of the SSC in
youths. It is uncertain whether the training effects of PT have been
maximized under these conditions. Furthermore, existing research
has demonstrated that PT can enhance the athletic abilities of
adolescent basketball players by improving the utilization level of
the SSC (Asadi et al., 2017; Arede et al., 2019). However, further
discussion is required to discern the differential impacts of various
PT protocols on the relevant abilities of adolescents. Moreover, a
meta-analysis focusing on the effects of PT on the athletic
performance of youth basketball players has yet to be reported.
Notably, the existence of an optimal training regimen involving
combinations of different frequencies, volumes, types, and durations
of PT remains to be determined. Therefore, investigating the
influence of PT on athletic performance across various growth
stages in adolescents and devising safe and effective training
protocols tailored to specific performance outcomes constitute
pressing issues that need to be addressed. The training effects of
PT across different ages and sexes, the differential impacts of various
frequencies, volumes, types, and durations of PT on the athletic
performance of youth basketball players, and whether the influence
of PT on athletic performance is selective all warrant further
exploration.

In summary, the present study conducts a meta-analysis of
experimental research concerning the effects of PT on the athletic
performance of professional and amateur youth basketball players.
The objective is to explore the impact of PT on athletic performance
and provide a theoretical foundation for the practical application of
PT in the training of youth basketball players.

2 Methods

This study was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Page et al., 2021), and the PRISMA
checklist is provided in (Supplementary Appendix). This meta-
analysis was registered on the PROSPERO platform on
28 October 2023, with the registration number CRD42023473515.

2.1 Search strategy and selection criteria

Based on previous meta-analyses examining PT in other sports
(Chen et al., 2023; Ramirez-Campillo et al., 2020), the search strategy
was meticulously detailed, tested, and refined. The detailed search
strategies for each individual database are provided in Table 1.
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Following the identification of relevant search terms, two
researchers (ZJY and WX) conducted comprehensive searches
across “Web of Science” “Embase” “Cochrane Library” and
“PubMed”. The search scope covered from the inception of each
database up to 2 October 2023, and subscriptions ensure that newly
published literature is promptly supplemented. Following the formal
systematic searches, additional hand searches were conducted using
the authors’ personal libraries and known published reviews,
systematic reviews, and meta-analyses. Duplicate articles were
removed after the initial search phase. Subsequent screening of
search results was conducted based on predefined inclusion and
exclusion criteria. Initially, two researchers (LH and WX)
independently evaluated titles and abstracts, followed by
thoroughly examining full-text articles. Any disparities in
screening results were resolved through discussion with a third
reviewer (WW), ensuring consensus was reached through iterative
pre-screening and deliberation.

2.2 Inclusion and exclusion criteria

The criteria for inclusion are as follows: 1) Participants must be
either professional or amateur basketball players and aged <18 years
old; 2) The interventionmethod should involve PT andmust include
at least one bilateral or unilateral training exercise capable of
stimulating the SSC; 3) The control group participating in
regular basketball training; 4) Outcome measures must
encompass at least one sports performance metric, such as
strength, jump height, speed, or balance; 5) Studies must be
controlled trials; 6) Given the potential challenges of translating
articles from different languages and the fact that 99.6% of the PT
literature is published in English (Ramirez-Campillo et al., 2022),
this meta-analysis includes only articles written in English.
Additionally, this study excluded research that met the following
criteria: 1) Participants with movement disorders or other illnesses,
athletes from other sports, or aged ≥18 years old; 2) Acute exercise
interventions; 3) Incomplete data that prevented the direct or
indirect acquisition of pre and post-test data; 4) non-
interventional clinical trials, such as protocols, review studies,

cohort studies, case-control studies, conference papers, and
book chapters.

2.3 Data extraction

Data extraction was independently performed by two authors
(ZJY and WX). Any discrepancies were resolved through discussion
between the authors. If consensus could not be reached, a third
author made the final decision (WW). The extracted data included
study characteristics (first author’s name, publication year) and
participant demographics (sample size, age, sex, competitive
level). Specifically, competitive level was determined according to
previous research (Russell et al., 2021) as follows: Level 1) untrained
or sedentary participants; Level 2) habitually active, physically fit, or
recreationally-trained participants; Level 3) trained and competitive
players; Level 4) highly-trained and competitive players; or Level 5)
professional players. intervention details (overall length, frequency,
total jumps, type), investigated measures, and pre-and post-test
results (relevant statistical data for estimating effect sizes). To
address missing data, we contacted the authors via email on at
least three occasions. When no response was received, information
from studies that presented only graphical data was extracted using
WebPlotDigitizer (v4.3, Ankit Rohatgi; https://apps.automeris.io/
wpd/), which has shown acceptable validity and reliability in
extracting graph data (Drevon et al., 2017).

2.4 Data coding and management

In this study, to explore the optimal age stage for adolescents to
participate in PT, participants were divided into three age groups:
5–10.99 years, 11–14.99 years, and 15–17.99 years (Lloyd and Oliver,
2012). In terms of the training program, to investigate the
effectiveness of different PT protocols, this study categorizes PT
into two types: single-type PT and mixed-type PT. Single-type PT
refers to training programs that consist of only one specific exercise,
such as performing only vertical jumps. In contrast, mixed-type PT
includes a combination of two or more jump exercises, such as

TABLE 1 Detailed study retrieval strategies.

(P) Basketball players (I) Plyometric training Results

PubMed (1986 – October 2023 (“plyometric training” [Title/Abstract] OR “plyometric exercise*” [Title/Abstract] OR “plyometric drill*” [Title/
Abstract] OR “plyometr*” [Title/Abstract] OR “ballistic training” [Title/Abstract] OR “explosive” [Title/Abstract] OR
“force-velocity” [Title/Abstract] OR “stretch-shortening cycle” [Title/Abstract] OR “stretch-shortening exercise” [Title/
Abstract] OR “complex training” [Title/Abstract] OR “jump training” [Title/Abstract]) AND (“basketball” [Title/
Abstract] OR “basketball player*” [Title/Abstract] OR “basketball athlete*” [Title/Abstract])

177

Web of Science (1993 – October 2023 AB = (“plyometric training” OR “plyometric exercise*” OR “plyometric drill*” OR “plyometr*” OR “ballistic six” OR
“ballistic training” OR “explosive” OR “force-velocity” OR “stretch-shortening cycle” OR “stretch-shortening exercise”
OR “complex training”OR “jump training”) AND AB = (“basketball”OR “basketball player*”OR “basketball athlete*”)

255

EBSCOhost (1962 – October 2023) AB = (“plyometric training” OR “plyometric exercise*” OR “plyometric drill*” OR “plyometr*” OR “ballistic six” OR
“ballistic training” OR “explosive” OR “force-velocity” OR “stretch-shortening cycle” OR “stretch-shortening exercise”
OR “complex training”OR “jump training”) AND AB = (“basketball”OR “basketball player*”OR “basketball athlete*”)

585

Cochrane Library (1986 – October
2023)

(“plyometric training”OR “plyometric exercise*”OR “plyometric drill*”OR “plyometr*”OR “ballistic six”OR “ballistic
training” OR “explosive” OR “force-velocity” OR “stretch-shortening cycle” OR “stretch-shortening exercise” OR
“complex training” OR “jump training”) AND (“basketball” OR “basketball player*”OR “basketball athlete*”)

104

Total 1,121
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performing vertical jumps, horizontal jumps, bilateral jumps,
unilateral jumps, repeated jumps, and non-repeated jumps
simultaneously (Ramirez-Campillo et al., 2022). Regarding
athletic performance, we decided to categorize performance
metrics into two separate tiers, with the aim of reflecting the
different physiological and biomechanical indices involved in
basketball-related athletic performance (Ben Abdelkrim et al.,
2007; Delextrat and Cohen, 2008; Shin, 2008). Primary
performance indicators were classified into lower body strength,
jumping ability, straight sprinting ability, COD speed, and balance.
Within secondary performance indicators, jumping ability was
further subdivided into horizontal (e.g., long jump) and vertical
(e.g., rebound jump, standing knee-up jump). Straight sprinting
ability was categorized based on test distances into two ranges:
5–10 m and 10–30 m. COD is divided into velocity-oriented COD
(COD Angle ≤90°, such as V-cut test) and force-oriented COD
(COD Angle >90°, such as Illinois Agility test) (Nygaard Falch et al.,
2019). Balance was classified into static (e.g., single-leg stand) and
dynamic balance (e.g., Y-balance test). All data were recorded and
stored using Microsoft Excel (Microsoft Corporation, Redmond,
WA, United States), specific classification results are detailed in
Appendix 2, Tables 4-8.

2.5 Study quality assessment and quality
of evidence

Two authors (ZJY andWX) utilized the Physiotherapy Evidence
Database scale (PEDro) (Maher et al., 2003) to assess the quality of
studies. Any discrepancies between the authors’ evaluations were
resolved through discussion to achieve consensus. The PEDro scale
comprises 11 criteria: eligibility, randomization, allocation
concealment, baseline comparability, blinding of participants,
therapists, and assessors, adequacy of follow-up, intention-to-
treat analysis, and between-group comparisons, including point
estimates and variability. Each criterion (2–11) is assigned
1 point, with a maximum score of 10. The quality of studies was
categorized based on the total score: <4 points denoted poor quality,
4 to 5 points indicated fair quality, 6 to 8 points signified good
quality, and 9 to 10 points represented excellent quality.

The certainty of the evidence was evaluated by two authors (ZJY
and WX) using the Grading of Recommendations, Assessment,
Development, and Evaluation (GRADE) methodology, which
categorizes evidence as very low, low, moderate, or high (Guyatt
et al., 2011; Zhang et al., 2019a; Zhang et al., 2019b). The evidence
was initially rated as high for each outcome, and was later downgraded
based on the following criteria: 1) risk of bias in studies: if the median
PEDro scores were moderate (<6), the evidence was downgraded by
one level; 2) indirectness: low risk of indirectness was assumed by
default due to the specificity of populations, interventions,
comparators, and outcomes ensured by the inclusion/exclusion
criteria; 3) risk of publication bias: the evidence was downgraded
by one level if there was suspected publication bias (Egger’s test p <
0.05); 4) inconsistency: the evidence was downgraded by one level
when statistical heterogeneity (I2) was high (>50%); 5) Imprecision: the
evidence was downgraded by one level if the number of participants
available for comparison was small (<800) (Deng et al., 2023; Guyatt
et al., 2021).

2.6 Statistical analysis

First, we addressed the issue of missing data in the included
studies. If the standard deviations (SDs) were not directly provided
in the literature, we used RevMan 5.4.1 software to calculate the SD
based on the standard errors (SEs), confidence intervals (CIs), or
statistical values (such as t-values or p-values).

Subsequently, we performed some data adjustment, 1) In cases
where studies employed reverse scaling (where a lower value
indicated a better outcome, such as a 20 m run time), we
adjusted the mean for each group by multiplying it by −1. 2) We
entered multiple intervention arms of the same study as separate
interventions in the meta-analysis. We divided the sample size of the
control group by the number of intervention arms in the study to
avoid overestimating the pooled effect size. We left the means and
standard deviations unchanged, as recommended in the Cochrane
Handbook for Systematic Reviews of Interventions (Higgins and
Green, 2011). 3) In meta-analyses, changes in the mean and the SD
of these changes are often considered missing data points (Higgins
et al., 2021). Previous systematic reviews have highlighted the
challenges posed by this missing data for conducting
comprehensive meta-analyses (Shida et al., 2021; Yagiz et al.,
2021). To address this issue, specific formulas have been
established (Borenstein et al., 2009; Higgins and Green, 2011)
(see Equations 1, 2).

Meanchange � Meanfinal −Meanbaseline (1)
SDchange �

�������������������������������������
SD²baseline + SD²final − 2R × SDbaseline × SDfinal

√
(2)

In these formulas, Meanchange and SDchange represent the change
in the mean and the standard deviation of the change in the mean,
respectively, while Meanbaseline and SDbaseline represent the pre-test
mean and its standard deviation, Meanfinal and SDfinal represent the
post-test mean and its standard deviation. The correlation R
between the baseline and final measurements is often not
reported in studies. Previous meta-analyses related to PT and
jump performance have shown that this correlation ranges from
0.81 to 0.84 (Markovic, 2007). However, since this study includes
multiple performance outcome measures, a conservative estimate of
R is set at 0.7, consistent with practices in previous systematic
reviews (Yagiz et al., 2022).

Finally, statistical analysis was conducted. The Kappa scores
calculated using IBM SPSS Statistics 25.0 (SPSS, Chicago, Illinois,
United States) assessed the consistency between the reviewers for
abstract and full-text screening. The Kappa scores were interpreted
as excellent (≥0.75), good (0.60–0.74), fair (0.40–0.59), or poor
(<0.40) (Rigby, 2000). Meta-analysis was performed using
STATA 16.0 software, with the active control group participating
in training being considered the comparison group for this meta-
analysis. Due to the different outcome measurement methods in the
included studies, the study used standardized mean differences
(SMD) and 95% CI to estimate the summary effect size (ES). ES
were interpreted as small (0.2–0.5), medium (0.5–0.8), or large
(>0.8) (Cohen, 1988). Heterogeneity was assessed using the Q
statistic and I2. I2 results were interpreted as low (<25%),
moderate (50%) and high (>75%) (Higgins et al., 2003). When
statistical heterogeneity was not detected (p > 0.05 in the Q statistic
and I2 <50%), a fixed-effect model was employed for the
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meta-analysis; otherwise, a random-effects model was selected
(DerSimonian and Laird, 1986). Publication bias was assessed
using the extended Egger’s test and funnel plots. A significance
level of p < 0.05 in Egger’s test indicated significant publication bias
(Egger et al., 1997). Additionally, sensitivity analysis was performed
by sequentially omitting each study to evaluate whether the
summary estimates were unduly influenced by any single study
(Tobias, 1999). If the sensitivity analysis results were consistent with
the meta-analysis results, it would enhance the credibility of the
meta-analysis; otherwise, results should be interpreted with caution.
Figures and charts were generated using R-evolution 4.2.1.

3 Results

3.1 Characteristics and assessment of
included studies

Our search across all four databases yielded 1,121 articles, of
which 24 were ultimately included in the study. The inter-rater
agreement, measured by Cohen’s Kappa coefficient >0.75, indicates
a high level of consistency in the literature screening results
(Supplementary Table S1, S2; Table 1 and Figure 1).

Within the included studies, four articles explored lower limb
strength, twenty-one investigated jumping ability, eleven examined
linear sprint capacity, twelve addressed COD speed, and four

focused on balance ability. The cumulative number of experimental
subjects was 738, with 399 in the experimental group and 344 in the
control group. Male participants constituted 74.96% of the sample. The
average height was 1.65 ± 0.14 m, and the average weight was 55.35 ±
13.68 kg. The average training duration was 7.4 ± 1.91 weeks, with a
frequency of 2.57 ± 0.57 sessions per week, totaling 1,317 ± 840 jumps.
Specific characteristics of the literature are detailed in Table 2.

The quality assessment of the included literature yielded an
average score of 4.87 ± 1.22 points, indicating a moderate overall
quality of the studies. The primary risk of bias arose from the lack of
blinding of participants, personnel, and outcome assessors during
the grouping process and training interventions (Supplementary
Appendix S2; Table 2).

3.2 Results of Meta-analysis

3.2.1 Effect of PT on lower limb strength
Four studies (n = 93 participants) assessed the lower limb

strength of youth basketball players, revealing moderate
heterogeneity among the studies (I2 = 34.6%, p = 0.053).
Therefore, a fixed-effects model was employed for the analysis.
The results indicated that PT did not significantly enhance the
lower limb strength of youth basketball players (SMD = 0.07, 95%
CI: −0.12 to 0.25, p = 0.479) (Supplementary Appendix S2;
Supplementary Figure S1).

FIGURE 1
Literature search and screening process.
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TABLE 2 Summary of characteristics of all studies meeting the inclusion criteria. (n = 24).

Study Population
characteristics

Interventions Control Characteristics of
intervention

Investigated measures Outcome PEDro

Dur/Freq/
Type/TJ

Time (Pre vs Post) Groups (E.G., vs CG)

Sidki Adigüzel and
Günay (2016)

Sex = M; CL = Level 4
E.G.,: N = 15.A = 15; H=NR,
BM = NR
CG: N = 15.A = 18; H=NR,
BM = NR

PT + BT BT Dur = 8
Freq = 3

Type = Mixed
TJ = 1,449

①:60°,180° Right (Hamstring) peak
power; 60°,180° Left (Hamstring)

peak power; 60°,180° Right
(Quadricep) peak power; 60°,180°

Left (Quadricep) peak power
②: CMJA; CMJ; SJ

E.G.,: 60°Right (Hamstring)↑;
60°Left (Quadricep)↑; 180°Right

(Hamstring)↑; 180°Left
(Hamstring)↑; 180°Right
(Quadricep)↑; 180°Left

(Quadricep)↑; CMJA↑; CMJ↑;
SJ↑; other↔

CG: 60°Right (Hamstring)↑;
60°Right (Quadricep)↑; 60°Left
(Quadricep)↑; CMJA↑; CMJ↑;

SJ↑; other↔

60°Right (Hamstring) peak
power↑; 60°Right (Quadricep)

peak power↑; 180° Left
(Hamstring) peak power↑;
180°Right (Quadricep) peak

power↑
CMJA↑; CMJ↑; SJ↑

4

Amato et al. (2018) Sex = M; CL = Level 3
E.G.,: N = 12; A = 12years;
H = 1.53; BM = 50.3
CG: N = 11; A = 11year; H =
1.57; BM = 47.1

PT + BT BT Dur = 6
Freq = NR

Type = Mixed
TJ = 440

②: CMJ; SJ; DJ
③: V25m

④:t-test

E.G.,: all↑
CG: CMJ↓; DJ↓; t-test↑; other↔

NR 4

Andreji (2012) Sex = M; CL = Level 3
E.G.,: N = 10; A = 12.6years;
H = 1.71; BM = 58.0
CG: N = 11; A = 12.5years;
H = 1.73; BM = 62.0

PT + RT RT + BT Dur = 6
Freq = 2

Type = Mixed
TJ = 164

②: CMJA; SLJ
③:V20m; V4×15m

E.G.,: all↑
CG: all↔

all ↑ 6

Arede et al. (2019) Sex = M; CL = Level 4
E.G.,: N = 9; A = 14.2; H =
1.65; BM = 56.2
CG: N = 7; A = 14.9; H = 1.75;
BM = 62.6

PT + BT BT Dur = 8
Freq = 4

Type = Mixed
TJ = NR

②: CMJ; SJ
③: V10m

④: Pro agility test

E.G.,: SJ↑; V10m↑; other↔
CG: CMJ↑; other↔

V10m↑; other↔ 3

Attene et al. (2015) Sex = F; CL = Level 4
E.G.,: N = 18; A = 14.8; H =
1.63; BM = 51.9
CG: N = 18; A = 15.2; H =
1.65; BM = 57.5

PT + BT BT Dur = 6
Freq = 2

Type = Mixed
TJ = 1,120

②: CMJ; SJ E.G.,: all↑
CG: all↑

all ↔ 7

Aztarain-Cardiel
et al. (2024)

Sex = M; CL = Level 4
E.G.,1: N = 10 A = 14.5; H =
1.81, BM = 69.0
E.G.,2: N = 11 A = 15.1; H =
1.81, BM = 70.2
CG: N = 10; A = 15.3; H =
1.87, BM = 74.8

PT + BT
PT + BT

BT Dur = 6
Freq = 4

Type = Single (Abalakov
Jump)

TJ = E.G.,1:2368
; E.G.,2:1,184

②: CMJ; SJ; HJ
③: V20m

④: V cut test

E.G.,1: CMJ↑; SJ↑ other↔
E.G.,2: CMJ↑; SJ↑ HJ↑; other↔

CG: all↔

CMJ↑; SJ↑ HJ↑; other↔ 5

(Continued on following page)
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TABLE 2 (Continued) Summary of characteristics of all studies meeting the inclusion criteria. (n = 24).

Study Population
characteristics

Interventions Control Characteristics of
intervention

Investigated measures Outcome PEDro

Dur/Freq/
Type/TJ

Time (Pre vs Post) Groups (E.G., vs CG)

Bouteraa et al.
(2020)

Sex = F; CL = Level 4
E.G.,: N = 16; A = 16.4; H =
1.68; BM = 56.6
CG: N = 10; A = 16.5; H =
1.68; BM = 55.6

PT + BT BT Dur = 8
Freq = 2

Type = Mixed
TJ = 1,588

②: CMJ; SJ; DJ
③: V5m; V10m; V20m

④: Modified Illinois test
⑤: Y-balance test; Stork balance test

E.G.,: DJ↑; Modified Illinois
test↑; Y-balance test↑; Stork

balance test↑; other↔
CG: all↔

CMJ↑; DJ↑; V5m↑; V10m↑;
Illinois test↑; other↔

5

Brown et al. (1986) Sex =M; CL = Level 4; N = 26;
A = 15; 1.81 ± 0.08; BM =
67.9 ± 8.1

PT + BT BT Dur = 12
Freq = 2–3

Type = Single (DJ)
TJ = 1,080

②: CMJA; CMJ E.G.,: all↑
CG: CMJA↑; CMJ↔

all↑ 5

Chouhan et al.
(2022)

Sex = M; CL = Level 3
E.G.,: N = 45; A = 16.5;
H=NR; BM = NR
CG: N = 45; A = 16.9; H=NR;
BM = NR

PT + BT Pilates
+ BT

Dur = 6
Freq = 3

Type = Mixed
TJ = 635

②: Sargent jump test
③: V20m

E.G.,: Sargent jump test↑;
V20m↔

CG: Sargent jump test↑; V20m↔

Sargent jump test↑; V20m↔ 5

Cigerci and Genc
(2020)

Sex = M; CL = Level 2
E.G.,: N = 10; A = 15.9; H =
1.78; BM = 69.5
CG: N = 10; A = 15.4; H =
1.74; BM = 64.9

PT + BT BT Dur = 8
Freq = 3

Type = Mixed
TJ = 3024

②: SLJ; VJ
③: V10m; V20m

④: Lane agility test
⑤: Star excursion balance test

(right/lift points)

E.G.,: SLJ↑; VJ↑; V10m↑; V20m↑;
Lane agility test↑; other↔
CG: SLJ↑; VJ↑; other↔

SLJ↑; VJ↑; V10m↑; V20m↑; Lane
agility test↑; other↔

4

Rafael et al. (2017) Sex = M; CL = Level 3
E.G.,: N = 18; A = 15.2; H =
1.80; BM = 72.6
CG: N = 21; A = 16.4; H =
1.76; BM = 72.8

PT + BT RT + BT Dur = 8
Freq = 2

Type = Mixed
TJ = 1,440

④: t-test E.G.,: t-test↑
CG: t-test↑

t-test↑ 6

Fontenay et al.
(2013)

Sex = F; CL = Level 3
E.G.,: N = 9; A = 15.5; H=NR;
BM = NR
CG: N = 8; A = 15.5; H=NR;
BM = NR

PT + BT BT Dur = 8
Freq = 2

Type = Single (Hop)
TJ = NR

②: DJ E.G.,: DJ↑
CG: DJ↔

DJ↑ 3

Gottlieb et al. (2014) Sex = M; CL = Level 4; A =
16.3; H = 185.3; BM = 78.2
E.G.,: N = 9
CG: N = 10

PT + BT SST + BT Dur = 6
Freq = 2

Type = Mixed
TJ = 1,080

②: CMJ; 6-bound jump distance
③: V20m

④: 2 × 5 m shuttle run

E.G.,: all ↔
CG:6-bound jump distance↑;

V20m↑; other ↔

all↔ 5

Haghighi et al.
(2023)

Sex = F; CL = Level 5
E.G.,: N = 8; A = 14.6; H =
168.3; BM = 61.7
CG: N = 8; A = 15.1; H =
165.8; BM = 56.7

PT + BT BT Dur = 6
Freq = 2

Type = Mixed
TJ = 1,636

③: V20m

④: t-test
E.G.,: all↑
CG: all↔

V20m↑; other ↔ 7

(Continued on following page)
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TABLE 2 (Continued) Summary of characteristics of all studies meeting the inclusion criteria. (n = 24).

Study Population
characteristics

Interventions Control Characteristics of
intervention

Investigated measures Outcome PEDro

Dur/Freq/
Type/TJ

Time (Pre vs Post) Groups (E.G., vs CG)

Hernández et al.
(2018)

Sex = M; CL = Level 2
E.G.,1: N = 6; A = 10; H =
1.41; BM = 36.3
E.G.,2: N = 7; A = 11; H =
1.41; BM = 38.3
CG: N = 6; A = 9.7; H = 1.44;
BM = 39.4

PT + BT
PT + BT

BT Dur = 7
Freq = 2

Type = Mixed
TJ = 1,044

②: CMJ; DJ
③: V30m

④: t-test

E.G.,1: all↑
E.G.,2: all↑
CG: all↔

E.G.,1: all↑
E.G.,2: all↔

8

Latorre Román et al.
(2017)

Sex = M/F; CL = Level 2
E.G.,: N = 30; A = 8.72; H =
1.33; BM = 30.6
CG: N = 28; A = 8.72; H =
1.40; BM = 35.1

PT + BT BT Dur = 10
Freq = 2

Type = Single (DJ)
TJ = 1920

②: SJ; CMJ; SLJ; DJ
③: V25 m
④: t-test

E.G.,: SLJ↑; CMJ↑; DJ↑; V25m↑;
t-test↑; other↔

CG: SLJ↑; CMJ↑; DJ↑; V25m↑;
other↔

V25m↑; t-test↑; other↔ 5

Matavulj et al.
(2022)

Sex = M; CL = Level 4; A =
15–16; H=NR; BM = NR
E.G.,1: N = 11
E.G.,2: N = 11
CG: N = 11

PT + BT
PT + BT

BT Dur = 6
Freq = 3

Type = Single (DJ)
TJ = 540

①: Knee extensor strength
②: CMJ

E.G.,1: CMJ↑; other↔
E.G.,2: CMJ↑; other↔

CG: all↔

CMJ↑; other↔ 4

McLeod et al.
(2009)

Sex = F; CL = Level 2
E.G.,: N = 27; A = 15.6; H =
1.71; BM = 58.9
CG: N = 23; A = 16; H = 1.72;
BM = 62.3

PT + BT BT Dur = 6
Freq = 2

Type = Mixed
TJ = 288

⑤: Star excursion balance test;
Balance Error Scoring System

composite score

E.G.,: Balance Error Scoring
System composite score↑;

other↔
CG: all↔

Star excursion balance test↑;
other↔

4

Meszler and Váczi
(2019)

Sex = F; CL = Level 4
E.G.,: N = 9; A = 15.8; H =
1.76; BM = 63.5
CG: N = 9; A = 15.7; H = 1.77;
BM = 66.1

PT + BT BT Dur = 7
Freq = 2

Type = Mixed
TJ = 1,027

①: Knee extensor strength
②: CMJ

④: t-test; Illinois test
⑤: Balance with eyes open,

unilateral

E.G.,: CMJ↓; others↔
CG: knee extensor strength↑;

others↔

CMJ↓; others↔ 4

Pamuk et al. (2022) Sex = M; CL = Level 5
E.G.,1: N = 11; A = 15.5; H =
1.79; BM = 68.6
E.G.,2: N = 12; A = 15.7; H =
1.84; BM = 73.9
CG: N = 12; A = 15.5; H =
1.84; BM = 70.2

E.G.,1:PT + BT
E.G.,2:PT + BT

BT Dur = 12
Freq = 3

Type = Mixed
TJ = NR

①Isokinetic peak moment results of
the knee during flexion and

extension (60°/s,180°/s,300°/s-left);
Isokinetic peak moment results of

the knee during flexion and
extension (60°/s,180°/s,300°/s-right)

②: Jumping height

E.G.,: 180°/s-right↑; 180°/s-lift↑;
300°/s-right↑; 300°/s-lift↑;

other↔
CG: 300°/s-lift↑; other↔

all↔ 5

Santos and Janeira
(2008)

Sex = M; CL = Level 3
E.G.,1: N = 14; A = 15; H =
1.73; BM = 62.2
CG: N = 10; A = 14.5; H =
1.73; BM = 61.1

PT + BT BT Dur = 10
Freq = 2

Type = Mixed
TJ = 1,656

②: CMJA; CMJ; SJ; DJ E.G.,: all↑
CG: CMJA↑; CMJ↑; SJ↑; other↔

all↑ 5

(Continued on following page)
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TABLE 2 (Continued) Summary of characteristics of all studies meeting the inclusion criteria. (n = 24).

Study Population
characteristics

Interventions Control Characteristics of
intervention

Investigated measures Outcome PEDro

Dur/Freq/
Type/TJ

Time (Pre vs Post) Groups (E.G., vs CG)

Santos and Janeira
(2009)

Sex = M; CL = Level 2
E.G.,: N = 8; A = 14; H = 1.77;
BM = 75.6
CG: N = 7; A = 15; H = 1.74;
BM = 69.3

PT + BT BT Dur = 10
Freq = 2

Type = Mixed
TJ = 768

②: CMJA; CMJ; SJ; DJ E.G.,: all↔
CG: all↔

all↔ 4

Santos and Janeira
(2011)

Sex = M; CL = Level 3
E.G.,: N = 15; A = 14.7; H =
1.75; BM = 72.7
CG: N = 10; A = 14.2; H =
1.73; BM = 61.1

PT + BT BT Dur = 10
Freq = 2

Type = Mixed
TJ = 1,694

②: CMJ; SJ; DJ E.G.,: CMJ↑; SJ↑; DJ↔
CG: CMJ; other↔

SJ↑ DJ↑ other↔ 4

Zribi et al. (2014) Sex = M, CL = Level 2
E.G.,: N = 25; A = 12.1; H =
1.56; BM = 41.1
CG: N = 26; A = 12.2; H =
1.55; BM = 41.2

PT + BT BT Dur = 9
Freq = 2

Type = Mixed
TJ = 1,440

②: CMJA; CMJ; SJ; 5-bound jump
distance

③: V5m; V30m

E.G.,: CMJA↑; CMJ↑; SJ↑; V5m↑;
V30m↑; other↔

CG: all↔

CMJA↑; CMJ↑; SJ↑; V5m↑;
V30m↑; other↔

5

Note: Competitive level was classified according to Russell et al. (2021): Level 1) untrained or sedentary participants; Level 2) habitually active, physically fit or recreationally-trained participants; Level 3) trained and competitive players; Level 4) highly-trained and

competitive players; Level 5) professional players.

Symbols: ①, Lower limb strength; ②, Jump; ③, Linear sprinting; ④, Agility; ⑤, Balance; ↑, significantly positive effect (p ≤ 0.05); ↓, significantly negative effect (p ≤ 0.05); ↔, no effect (p > 0.05).

Abbreviations NR, not reported; M, male; F, female; CL, competitive level; A, age (years); H, height (m); BM, body mass (kg); PT, plyometric training; BT, basketball training; E.G., experimental group; CG, control group; Dur, duration of training (weeks); Freq,

frequency of training (session/week); TJ, total jumps; CMJA, countermovement jump with arm; CMJ, countermovement jump; SJ, squat jump; DJ, drop jump; SLJ, stand long jump; HJ, high jump; VJ, vertical jump; V5m, speed in 5 m; V10m, speed in 10m; V15m, speed in

15 m; V20m. speed in 20 m; V25m, speed in 25 m; V30m, speed in 30 m.
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3.2.2 Effect of PT on jumping
Twenty-one studies (n = 594) assessed the jumping ability of

youth basketball players, revealing moderate heterogeneity among
the studies (I2 = 59.9%, p < 0.001). Therefore, a random-effects
model was utilized for the analysis. The results indicated a
statistically significant difference compared to the control group
(SMD = 0.68, 95% CI: 0.52 to 0.85, p < 0.001) (Supplementary
Appendix S2; Supplementary Figure S2; Figure 2), suggesting that
PT significantly improves the jumping ability of youth basketball
players. Further analysis of horizontal and vertical jumping
capabilities revealed that PT significantly enhances vertical
jumping ability in youth basketball players (p < 0.001), while the
increase in horizontal jumping ability was insignificant (p = 0.066).

Regarding participant characteristics: 1) PT enhanced the
jumping ability of male and female basketball players (p < 0.01);
2) PT significantly improved the jumping ability of basketball
players aged 5 to 10.99 (p < 0.05), 11 to 14.99 (p < 0.001) and
15–17.99 years (p < 0.001). Concerning training protocols: 1) Both
6–8 weeks (p < 0.001) and >8 weeks (p < 0.001) of PT significantly

improved the jumping ability of youth basketball players; 2) Both
training frequencies of ≤2 sessions per week (p < 0.001)
and >2 sessions per week (p < 0.001) significantly improved
jumping ability; 3) Both PT with jumping repetitions ≤150 times
per week (p < 0.001) and >150 times per week (p < 0.001)
significantly enhanced jumping ability; 4) Both mixed-type (p <
0.001) and single-type (p < 0.001) jump training significantly
improved the jumping ability of youth basketball players.

3.2.3 Effect of PT on linear sprint
Eleven studies (n = 300) assessed the linear sprint performance of

youth basketball players, revealing moderate heterogeneity among the
studies (I2 = 61.4%, p < 0.001). Consequently, a random-effects model
was applied. The results indicated a significant improvement in linear
sprint performance (SMD = 0.59, 95% CI: 0.25 to 0.94, p < 0.001)
(Supplementary Appendix S2; Supplementary Figure S3; Figure 3). A
further breakdown of linear sprint performance showed that PT
significantly enhanced the 5–10 m (p < 0.05) and 20–30 m (p <
0.01) sprint capabilities of youth basketball players.

FIGURE 2
Results of the Meta-Analysis and Subgroup Analysis on Jumping Ability. Note: mean nonsignificant (p > 0.05) and mean significant (p < 0.05)
improvement were observed in the experimental group after plyometric jump training compared with the control group; a Data denote the number of
included studies (total number of participants included). Abbreviations: SMD, standardized mean difference; CI, confidence interval; PT,
plyometric training.
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Regarding participant characteristics: 1) PT significantly
enhanced the linear sprint performance of male youth basketball
players (p = 0.001), but no significant enhancement was observed for
female players (p = 0.567); 2) PT significantly improved the linear
sprint performance of basketball players aged 5 to 10.99 (p < 0.05) and
11–14.99 years (p < 0.05), while no significant improvements were
found for players aged 15–17.99 years (p = 0.134). In terms of training
protocols: 1) Both 6–8 weeks (p< 0.05) and>8 weeks (p = 0.001) of PT
significantly improved the linear sprint performance of youth
basketball players; 2) PT sessions ≤2 times per week (p < 0.001)
significantly improved linear sprint performance, whereas >2 times
per week (p = 0.056) did not show significant improvement; 3) PT
with jumping repetitions >150 times per week (p = 0.001) significantly
improved linear sprint performance, whereas ≤150 times per week
(p = 0.157) did not show significant improvement; 4) Mixed-type PT
improved linear sprint performance in youth basketball players (p =
0.001), whereas single-type PT did not result in significant
improvements (p = 0.194).

3.2.4 Effect of PT on COD speed
Twelve studies (n = 299) assessed the COD speed of youth

basketball players, revealing moderate heterogeneity among the
studies (I2 = 47.0%, p = 0.02), warranting a random-effects
model for analysis. The results showed statistically significant
differences (SMD = 0.67, 95% CI: 0.36 to 0.99, p < 0.001)
(Supplementary Appendix S2; Supplementary Figure S4;
Figure 4), indicating that PT significantly enhances the COD
speed of youth basketball players. Further subdivision of COD
speed revealed that PT significantly improved both velocity-
oriented (p < 0.001) and force-oriented COD speed (p < 0.05).

Concerning participant characteristics: 1) PT significantly
enhanced the COD speed of male youth basketball players (p <
0.001), but no significant enhancement was observed for female
players (p = 0.174); 2) PT significantly enhanced the COD speed of
basketball players aged 5–10.99 years (p < 0.001) and 11 to 14.99 (p <
0.05), while no significant improvements were found for players
aged 15 to 17.99 (p = 0.095). Regarding training regimens: 1) Both

FIGURE 3
Results of Meta-Analysis and Subgroup Analysis on linear sprinting. Note: mean nonsignificant (p > 0.05) and mean significant (p < 0.05)
improvement were observed in the experimental group after plyometric jump training compared with the control group; a Data denote the number of
included studies (total number of participants included). Abbreviations: SMD, standardized mean difference; CI, confidence interval; PT,
plyometric training.
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6–8 weeks (p < 0.001) and >8 weeks (p = 0.001) of PT significantly
improved the COD speed of youth basketball players; 2) PT
sessions ≤2 times per week (p < 0.001) significantly improved
COD speed, whereas >2 times per week (p = 0.169) did not
show significant improvement; 3) PT with jumping
repetitions >150 times per week (p < 0.001) significantly
improved COD speed, whereas ≤150 times per week (p = 0.096)
did not show significant improvement; 4) mixed-type jump training
significantly improved the COD speed of youth basketball players
(p < 0.001), whereas single-type jump training did not show
significant improvement (p = 0.058).

3.2.5 Effect of PT on balance
Four studies (n = 114) assessed the balance of youth basketball

players, revealing high heterogeneity among the studies (I2 = 88.9%,
p < 0.001), necessitating using a random-effects model for analysis.

The results indicated that PT significantly enhanced the balance
ability of youth basketball players (SMD = 1.50, 95% CI: 0.50 to 2.49,
p < 0.001) (Supplementary Appendix S2; Supplementary Figure S5;
Figure 5). Further differentiation of balance ability revealed that PT
only significantly improved dynamic balance (p < 0.01), with no
significant enhancement observed in static balance (p = 0.319).

Regarding participant characteristics, PT significantly improved
the balance ability of female youth basketball players (p < 0.05),
whereas the enhancement in balance ability for male participants
was not significant (p = 0.091). In terms of training characteristics: 1)
PT sessions ≤2 times per week (p < 0.01) significantly improved
balance, whereas >2 times per week (p = 0.091) did not show
significant improvement; 2) PT with jumping
repetitions >150 times per week (p = 0.001) significantly
improved balance ability, whereas ≤150 times per week (p =
0.078) did not show significant improvement.

FIGURE 4
Results of Meta-Analysis and Subgroup Analysis on COD speed Note mean nonsignificant (p > 0.05) and mean significant (p < 0.05)
improvement were observed in the experimental group after plyometric jump training compared with the control group; a Data denote the number of
included studies (total number of participants included). Abbreviations: COD, change of direction; SMD, standardized mean difference; CI, confidence
interval; PT, plyometric training.
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FIGURE 5
Results of Meta-Analysis and Subgroup Analysis for Balance Ability. Note: mean nonsignificant (p > 0.05) and mean significant (p < 0.05)
improvement were observed in the experimental group after plyometric jump training compared with the control group; a Data denote the number of
included studies (total number of participants included). Abbreviations: SMD, standardized mean difference; CI, confidence interval; PT,
plyometric training.

TABLE 3 Sensitivity analysis, publication bias analysis, and GRADE assessment of the level of evidence.

Fitness attributes Combined effect after excluding individual
studies

Publication bias GRADE

SMD P I2 Egger’s

Lower limb strength 0.00~0.13 0.17~0.97 7%~36% 0.607 Low1,3

Jumping ability 0.64~0.70 <0.001 ~ <0.001 36%~55% 0.909 Low1,2

Linear sprinting 0.52~0.66 <0.001 ~ <0.001 36%~64% 0.413 Very low1,2,3

COD speed 0.60~0.77 <0.001~0.001 32%~49% 0.396 Low1,3

Balance ability 0.97~1.70 <0.001~0.01 62%~90% 0.526 Very low 1,2,3

Note: GRADE, Criteria for Downgrading Evidence Quality.
1Risk of Bias.
2Inconsistency.
3Imprecision.

Abbreviations: SMD, standardized mean difference; COD, change of direction.
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3.3 Sensitivity analysis, publication bias
analysis, and evidence quality assessment

Sensitivity analyses were conducted on lower limb strength,
jumping ability, COD speed, linear sprint, and balance using a
sequential omission method. The results showed that the overall
effect size for various athletic performance parameters remained
essentially unchanged, indicating the high robustness of the meta-
analysis results (Table 3). Egger’s test assessed publication bias for
lower limb strength, jumping, linear sprint, COD speed, and balance
ability, and funnel plots were created for performance measures
involving more than ten studies. The results of Egger’s test were not
statistically significant (p > 0.05) (Table 3), and the distribution of
studies within the funnel plots was roughly symmetrical (Figure 6),
suggesting an absence of evident publication bias.

4 Discussion

This meta-analysis aimed to explore the effects of PT on the
athletic performance of youth basketball players. The overall results
of the study indicate that, compared to active controls, PT may
generally improve athletes’ jumping, linear sprinting, COD speed,
and balance abilities, with medium to large effect sizes. However,

there was no significant improvement in lower limb strength.
Subgroup analysis revealed that the effectiveness of PT is related
to the participant’s age, with the 11–14.99 age range potentially
being a critical period for basketball players to develop athletic
performance through PT. Furthermore, this study found that
6–8 weeks of training is sufficient to improve the athletic
performance of youth basketball players, and the effects of
training further enhanced with extended training duration
(>8 weeks). The most effective PT program involved low
frequency (≤2 sessions per week), a high number of repetitions
(>150 PT sessions), and a mixed-type of PT.

4.1 The effects of PT on different athletic
performances

4.1.1 Effect of PT on lower limb strength
Strength is fundamental to athletic performance, and superior

lower limb strength contributes to basketball players’ enhanced
speed, jumping, and balance abilities (Suchomel et al., 2016).
However, this study’s results indicate that PT does not
significantly enhance lower limb strength in youth, consistent
with previous meta-analysis results on youth athletes (Oliver
et al., 2024; Ramirez-Campillo et al., 2022). The analysis suggests

FIGURE 6
Funnel Plot for Publication Bias of the Included Studies Abbreviations: COD, Change of direction.
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that the studies included in this research utilized isokinetic
dynamometers to assess lower limb strength. Isokinetic
dynamometry is a safe and reliable method for evaluating the
strength and power of muscle groups and is considered the “gold
standard” for assessing open kinetic chain movements (Lourencin
et al., 2012). However, isokinetic strength testing requires
practitioners to contract muscles at a constant speed (Zapparoli
and Riberto, 2016), whereas PT typically involves rapid jumps and
high-intensity short-duration contraction training (Sole, 2017).
Therefore, the rapid contraction forms in PT may differ from the
force application forms in isokinetic dynamometer testing. Training
effects are usually reflected in movements similar to the training
mode (Randell et al., 2010), so isokinetic strength testing may not
fully reflect the impact of PT on strength quality. Additionally,
isokinetic dynamometry assesses the maximum strength output of
specific muscle groups, such as the hamstrings and quadriceps
(Zapparoli and Riberto, 2016), whereas PT mainly improves
overall athletic performance by enhancing muscle coordination,
relying on the coordinated work of multiple muscle groups,
rather than enhancing the strength of a single muscle group
(Sole, 2017), which may also result in non-significant strength
test results in this study.

Although the optimal program for improving strength is not
entirely clear, previous meta-analyses have indicated that combining
PT with resistance training can enhance lower limb strength by
approximately three times compared to PT alone (ES: 0.27 vs 0.75)
(Oliver et al., 2024). The increase in muscle strength is believed to be
stimulated by high-tension muscle fiber activation, which is why
heavy loads are usually used to improve muscle strength (Rodríguez-
Rosell et al., 2016). Accordingly, prior meta-analyses have shown
that strength training with loads below 60%–80% of 1RM does not
effectively increase strength (Kamper and Michaleff, 2011).
Therefore, whether incorporating some resistance training into
PT programs or conducting weighted PT is necessary to
effectively enhance lower limb strength in youth basketball
players requires further investigation.

4.1.2 Effect of PT on jumping
In basketball, exceptional jumping ability can give athletes a

significant advantage in rebounding and blocking opponents (Arede
et al., 2019). This study found that PT can enhance the jumping
ability of youth basketball players, consistent with findings from
previous meta-analyses on soccer (Pardos-Mainer et al., 2021) and
volleyball players (Ramirez-Campillo et al., 2020). Jumping ability is
often used as a surrogate indicator of lower limb strength. However,
our study revealed that PT improved jumping ability while showing
no significant enhancement in isokinetic muscle strength tests. This
discrepancymay arise from the different adaptive changes elicited by
various training methods. Resistance training excels in increasing
muscle mass and maximum strength, thereby enhancing baseline
strength levels (the ability to generate greater force) (Whitehead
et al., 2018). In contrast, PT is more effective in power gains and
rapid strength improvements, optimizing the conversion of baseline
strength into athletic performance (completing movements more
quickly) (McKinlay et al., 2018; Chaouachi et al., 2014).
Improvements in jumping performance with PT may be
attributed to various adaptive mechanisms, such as enhanced
motor unit recruitment, greater inter-muscular coordination,

heightened neural drive to agonist muscles, and enhanced
utilization of the SSC” (Ramirez-Campillo et al., 2022).
Additionally, other factors such as the transformation to type II
muscle fibers, increased muscle contraction amplitude, and changes
in muscle pennation angle may also contribute (Markovic and
Mikulic, 2010). These adaptations help athletes more fully utilize
muscle strength in actual gameplay, thereby improving
jumping ability.

4.1.3 The effect of PT on linear sprinting ability
Superior linear sprinting ability is instrumental in enabling

basketball athletes to rapidly initiate offense and defense,
significantly enhancing their efficiency (Wen et al., 2018). This
study found that PT can enhance the linear sprinting ability of
youth basketball players, which is consistent with the results of a
previous meta-analysis on soccer players (Pardos-Mainer et al.,
2021; Ramirez-Campillo et al., 2020). Firstly, PT can increase the
level of neuromuscular activation in the trained muscles, as
evidenced by the higher recruitment of motor units—primarily
type II fibers—and enhanced synchronization levels (Häkkukinen
et al., 1985).

These changes are conducive to the enhancement of maximal
muscle strength, allowing athletes to achieve greater acceleration in
the early phases of sprinting, and maintain higher speeds and longer
stride length throughout the sprint (Morin et al., 2012; Bishop and
Girard, 2013). Secondly, PT can induce changes in neuromechanical
adaptability in the lower limb muscles and tendons, manifested as
increased neural activation of the agonist muscles and enhanced
elasticity of muscles and tendons (Markovic and Mikulic, 2010;
Radnor et al., 2018). These changes are beneficial for enhancing the
efficacy of the SSC, thereby enabling the concentric phase to
generate greater force and improve sprint performance. It is
important to note the strong correlation between jumping ability
and linear sprinting ability, with horizontal jumping being
particularly crucial during the acceleration phase of a sprint
(≤10 m) and vertical ground forces becoming more prominent as
speed increases beyond this point (>10 m) (Morin et al., 2012;
Ramirez-Campillo et al., 2015). Therefore, incorporating both
horizontal and vertical jumps in PT may be an appropriate
strategy for improving sprint performance in basketball players.

4.1.4 The effect of PT on COD speed
Enhancing COD speed allows athletes to change direction and

modify actions to outmaneuver opponents rapidly. This study found
that PT can increase COD speed in youth basketball players,
consistent with the results of previous meta-analyses of
childhood adolescents (Asadi et al., 2015) and female soccer
players (Pardos-Mainer et al., 2021). COD speed involves braking
with eccentric muscle contractions followed by concentric
contractions to provide propulsion (Castillo-Rodriguez et al.,
2012). This requires applying a significant amount of force to the
ground within a short time frame. According to COD speed tests,
maximum force production takes approximately 0.44–0.72 s
(DeWeese and Nimphius, 2016), indicating that exercises aimed
at improving COD speed should focus on exerting maximum force
within this time frame. Reaction intensity is a subcategory affecting
COD speed (Young et al., 2002), referring to the ability to transition
as quickly as possible from eccentric to concentric muscle actions in
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the SSC, as seen in CMJ, DJ, and COD speed. PT aims to apply a
large amount of force in a short time, targeting increased power
output, which is determined by the force and speed involved in SSC
(Potach and Chu, 2016). The similarity between COD speed actions
and SSC suggests that PT can enhance COD speed (Asadi et al.,
2015; Pardos-Mainer et al., 2021). Furthermore, PT improves
neuromuscular coordination and proprioceptive function,
enhancing the interaction of major muscle groups during
movement, including the improved capabilities of active lower
limb muscles, synergists, and antagonists in eccentric braking
and rapid eccentric-concentric transitions, which leads to better
muscle coordination, improved movement continuity, and
enhanced force transmission, ultimately improving COD speed
(Sheppard and Young, 2006; Young and Farrow, 2006; Young
et al., 2015).

4.1.5 The effect of PT on balance ability
Good balance enhances body stability in basketball players and

reduces the risk of lower limb injuries (Ramirez-Campillo et al.,
2022). Our study finds that PT improves balance in youth basketball
players, which is consistent with the results of a previous meta-
analysis of all-age basketball (Ramirez-Campillo et al., 2022). PT is a
dynamic training method involving rapid SSC and vertical and
horizontal shifts in the center of gravity (Komi and Bosco, 1978).
This training improves proprioceptive function and enhances the
athlete’s ability to control their center of gravity (Asadi et al., 2015).
Additionally, PT significantly improves neuromuscular control by
promoting anticipatory postural adjustments (Gantchev and
Dimitrova, 1996). Previous research indicates that anticipatory
postural adjustments primarily involve peripheral joints. In jump
training, repeated exposure to challenges in balance and stability
encourages the body to make active or feedforward adjustments,
preparing the muscles before landing (Marigold and Patla, 2002;
Paillard et al., 2005). PT can also enhance the sensitivity of afferent
feedback pathways (Borghuis et al., 2008).

Moreover, anticipatory or feedforward adjustments contribute
to injury prevention (Chimera et al., 2004), which is crucial for
basketball players. Compared to other sports, basketball players have
the highest incidence of ACL injuries (RR = 4.14), with seasonal risks
of 1.03% for girls and 0.25% for boys (Bram et al., 2021). Previous
studies have indicated that PT can reduce the incidence of ACL
injuries in athletes (Markovic and Mikulic, 2010; Wilkerson et al.,
2004). Although this study did not directly measure these outcomes,
it suggests that PT not only enhances the athletic performance of
adolescent basketball players but also plays a critical role in injury
prevention and extending athletic careers.

4.1.6 Subgroup analysis of athletic performance
To further explore the effects of PT on various aspects of athletic

performance, a subgroup analysis was conducted. The results
indicate that PT enhances vertical jump, sprinting ability over
5–10 m and 20–30 m, velocity-oriented and force-oriented COD
speed, and dynamic balance in youth basketball players. However,
there were no significant improvements in horizontal jumping and
static balance.

These findings align with the principle of training specificity,
which supports using vertical and horizontal jumps to better
improve performance in vertical and horizontal directional tasks

(Randell et al., 2010). A meta-analysis by Moran et al. (2021) also
shows that horizontal PT significantly improves horizontal jump
performance compared to vertical PT (ES: 0.65), while having
similar effects on vertical jumps as vertical PT. Therefore,
horizontal PT may be a more effective method for improving
multi-directional movement performance. In basketball, where
vertical jumping is predominant, this is a notable difference from
sports like sprinting and long jumping. Most studies included in this
research employed vertical PT, which may have contributed to the
lack of significant improvement in horizontal jump tests. Based on
these results, it seems logical to recommend that coaches
incorporate a higher proportion of horizontal PT into their
training programs, as horizontal movement performance is also
crucial for basketball players (Moran et al., 2021).

Regarding static balance, our results are inconsistent with
previous studies, as a meta-analysis on healthy populations
indicated that PT significantly improved both dynamic and static
balance (Ramachandran et al., 2021). However, only one study in the
static balance subgroup, conducted by Meszler and Váczi (2019),
employed a 7-week training program. This program included daily
weekday training sessions and one to two basketball games on
weekends, potentially limiting athletes’ recovery time from
fatigue. Fatigue comprises central and peripheral components
(McKenna and Hargreaves, 2008), and is characterized by
reduced muscle activation, decreased motor neuron firing
frequency and synchronization, diminished motor cortex drive,
decreased muscle fiber contraction strength, and altered muscle
action potential transmission mechanisms (Tornero-Aguilera et al.,
2022; Zając et al., 2015). Due to the limited number of studies that
have tested balance abilities (n = 4), however, these findings should
be approached with caution, and the effectiveness of PT on static
balance in youth basketball players requires further investigation
with more studies.

4.2 Effects of plyometric training on
different subjects

The study demonstrates that PT can enhance specific aspects of
athletic performance in youth. However, as a unique demographic,
youthmay exhibit varying responses to PT due to differences in their
physical and psychological developmental stages. Consequently, this
study stratified the subjects by age and gender to elucidate the
performance changes across different age groups and genders
following PT. This stratification aims to provide a theoretical
foundation for developing more personalized training programs
by identifying the critical periods of growth and development
in youth.

4.2.1 Age
In this study, subjects were divided into three age groups:

5–10.99 years, 11–14.99 years, and 15–17.99 years. Due to the
concentration of balance ability in the 15 to 17.99 age group,
only jump, linear sprint, and COD speed were analyzed in the
subgroups. The results indicated that only basketball players aged
11 to 14.99 showed significant improvements in jump, linear sprint,
and COD speed, with effect sizes reaching medium to large levels
(ES: 0.94, 0.90, 0.62, respectively). For jump and linear sprint, the
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effect size was greatest in the 15 to 17.99 age group compared to
other ages, while in COD speed, the 5 to 10.99 age group showed a
greater improvement than the 11 to 14.99 age group
(ES: 0.95 vs 0.62).

According to the YPD model Lloyd and Oliver, 2012, ages 12 to
16 for males and 11 to 15 for females represent critical periods for
athlete development, during which agility, speed, power, strength,
and endurance are highly sensitive to training. During this time,
testosterone and growth hormone levels increase rapidly (Fragala
et al., 2011; Malina et al., 2004), promoting muscle and strength
development (Boisseau and Delamarche, 2000; Granacher et al.,
2011). Consequently, athletes in this age range can better leverage
these physiological changes to significantly enhance their jump,
linear sprint, and COD speed. In terms of COD speed, the 5 to
10.99 age group had a higher effect size than the 11 to 14.99 age
group (ES: 0.95 vs 0.62). Pre-puberty is a time frame where children
undergo neuro-coordination and central nervous systemmaturation
(Myer et al., 2013; Sowell et al., 2004), with brain maturity peaking
between 6 to 8 years and 10–12 years. It can be posited that the high
neural demands of PT provide a stimulus that aligns with the natural
adaptive responses from growth and maturation in pre-peak Height
Velocity (Lloyd and Oliver, 2012), consistent with the YPD model
Lloyd and Oliver, 2012. These findings may reflect a process of
“synergistic adaptation” which denotes a symbiotic relationship
between specific adaptations to imposed training demands and
concurrent growth and maturity-related adaptations. This
synergistic relationship likely leads to amplified training
responses related to age. Additionally, Previous research on the
peak improvement window for sprinting ability in adolescent soccer
players suggests that this window may occur at 13.8 ± 0.8 years of
age, though some adolescents achieve their peak speed improvement
before this window begins (Philippaerts et al., 2006). these findings
underscore the necessity of age-specific PT while also considering
the individual growth and development characteristics of athletes to
fully capitalize on the physiological advantages inherent in each age
group, thereby achieving optimal enhancements in athletic
performance.

4.2.2 Sex
This study found that youth exhibit gender-based differences in

their adaptability to PT. The results indicate that PT enhances
jumping ability in both male and female youth, with additional
improvements in speed and COD speed for males and balance for
females. This contrasts with previous studies, which found no
gender differences in training adaptability for adults in aspects
such as sprinting, COD speed (Ramírez-Campillo et al., 2016)
and balance (Ramachandran et al., 2021). However, during the
period of rapid growth and development, youth exhibit
physiological gender differences that distinguish them from
adults. Prior to puberty, the development rates of strength, speed,
explosive power, endurance, and coordination are similar between
boys and girls (Beunen andMalina, 2008). After the onset of puberty
growth spurts, almost all physical attributes exhibit significant
maturity differences, with males generally showing greater
improvements in most physical qualities except flexibility (Malina
et al., 2004; Beunen and Malina, 2008). Typically, girls experience
their puberty growth spurt approximately 2 years earlier than boys
(around age 10 for girls and age 12 for boys) (Beunen and Malina,

2008), but boys’ growth spurts are more pronounced (Beunen and
Malina, 1988). The YPD model also suggests differences in the
adaptive periods for physical attributes between males and females
Lloyd and Oliver, 2012. These differences could lead to gender-based
variations in PT adaptability during puberty. However, due to the
limited number of studies included in this analysis, further
subdivision by gender within each age group was not possible.
Additionally, the included studies had an unbalanced gender
ratio, with females comprising only 25.04% of the sample. This
imbalance might explain why females, despite having a similar effect
size to males in COD speed (ES: 0.48 vs 0.74), did not achieve
statistical significance, likely due to the significantly smaller sample
size for females (n = 60) compared to males (n = 161). Similarly, for
balance tests, only one study with male participants (n = 20) was
included, producing a moderate effect size (ES: 0.55) but no
significant difference compared to the active control
group. Therefore, these results should be interpreted with
caution. Future research with more balanced and extensive data
is necessary to validate the differences in PT impacts between male
and female youth.

4.3 The impact of different training
protocols on PT

This meta-analysis compared the changes in various athletic
performances observed in the included studies. Differences in
participant characteristics may help explain the optimal training
age for youth. Similarly, variations in PT training protocols (such as
training weeks, weekly frequency, PT sessions per week, and PT
types) could also contribute to the differing degrees of performance
improvement reported across studies. To analyze this possibility, the
impact of potential moderating variables was explored. Investigating
the differences in training protocols between studies aims to provide
a theoretical basis for the development of future PT
training programs.

4.3.1 Training duration
The studies included in this meta-analysis were categorized

based on the duration of PT training: 6–8 weeks and >8 weeks.
As the studies focusing on balance abilities had amaximum duration
of 8 weeks, the effects of interventions lasting more than 8 weeks
could not be examined for balance. Subgroup analysis revealed that
PT training for 6–8 weeks could improve jump, sprint, and COD
speed in youth basketball players, with moderate effect sizes (ES:
0.60, 0.52, 0.65, respectively). However, training periods longer than
8 weeks resulted in more significant improvements, with large effect
sizes (ES: 0.81, 0.85, 0.92, respectively). This suggests that while
6–8 weeks of PT training is sufficient to enhance these abilities,
extending the training duration can yield greater benefits. Therefore,
PT could be effectively integrated into long-term basketball training
programs for youth.

4.3.2 Training frequency
Subgroup analysis based on intervention frequency found that

PT training >2 times per week significantly improved jump ability
but did not significantly enhance speed, COD speed, and balance. In
contrast, training ≤2 times per week significantly improved jump,

Frontiers in Physiology frontiersin.org17

Zhou et al. 10.3389/fphys.2024.1427291

160

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1427291


speed, COD speed, and balance abilities in youth basketball players,
with moderate to large effect sizes (ES: 0.76, 0.59, 0.68, 1.99,
respectively). This indicates that lower-frequency PT training can
provide greater benefits, aligning with previous meta-analysis results
in soccer (Pardos-Mainer et al., 2021; Ramirez-Campillo et al., 2020;
de Villarreal et al., 2009).

Training frequency should be considered in terms of recovery
and efficiency. Although the mechanisms underlying the
effectiveness of lower frequency PT training are not entirely
clear, it may be related to athlete recovery and adaptation. PT
places high demands on the neuromuscular system and is a high-
intensity training modality. PT can lead to acute fatigue of SSC
functions, and the fatigue-recovery process often exhibits a bimodal
trend, with a short recovery phase followed by a performance decline
lasting 2–3 days (Miller et al., 2002). In the included studies, athletes
also engaged in regular basketball training and competitions. If PT
training exceeds three times per week, athletes may not have
sufficient recovery time, hindering optimal recovery and
adaptation (Peake, 2019). In terms of efficiency, Javier et al.
(2017) explored the effects of 1–2 PT sessions per week on the
performance of 24–years–old male futsal players, finding that
weekly PT sessions resulted in better performance improvements
than bi-weekly sessions. This suggests the efficacy of lower-
frequency PT training. From a practical perspective, lower PT
training frequencies allow athletes to allocate more time to other
critical aspects of their preparation (e.g., shooting and tactical
coordination) (Bouguezzi et al., 2020). This finding suggests that
coaches need not prioritize excessively high training frequencies
when designing training programs.

4.3.3 Weekly training volume
The results of this study indicate that for youth basketball

players, only PT involving >150 jumps per week can significantly
enhance linear sprint and COD speed. Previous meta-analyses on
the effects of PT on a broader age range (including both adults and
adolescents) have shown that training sessions with >80 jumps per
session, conducted 3–4 times per week (>240–320 jumps per week)
over a period of 6–8 weeks, and totaling >18 sessions may be most
effective in improving sprint performance (de Villarreal et al., 2012).
Another similar meta-analysis suggested that training
lasting >10 weeks, with >20 sessions and >50 high-intensity
jumps per session (>100 jumps per week), seems to maximally
enhance overall athletic performance (de Villarreal et al., 2009).
These findings suggest that there may be a dose-response threshold
for the effectiveness of PT.

However, specific interventions in this study revealed that the
number of weekly training sessions was not always consistent. For
example, some studies reported an average of >150 jumps per week
(averaging 187, 181, 199, and 378 jumps per week) over 6–8 weeks,
employing a progressive training structure with bi-weekly
increments in training volume (Sidki Adigüzel and Günay, 2016;
Bouteraa et al., 2020; Cigerci and Genc, 2020). Other studies
combined “progressive training” with “constant training,”
maintaining a gradual increase in jumps per week for the first
8 weeks and then keeping the same number of jumps in weeks
9 and 10 (Latorre-Román et al., 2017). Some employed a
combination of “progressive training” and “regressive training,”
with a gradual increase in jumps per week for the first 6 weeks,

followed by a reduction to the week 1 level in the last week
(Hernández et al., 2018). Additionally, some studies combined
“constant load” with “regressive training” (averaging 166 jumps
per week) (Santos and Janeira, 2008) or used “non-linear
periodization” (averaging 166 jumps per week) (Santos and
Janeira, 2011).

Furthermore, the different intensity levels resulting from various
jumping exercises in PT, such as unilateral and bilateral jumps with
body weight as the load, depth jumps (at different heights), CMJ,
and alternating leg jumps, can also influence the dose-response
effect on performance (Andrade et al., 2020). This suggests that,
although this study established the beneficial effect of weekly PT
jump counts on the sprinting ability of youth basketball players, the
precise dose-response relationship between specific jump counts
and sprinting ability requires further investigation in future studies.
In conclusion, although the dose-response relationship is not clearly
defined, there is a strong positive correlation between total jump
counts and athletic performance in sprinting and COD speed.

4.3.4 Types of PT
Based on the number of PT types utilized in the training

program, PT was divided into single-type PT and mixed-type PT.
The results indicated that single-type PT could only enhance the
jumping ability of adolescent basketball players, whereas mixed-type
PT could simultaneously improve jumping, linear sprinting, and
COD speed, with medium effect sizes. Moreover, the improvements
in jumping, linear sprinting, and COD speed were superior to those
achieved by single-type PT (ES: 0.74 vs 0.45; 0.70 vs 0.28; 0.72 vs
0.56). The analysis suggests that mixed-type PT includes various
types of PT training, such as lateral jumps, box jumps, and single-leg
hurdle hops. Different types of jumps can induce specific
neuromuscular adaptations (Lloyd et al., 2016; Ramírez-Campillo
et al., 2015). For instance, CMJ is advantageous for developing
agility, while DJ is more effective for increasing vertical jump height
(Thomas et al., 2009). Horizontal PT tends to enhance short-
distance (≤10 m) acceleration, whereas vertical PT is inclined to
improve longer-distance (10–20 m) top speed (Loturco et al., 2015;
Ramírez-Campillo et al., 2015). Unilateral PT can rapidly increase
an athlete’s strength qualities, while bilateral PT offers longer-lasting
performance gains (Makaruk et al., 2011). Compared to the
relatively fixed exercises and stimuli of single-type PT, mixed-
type PT can bring about more comprehensive improvements in
athletic abilities. This suggests that coaches should incorporate
various PT types into training programs to more effectively
enhance the athletic performance of adolescent basketball players.

5 Limitations of the study

This research has certain limitations that should be
acknowledged. 1) The quality of evidence assessed using the
GRADE system was low to very low. This downgrading was
primarily due to the lack of blinding in the studies, high
heterogeneity in some research, and insufficient sample sizes; 2)
Some subgroup analyses were based on only one or two studies, so
the results from these subgroups should be interpreted with caution;
3) The included studies utilized various measurement tools, which
may differ in their validity and reliability, potentially affecting the
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consistency of the results; 4) Due to limitations in the data available
from the literature, not all relevant outcome measures of athletic
performance could be comprehensively included. Consequently, the
impact of PT on a broader range of sports performance outcomes
(such as endurance, scoring ability, shooting accuracy, etc.) requires
further investigation.

6 Conclusions and recommendations

1) PT can enhance the jump ability, straight sprinting ability,
COD speed, and balance in youth basketball players, but it does not
appear to improve lower limb strength. 2) Regarding the effect of PT
on different aspects of athletic performance, enhancements were
found for vertical jump, 5–10 m, 20–30 m sprinting ability, velocity-
oriented and force-oriented COD speed, and dynamic balance
ability of youth basketball players. 3) When analyzing different
participant subgroups, basketball players aged 5 to 10.99 and
11–14.99 years appeared to improve their jump, sprinting ability,
and COD speed through PT training, whereas no improvements in
sprinting ability and COD speed were found for players aged 15 to
17.99. Male and female youth basketball players could improve their
jumping through PT. In contrast, straight-line sprinting ability and
COD speed were significantly improved only by male youth
basketball players, and balance ability was significantly improved
only by female youth basketball players. 4) In terms of different
training schemes, >2 times/week, ≤150 times/week and single-type
PT only improved the jumping ability, while 1–2 times/
week, >150 jumps/week, and mixed-type PT can significantly
enhance jump ability, COD speed, straight sprinting ability, and
balance, providing the most comprehensive improvement.

In conclusion, to enhance athletic performance in youth
basketball players, coaches should not only consider the
characteristics of the training program but also take into account
the dynamic physiological changes during adolescence. Tailoring
training programs to the age and gender characteristics of youth,
capturing critical growth periods, integrating low-frequency, high-
volume, and mixed-type PT into their daily training, and regularly
assessing its effectiveness are essential. Furthermore, as no studies
have yet reported injury events related to PT, future researchers are
encouraged to document not only the benefits but also any pain or
adverse reactions associated with PT to fully understand its effects
and risks, ensuring a safer and more effective training regimen
for athletes.
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Objective: To investigate the influence of physical and mental fatigue of different
intensities (mild, moderate or severe) on basketball shooting accuracy, with the
aim of informing more effective training protocols and competition strategies.

Methods: Literature searches were conducted on Web of Science, PubMed, and
EBSCO databases up to 25 June 2024. Inclusion and exclusion criteria were
specified, and data extraction sheets were prepared. Study quality was assessed
by using the Cochrane Risk of Bias Tool in Review Manager 5.4, and
Stata18.0 software was used for heterogeneity analysis, subgroup analysis,
forest plots, stratification analysis, and bias assessment.

Results: Moderate physical fatigue affected two-point shooting accuracy (P <
0.01),severe physical fatigue affected both two-point (P = 0.02) and three-point
shooting accuracy (p < 0.01),with severe physical fatigue showing a greater
detrimental impact on three-point shooting accuracy, while two-point
shooting accuracy may vary under specific conditions. Additionally, adolescent
athletes were less affected by severe physical fatigue compared to adult athletes
or those with longer training experience. Moderate mental fatigue also
significantly reduced free-throw accuracy (p < 0.01).

Conclusion: The shooting accuracy of basketball players was significantly
affected by moderate and severe physical fatigue. Severe physical fatigue
notably adversely affected the accuracy of three-point shooting relative to
moderate fatigue; Additionally, moderate mental fatigue significantly reduced
free-throw accuracy, which may be attributed to a decline in cognitive executive
functions, highlighting the importance of fatigue management in sports training.
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1 Introduction

Shooting is known as a critical and frequently used skill in
basketball, which directly influences the outcome of a game. Player
scoring primarily relies on jump shots, layups, and free throws, with
mid- to long-range jump shots and free throws accounting for a
significant proportion of points (Wang and Zheng, 2022). These are
the primary scoring methods and have a crucial impact on the
game results.

Basketball is a high-intensity intermittent team sport characterized
by frequent sprinting, sliding, and jumping (Qarouach et al., 2024;
Stojanović et al., 2018). During high-intensity basketball games,
athletes exercise at high intensities for approximately 15% of the
game time with an average heart rate of 169 ± 9 beats per minute,
nearing 90% of the maximum heart rate (García et al., 2020; Puente
et al., 2017; Scanlan et al., 2011; Vázquez-Guerrero et al., 2019). The
heart rate of athletes remains above 85% of the maximum in about
75% of the game time; energy is predominantly supplied by glycolysis,
and blood lactate concentration is 6–7 mmol/L, indicating a linear
increase in heart rate and blood lactate concentrations during intense
games (Mcinnes et al., 1995; Vencúrik, 2016). Consequently,
basketball players inevitably experience physical (Pernigoni et al.,
2024a) and mental fatigue (Cao et al., 2021), and they usually need
to shoot under such situation. Maintaining a high-level shooting
performance during intense games is crucial for victory.

The impact of fatigue on basketball shooting accuracy has been
extensively studied, and it is commonly believed that shooting
accuracy is associated with changes in shooting technique caused
by fatigue. Erčulj and Supej (2009) reported that moderate-to-high
fatigue may lead to alterations in arm and shoulder biomechanics.
However, as indicated by Uygur et al. (2010), there are minimal
changes in biomechanical parameters under progressively
increasing physiological loads. Li et al. (2021) have observed that
female basketball players exhibit increased angular velocities in
lower limb joints and decreased upper limb velocities under
fatigue conditions. Notably, the angular velocities of the right
wrist and elbow joints significantly decrease post-fatigue, which is
considered a critical factor of the reduced final shooting accuracy.
Additionally, mental fatigue can also affect shooting technique.
Accumulating studies have shown that mental fatigue can lead to
reduced concentration, judgment, and reaction speed and thus cause
unstable shooting movement, thereby affecting shooting accuracy
(Alarcón et al., 2017; Faro et al., 2023; Metulini and Le Carre, 2020).

Most existing studies have focused on the impact of physical
fatigue on basketball shooting skills, and less attention is paid to the
role of mental fatigue. Moreover, the effects of fatigue of varying levels
and types on shooting performance remain underexplored. Hence, our
research investigated the effects of different forms and intensities of
fatigue on shooting accuracy in basketball players, aiming to provide
coaches and athletes with actionable and data-driven insights into
adjusting training and gameplay strategies, ultimately enhancing
shooting accuracy, training efficiency, and overall performance.

2 Methods

This study conforms to all PRISMA guidelines (Page et al., 2021)
and reports the required information accordingly (see

Supplementary Checklist, http://links.lww.com/PHM/C247). This
research program has been registered on the PROSPERO System
Evaluation Registration Platform, registration number:
CRD42024539553 (05/05/2024).

2.1 Literature search strategy and
screening process

Literature searching was conducted on the Web of Science,
PubMed, and EBSCO databases, covering all records from the
inception of each database to 25 June 2024. This scoping review
was conducted following the PRISMA guidelines (Page et al., 2021)
Key terms and their synonyms were systematically identified using
the MeSH database by authors with expertise in the investigated
area. These key terms include, but are not limited to “fatigue”,
“physical fatigue”, “mental fatigue”, “localized fatigue”, “fatigue
level”, “degree of fatigue”,“shooting accuracy”, “shooting hit rate”,
“shooting”, “performance”, “shooting percentage”, “shooting
efficiency”, “field goal percentage”, “basketball player”, and
“basketball athlete”. As reported in Supplementary File S1
(“Search strategy”),these terms were used in various
combinations across the databases, utilizing Boolean search
operators (AND, OR).

2.2 Selection criteria

The study’s inclusion criteria were further defined. The PICOS
framework was used to identify the core elements of the research.
The population (P) consisted of professional male basketball players
from national or international leagues. The intervention (I) involved
the scientifically validated methods used to induce either physical
fatigue (such as prolonged physical training) or mental fatigue (such
as high-intensity cognitive tasks), with methods that combine both
physical and mental interventions excluded. In the control group
(C),the condition corresponding to the experimental group’s
fatigued state is defined as the non-fatigue control condition [in
randomized controlled trails (RCTs)]or the non-fatigued,baseline
state (in pre-post experimental designs). The outcome (O) focused
on the shooting accuracy, primarily assessing changes in shooting
performance using detailed statistical analyses. The study design (S)
was limited to randomized controlled trials and prospective cohort
studies to ensure the reliability of causal relationships, and cross-
sectional studies were excluded.

The specific inclusion criteria were: (1) the study population
consisting of basketball players in a healthy condition; (2)
interventions that involved inducing either physical or mental
fatigue; (3) studies utilizing the ratio of goals scored to total
attempts for outcome measures, with the primary outcome being
the shooting accuracy; (4) Randomized Controlled Trials and Pre-
Post experimental designs. (5) study reports published in English.
(6) Based on general guidelines regarding the use of RPE in sports
(Eston, 2012), we decided to categorize fatigue levels as follows:
“mild”, when RPE ≤ 12 (CR-20), or RPE ≤ 4 (CR-10). “Moderate”,
when RPE = 13–16 (CR-20) or RPE = 5–6 (CR-10). “Severe”, when
RPE ≥ 17 (CR-20) or RPE ≥ 7 (CR-10). Additionally, physiological
parameters were also considered when categorizing fatigue levels, as
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TABLE 1 Basic characteristics of the included studies.

Included
studies

Nation Sample
characteristics

Study
design

Fatigue induction Shooting
distance

Scoring
method

Outcome
measure (%)

Alarcón et al.
(2017)

Spanish Male,n = 18,、Age/21 ±
2.5 years
TE/10.2 years

Double arm Moderate mental fatigue
in participants was
induced using the N-back
task.
Fatigue Definition
Methods and Tools: ① A
score between 40 and
60 on the NASA TLX
scale; ② A decline in
accuracy by 5%–15% and
a delay in reaction time of
approximately 10%–30%
on the 2-back task are
considered indicative of
moderate mental fatigue.

FT G/T Ratio FG

Ardigò et al.
(2018)

Italy Male,n = 24,Age/16 et a years
TE/9 ± 2.6 years

Single arm Moderate/heavy physical
fatigue through round-
trip running intensity,
Yo-Yo running 560 and
1600 m
Fatigue Definition
Methods and Tools:
Gradually increasing from
50% to over 85% of
maximum heart rate is
considered indicative of
moderate to severe
physical fatigue.

3 PS G/T Ratio FG

Aydemir and
Cinar (2019)

turkey Male,n = 10,Age/16 ± 0.5 years Single arm Moderate to severe
physical fatigue was
achieved through shuttle
run intensity, with 20 m
acceleration sections and
5m active recovery phases
in the Yo-Yo test.

2 PS
3 PS

G/T Ratio FG

Bahrami et al.
(2020)

Iranian Male,n = 18,Age/22 ± 3.4 years
TE/3 years

Single arm Moderate mental fatigue
was induced in
participants through the
Stroop task and
mathematical
calculations.
Fatigue Definition
Methods and Tools: A
VAS score ranging from
4 to 6 is considered
indicative of mental
fatigue.

3 PS G/T Ratio FG

Brini et al. (2021) Italy Male,n = 16,Age/23 ± 2.8 years
TE/11 ± 3.9 years
Player Positions: The number
of players in each position is
equal.

Single arm Moderate physical fatigue
was induced through ten
30-m shuttle sprints with
recovery training.
Fatigue definition and
measurement tools: ①
Continuous heart rate
monitoring (HR = 135 ±
10 bpm); ②Rating of
Perceived Exertion
(RPE = 14 ± 2)

3 PS G/T Ratio FG

Bourdas et al.
(2024)

Greece Male,n = 38,Age/24 ± 2.7 years
TE/12 ± 2.7 years
Player Positions Include:
Guards, Forwards, and
Centers

Single arm Severe physical fatigue
was induced through
training activities
including standing,
walking, running, and
sprinting.
Fatigue Definition
Methods and Tools: ①

3 PS G/T Ratio FG

(Continued on following page)
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TABLE 1 (Continued) Basic characteristics of the included studies.

Included
studies

Nation Sample
characteristics

Study
design

Fatigue induction Shooting
distance

Scoring
method

Outcome
measure (%)

Perceived Exertion
(RPE ≥ 18); ②
Respiratory Exchange
Ratio (RER ≥ 1.1), ③
Heart Rate ≥ 90% HRmax

Cengizel, et al.
(2023)

Italy Male,n U12 = 35、Age/11 ±
0.6 years; n U14 = 34、Age/
12 ± 0.5 years; n U16 = 20、
Age/14 ± 0.4 years; n U18 = 10,
Age/16. ±0.3 years

Single arm Moderate physical fatigue
was induced using a 20-m
shuttle run with
incremental loads.
Fatigue definition and
measurement tools: The
Rating of Perceived
Exertion (RPE) is used,
with a value of 15 ±
1 indicating the onset of
moderate fatigue.

FT
3 PS

G/T Ratio FG

Englert et al.
(2015)

Germany Male,n = 38,Age/29 ± 4.9 years Double arm Moderate mental fatigue
was induced in
participants by having
them transcribe texts
while consistently
omitting the most
common letters in
German, “e” and “n,” to
challenge their writing
habits.
Fatigue Definition
Methods and Tools: ①
Control Checklist Scale②
Emotional Scale.

FT G/T Ratio FG

Filipas et al. (2021) Italy Male,n = 19,Age/20 ± 3.0 years Single arm Moderate mental fatigue
was induced by having
participants watch a 30-
minute basketball tactics
video until they fully
understood the strategies
and techniques, followed
by answering 12 mediums
to complex questions
related to the video.
Fatigue Definition
Methods and Tools: A
score between 4 and 6 on
the Visual Analogue Scale
(VAS) is used to define
moderate mental fatigue.

FT G/T Ratio FG

Marcolin et al.
(2018)

Italy Male,n(AdultGroup) = 11,Age/
26 ± 6 years
TE ≥ 10 years n(YouthGroup) =
10, Age/18 ± 1.0 years,TE ≥
5 years
Player Positions Include:
guards, forwards, and centers.

Single arm Moderate to severe
physical fatigue was
induced through training
exercises including
running, vertical jumps,
shooting, and sprinting.
Fatigue Definition
Method and Tools: ①
Heart Rate: Above 95% of
maximum heart rate or
between 85% and 95%; ②
Blood Lactate
Concentration: Between
5.75 ± 1.25 and 6.22 ±
1.34 mmol L-1, which is
considered indicative of
severe to extreme physical
fatigue.

2 PS
3 PS

G/T Ratio FG

Pojskic et al.
(2018)

Sweden Male,n = 38.Age/19 ± 2.9 years
TE/7 ± 2.6 years

Single arm Severe physical fatigue
was induced through

G/T Ratio FG

(Continued on following page)
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described in Table 1. The exclusion criteria were: (1) participant
including wheelchair basketball player or members of injury
rehabilitation and other special groups; (2) interventions
including elements other than physical or mental fatigue, such as
strength training, nutritional supplements, and pharmacological
treatment; (3) studies utilizing basketball robots or artificial
intelligence for basketball game measures; (4) studies with
incomplete data for analysis; (5) qualitative research, case reports,
review articles, non-intervention studies, and conference papers; (6)
interventions combining the induction of both physical and mental
fatigue [e.g.,physical-mental dual fatigue induction, where physical
and mental loads are applied simultaneously or sequentially (Chen
et al., 2023)]. ”.

2.3 Data extraction and quality assessment

In this meta-analysis, data were screened and extracted by two
researchers independently; a predefined table was used to
systematically record and encode the information. The extracted
details included: (1) basic literature information such as authors,
nationality, and publication year; (2) participant details including
sample size, age, gender, years of training duration, competition
experience, and level of performance; (3) intervention measures,
encompassing study design, fatigue assessment methods, fatigue
types, induction methods, and fatigue levels; (4) outcome measures,
specifically the ratio of shots-made and shooting accuracy (mean ±
SD); (5) studies that involved multiple shooting distances were

TABLE 1 (Continued) Basic characteristics of the included studies.

Included
studies

Nation Sample
characteristics

Study
design

Fatigue induction Shooting
distance

Scoring
method

Outcome
measure (%)

Player Positions Include: All
perimeter players.

17 min of general warm-
up and basketball
shooting drills.
Fatigue definition and
measurement tools: The
total sprint time refers to
the cumulative time of six
sprints. If the Fatigue
Index (FI) reaches or
exceeds 25%, it is
considered indicative of
severe physical fatigue.

FT
2 PS
3 PS

Padulo et al.
(2018)

Italy Male,n = 22,Age/16 ± 0.9 years
TE/8 ± 3.0 years

Single arm Moderate/heavy physical
fatigue through round-
trip running intensity,
Yo-Yo running 540 and
1620 m
Fatigue Definition
Methods and Tools:
Gradually increasing from
50% to over 85% of
maximum heart rate is
considered indicative of
moderate to severe
physical fatigue.

2 PS G/T Ratio FG

Slawinski et al.
(2018)

French Male,n = 8,Age/16 ± 1.2 years
TE/11.8 ± 3.9 years

Single arm Severe physical fatigue
was induced by a 20-m
run with acceleration/
deceleration, followed by
five consecu tive maximal
vertical jumps.
Fatigue definition and
measurement tools: A
heart rate reaching 85% of
the maximum heart rate is
defined as the onset of
severe physical fatigue.

3 PS G/T Ratio FG

Shaabani et al.
(2020)

America Male,n = 18,Age/28 ± 4.5 years
TE/7 ± 2.3 years

Double arm Moderate mental fatigue
in participants was
induced via the Stroop
task and mathematical
calculations.
Fatigue Definition
Methods and Tools: ;
Depletion Sensitivity
Scale (DSS): A score of
3 indicates moderate
mental fatigue

FT G/T Ratio FG

Note:FG, field goal; G/T, goals to total ratio; FT, free throw,2 PS, two-point shots; 3 PS, three-point shots; TE, training experience.
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considered to contain multiple fatigue interventions; (6) fatigue
categorization, encompassing mild, moderate, and severe levels;
(7) fatigue intervention scheduling including warm-up, relaxation
activities, and main training periods. The literature quality and
potential publication bias were assessed using the Cochrane
Collaboration’s Risk of Bias Tool (Liew et al., 2020), covering
several aspects as follows: (1) random sequence generation; (2)
allocation concealment; (3) blinding of participants and
personnel; (4) blinding of outcome assessment; (5) completeness
of outcome data; (6) selective reporting of results; and (7) other
sources of bias. If a study was assessed as “low risk” across all
domains, it was considered to have a low overall risk of bias. If one to
two domains in a study were judged as “high risk”, or “unclear risk,”
the study was considered to have a moderate overall risk of bias.
Studies with more than two domains judged as “high risk” or
“unclear risk” were considered to have a high overall risk of bias.
These evaluations were performed independently by researchers Li
and Luo, and any disagreements were resolved through discussion
or by consulting a third researcher, Cao.

2.4 Statistical methods

Statistical analyses (including pooling effect sizes, subgroup
analysis, sensitivity analysis, and regression analysis) were
conducted using Stata18.0 software. Outcome measures were
calculated as mean ± SD and the 95% confidence intervals (CI)
were estimated. Statistical significance was determined at p <
0.05 and p < 0.01 (Borenstein et al., 2021). Moreover, the Q test
and I2 test were performed to assess heterogeneity among the included
studies. Homogeneity was assumed when the p-value from the Q test
was > 0.1 and I2 < 50%, and a fixed-effect model was used (Cheung
and Cheung, 2016). When significant heterogeneity was observed, a
random-effects model was employed (Zhang et al., 2019). Hedges’ g
effect sizes were calculated, and classified as small (0.2–0.5), medium
(0.5–0.8), or large (>0.8) (Hedges and Tipton, 2010). For small
samples, the correction factor formula proposed by Hedges and
Tipton, 2010 was applied to reduce estimation bias. In the

presence of significant heterogeneity, further analyses (such as
subgroup analysis, sensitivity analysis, and meta-regression) were
conducted. Publication bias was explored through funnel plots and
Begg and Egger’s tests (Hedges and Tipton, 2010). For studies
numbering fewer than 10, the trim-and-fill method was utilized to
adjust potential publication bias (Sera et al., 2019).

3 Results

3.1 Literature search results

After a comprehensive search across the Web of Science,
PubMed, and EBSCO databases, a total of 128 articles were
identified. An additional eight articles were screened through
manual searching. Next, these records were imported into
EndNote X7, and the duplicates were removed. After that,
113 articles remained. A preliminary screening based on titles
and abstracts resulted in 20 articles. Subsequently, following
further screening through a full-text review, 14 quantitative
studies were finally included in this study for analysis (Figure 1).

3.2 Study characteristics and quality
assessment

A total of 14 studies (3 double-arm and 11 single-arm studies)
were incorporated in this meta-analysis, which pertained to physical
fatigue (n = 9) and mental fatigue (n = 5). Given that some studies
comprised multiple independent experiments, each experiment was
treated as a separate research entity. In total, 388 participants
(173 adolescents and 215 adults) were involved. Methods to
induce physical fatigue included sprint shuttle runs, standing long
jumps, and shooting drills, while methods to induce mental fatigue
involved novel writing tasks, basketball tactical video analysis, and
cognitive fatigue tasks. In all studies, the shooting accuracy was
assessed based on the ratio of successful shots to total attempts
(Table 1). Regarding quality assessment (and based on the criteria

TABLE 2 Stratified analysis of the impact of severe fatigue on shooting accuracy.

Research
variables

Grouping
variables

Number of studies/
Entries

Heterogeneity
test results

Meta-analysis
results

Between-group
differences

Age/Training
years

Q P I2/
%

SMD(95%
CI)

P P

2 PS Adolescent 3/3 15.9 0.00 92.6 1.49 [-0.46, 3.43] 0.13 0.55

Adult 2/2 0.22 0.64 00.0 0.87 [0.46, 1.29] 0.00

≤8 years 2/2 0.99 0.32 0.00 0.71 [0.30, 1.12] 0.00 0.65

>8 years 2/2 0.30 0.59 0.00 0.86 [0.35, 1.36] 0.00

3 PS Adolescent 4/5 26.45 0.00 92.54 0.73 [-0.34, 1.80] 0.18 0.07

Adult 3/6 44.58 0.00 88.45 2.08 [1.07, 3.09] 0.00

≤8 years 2/2 1.28 0.26 21.71 0.65 [0.24, 1.06] 0.00 0.02

>8 years 3/6 30.0 0.00 86.13 2.06 [0.98, 3.13] 0.00

Note: ,2 PS, two-point shots; 3PS, three-point shots,; SMD: standardized mean difference; CI: confidence interval.
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outlined in section 2.3), 11 studies were considered to have amoderate
risk of bias, and three studies were considered to have a high risk of
bias. The specific assessment results are presented in Figure 2.

3.3 Meta-analysis of changes in shooting
accuracy under fatigue conditions in
basketball players

Our screening and selection process identified studies that
induced moderate and severe physical fatigue. However, no
studies addressing mild physical fatigue were found. Regarding
psychological fatigue, only interventions inducing moderate levels
were eligible for inclusion in our meta-analysis. As a result, the

findings presented below pertain exclusively to moderate and severe
physical fatigue, and moderate psychological fatigue.

3.3.1 Meta-analysis of changes in shooting
accuracy under moderate physical fatigue

As shown in Figure 3, a total of five papers, including eight
independent studies, were included for studying the effect of moderate
physical fatigue on shooting accuracy. There were two single-arm
studies and one double-arm study about two-point shots, involving
the high-level (H) and low-level (L) groups with a total of
53 participants. For three-point shots, there were two single-arm
studies and one double-arm study, involving the U18 group (average
age 16.0 ± 0.0 years) and U16 group (average age 14.20 ± 0.4 years),
with a total of 64 participants. Shooting distance was used as a

FIGURE 1
PRISMA flow diagram.

FIGURE 2
Quality assessment results of the included studies.
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subgroup variable, revealing substantial heterogeneity (I2 = 60.66%),
and thus a random-effects model was chosen for meta-analysis.
Overall, moderate physical fatigue significantly reduced shooting
accuracy (SMD = 0.67, 95% CI [0.24, 1.10], p < 0.01). In
individual observations for two-point shots, the players had
significantly higher pre-test scores than post-test scores under
moderate fatigue (SMD = 0.76, 95% CI [0.17, 1.35], p = 0.01).
However, for three-point shots, no significant difference was
observed between the pre-test and post-test scores under moderate
physical fatigue (SMD = 0.67, 95% CI [0.24, 1.10], p = 0.11).
Additionally, there was no significant difference in shooting
accuracy between two-point and three-point shots (p = 0.74).
Although the number of studies was fewer than ten and the use of
Begg and Egger tests was prevented, the trim-and-fill test confirmed
no need for adjustments, ensuring data stability.

3.3.2 Meta-analysis of changes in shooting
accuracy under severe physical fatigue

As indicated by Figure 4, nine articles were included for
examining the impact of severe physical fatigue on shooting
accuracy, including 14 independent studies. For two-point shots,
there were three single-arm studies and one double-arm study,
involving the high (H) and low (L) level groups, with a total of
91 participants. For three-point shots, there were four single-arm
studies, two double-arm studies, and one triple-arm study, covering
505Change-of-Direction and Integrated Reactive Strength and
Agility training, U18 and U16 age groups, and different positions
(forward, center, and guard), with a total of 219 participants.
Shooting distance was used as a subgroup variable, and

significant heterogeneity (I2 = 91.84%) was observed, thus meta-
analysis was performed using a random-effects model. Overall,
severe physical fatigue significantly reduced the accuracy of both
two-point and three-point shots (SMD = 1.39, 95% CI [0.76, 2.01],
p < 0.01). Specifically, the pre-test accuracy of two-point shots was
significantly higher than post-test (SMD = 1.20, 95% CI [0.23, 2.17],
p = 0.02); moreover, the pre-test accuracy of three-point shots was
also remarkably higher than post-test (SMD = 1.47, 95% CI [0.65,
2.29], p < 0.01). Additionally, no significant difference was found in
the accuracy between two-point and three-point shots (p = 0.67).
According to publication bias test results, both Begg’s test (Z = 3.38,
p < 0.01) and Egger’s test (Z = 5.621, p < 0.01) indicated significant
bias, but the trim-and-fill method found no studies requiring
adjustment, confirming the data stability.

Through analyzing how age and years of training influenced the
difference in shooting accuracy for two-point and three-point shots
under severe physical fatigue, we further explored the sources of
heterogeneity (Table 2). For two-point shots (SMD = 1.49, CI [-0.46,
3.43]), there was a trend towards reduced two-point shooting
accuracy, but it was not statistically significant (p = 0.13). In
contrast, data from the adult group showed that severe physical
fatigue significantly reduced two-point shooting accuracy (SMD =
0.87, CI [0.46, 1.29], p < 0.01). In the analysis of training years,
whether ≤8 years or >8 years, severe physical fatigue significantly
reduced the two-point shooting accuracy. Regarding the analysis of
three-point shooting accuracy, it was found that severe physical
fatigue negatively impacted three-point shooting accuracy in both
the youth and adult groups, with the adult group showing a more
pronounced effect (SMD = 2.08, CI [1.07, 3.09], p < 0.01). Similarly,

FIGURE 3
Subgroup meta-analysis forest plot of the impact of moderate physical fatigue on shooting accuracy.
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the analysis of training years showed that athletes with more than
8 years of training experienced a greater negative impact on three-
point shooting accuracy (SMD = 2.06, CI [0.98, 3.13], P < 0.01).

3.3.3 Meta-analysis of changes in shooting
accuracy under moderate mental fatigue

In Figures 4, 5 studies examined the impact of moderate mental
fatigue on shooting accuracy, involving 86 participants.With shooting
distance as a subgroup variable, heterogeneity was calculated at
41.11%, and the Q-test p-value was approximately 0.18 (p > 0.1),
so a fixed-effect model was used in the meta-analysis. The results
indicated that moderate mental fatigue significantly decreased free-
throw accuracy (SMD = 1.20, 95% CI [0.23, 2.17], p < 0.01). Despite
some heterogeneity (I2 = 41.11%), no statistically significant difference
was observed (p = 0.17). Additionally, as the included study numbers
were fewer than 10, Begg’s and Egger’s tests were not conducted.
However, the trim-and-fill test detected no studies requiring
adjustment, suggesting that data robustness is reliable.

4 Discussion

This review investigated the negative statistically significant
relationship between shooting accuracy and both moderate and

severe physical fatigue or moderate mental fatigue. Specifically,
under moderate fatigue, two-point shooting accuracy declines
significantly, whereas three-point shooting accuracy remains
unaffected. Severe physical fatigue adversely affected both three-
point and two-point shooting accuracy. Furthermore, moderate
mental fatigue contributed to a significant reduction in free-
throw accuracy, which underscored the influence of mental
fatigue on shooting performance.

4.1 The impact of physical fatigue on
shooting accuracy

Ben Abdelkrim et al. (2010) have revealed that basketball players
typically spend 8.8%, 5.3%, and 2.1% of their game time on high-
intensity movements, sprinting, and jumping during the games.
These high-intensity activities would negatively affect athletes’ heart
rate, blood lactate (Stojanović et al., 2018), perceptual components
of fatigue and performance (e.g., vertical jumping, sprinting)
(Pernigoni et al., 2024a). Therefore, players are often required to
perform shooting actions in a fatigued state, which may affect their
shooting skills and accuracy (Matthew and Delextrat, 2009).
Accumulating studies have demonstrated that physiological load
indicators such as heart rate, blood lactate, blood/salivary cortisol,

FIGURE 4
Subgroup meta-analysis forest plot of the impact of severe physical fatigue on shooting accuracy.
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inflammatory markers and perceived exertion/fatigue can be
extensively used to evaluate athletes’ fatigue levels during training
and competition (Brini et al., 2021; Erčulj and Supej, 2006; Li et al.,
2021; Pernigoni et al., 2024a; Erčulj and Supej, 2009). Consistently,
Coutts et al. (2007) have suggested that delayed heart rate recovery
and increased blood lactate concentration are biomarkers of
physiological fatigue. Additionally, Micklewright et al. (2017)
have also validated the effectiveness of the RPE scale in assessing
athlete fatigue. Based on the above research on the reasonable
definition of fatigue-related indicators, a graded evaluation of the
fatigue intervention intensity and fatigue level was conducted on the
included basketball players in this study.

Ardigò et al. (2018) have investigated a significant association
between exercise intensity and shooting accuracy. Under severe
fatigue conditions,it appears that high heart rate values (i.e., nearing
maximal exertion) can significantly reduce shooting accuracy (p <
0.01). However, at a low heart rate (HRmax = 50%), no significant
change in shooting accuracy is observed (p = 0.255). It has been
shown that at lower heart rates, increased muscle temperature
facilitates rapid contraction and relaxation of agonist and
antagonist muscles, thereby enhancing muscle power output and
response time, which benefits shooting accuracy (Padulo et al.,
2018). However, this study revealed a significant reduction in
shooting accuracy under moderate fatigue, and two-point
shooting accuracy was more adversely affected than three-point
shooting accuracy. This discrepancy may be attributed to the
variations in experimental protocols. For instance, Marcolin et al.
(2018) have pointed out that both master and rookie players under
moderate fatigue experience a 7% reduction in two-point shooting
accuracy, which recommends integrating high-intensity technical
training into the training program to enhance shooting accuracy
during competition.

According to an in-depth analysis of how severe fatigue affects
shooting movement, fatigue primarily causes deformations in

shooting movement, ultimately affecting shooting accuracy. Li
et al. (2021) have indicated that the change of kinematic
parameters under fatigue may lead to unstable shooting.
Therefore, the reduction in maximal strength and power output
is characterized by decreased upper limb angular velocity and
increased lower limb angular velocity. The reduction in maximal
strength and power output may be critical factors in the deformation
of shooting actions. Enoka and Duchateau (2008) have revealed the
effects of muscle fatigue onmuscle function, as well as the causes and
mechanisms of muscle fatigue. They report that muscle fatigue could
be explained by various mechanisms, and different tasks may lead to
different fatigue mechanisms. The primary mechanism suggests that
muscle fatigue typically develops as a result of a reduction in
maximal strength or power capabilities, suggesting that sub-
maximal contractions can still occur after muscle fatigue sets in
(Miller and Bartlett, 1993). This confirms that the deformation of
shooting actions can be influenced by muscle fatigue. As shooting
distance increases, the shooting angle may become smaller due to
insufficient strength. Concurrently, shooting would require greater
propulsive force to reach the basket, with an increased
corresponding shooting speed (Caseiro et al., 2023; Elliott and
White, 1989; Miller and Bartlett, 1996). Therefore, the reduction
in joint angular velocity caused by upper limb fatigue during the
motion undoubtedly has a great impact on long-distance shooting.
Rupčić et al. (2020) have examined the effects of progressively
increased physiological loads on joint angular velocities and
shooting accuracy during basketball jump shots. The study
primarily focused on fatigue-caused changes in lower and upper
limb joint angular velocities, and the relationship between these
parameters and the shooting duration and accuracy. This review
reported the changing differences in the limb’s angular velocities and
ball release height under increasing fatigue. However, no significant
difference was observed in the kinematic parameters affecting the
shooting duration and angle (Slawinski et al., 2018), but there was a

FIGURE 5
Subgroup meta-analysis forest plot of the impact of moderate mental fatigue on shooting accuracy.
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notable decrease in shooting accuracy (Erčulj and Supej, 2006).
Fatigue-induced reductions in shooting accuracy are linked to the
decrease in shooting height and wrist joint angular velocity (Li et al.,
2024; Li et al., 2021). Furthermore, elbow extension is crucial to be
the most important part of the ball release phase and suggest that
elbow extension is the determining contributor to ball velocity at
release (Miller and Bartlett, 1993).

Existing literature has indicated the complex impact of age on
fatigue. It has been shown that the adaptability of adolescents to
training stimuli may vary due to the differences in their growth
hormone levels, muscle and bone maturity (Gäbler et al., 2018).
Adolescent athletes have a similar endurance level to adults; from a
technical perspective, the shooting movements of adolescent
basketball players gradually stabilize with age, and there are
significant differences in shooting accuracy among different age
groups under fatigue (Cengizel et al., 2023). From the perspective of
muscle fiber composition analysis, children and adolescents have a
lower proportion of type II muscle fibers and a higher proportion of
type I muscle fibers, which makes them more resistant to fatigue
(Oertel, 1988). They primarily rely on aerobic metabolism rather
than anaerobic metabolism during the exercise. Nevertheless, this
study revealed that in repeated-sprint training, the concentrations of
anaerobic metabolic byproducts (such as hydrogen ions and
phosphates) produced by children are lower than adults. High
concentration and slower clearance rate of these metabolic
byproducts make adults more prone to peripheral fatigue, with a
longer fatigue duration (Allen et al., 2008). Additionally, In terms of
metabolism, children and adolescents have a faster rate of
phosphocreatine synthesis, stronger mitochondrial oxidative
capacity, and a higher rate of ATP regeneration after high-
intensity exercise relative to adults (Armstrong, 2018). This study
suggests that the difference in shooting accuracy between adolescent
and adult athletes under high-intensity physical fatigue may be
associated with age. Similarly, athletes with more than 8 years of
training experience are more vulnerable to the effects of severe
fatigue, which has a greater impact on three-point shooting than on
two-point shooting. The cumulative physical and psychological
fatigue from years of competition experience likely contributes to
this phenomenon. As athletes age and accumulate more years of
training, they may require extended recovery periods to maintain
optimal performance levels (Ben Abdelkrim et al., 2007).

Furthermore, when considering gender as a variable, it is evident
that research on the shooting performance of female basketball
players under fatigue is limited. To date, only one study has focused
on elite female basketball players (Li et al., 2021). The study found
that the mid-range jump shot accuracy decreased from 54.1% to
53.3% under fatigue, although the difference was not statistically
significant. This suggests that shooting performance is influenced by
both shooting distance and skill level. Elite female athletes may
counteract the effects of fatigue by making technical adjustments,
thus maintaining shooting efficiency. This result may be limited by
factors such as small sample sizes and inconsistent fatigue
intervention measures. In future research, sample size should be
expanded and the potential impact of factors (such as age, gender,
and athlete level) on fatigue recovery time and technical
performance maintenance should be explored in depth.

Although the specific mechanism of physical fatigue affecting
shooting is not yet clear, from the bio-mechanical perspective, the

shooting motion follows a “proximal-to-distal” sequence involving
coordinated movements of multiple joints and muscles, which is
transmitted through the kinetic chain of the upper and lower limbs
to maintain optimal shooting posture. Fatigue may affect shooting
accuracy by altering certain kinematic characteristics, such as
angular velocity and muscle coordination. As has been evidenced
by Okazaki et al. (2015), after fatigue interventions, athletes mobilize
more lower limb muscles to maintain performance, compensating
for the reduced upper limb strength by passively controlling the
angular velocity of lower limb joints to attempt to stabilize the
shooting action. While this compensatory mechanism may help
alleviate the impact of fatigue on shooting stability, it could also
potentially increase fatigue state, thereby negatively affecting
shooting performance. From the perspective of motor control
theory, long-range shooting requires athletes to precisely adjust
muscle coordination to accommodate the increased shooting
distance (Fan et al., 2024). Fatigue may impair the precision of
neuromuscular control, disrupting the coordinated transfer of force
from the lower limbs to the upper limbs (Cao et al., 2021). As fatigue
sets in, athletes struggle to maintain the muscle coordination
patterns typical of a non-fatigued state, leading to a reduction in
shooting accuracy. Future studies should explore the impact of
fatigue on muscle coordination during shooting in greater depth.

4.2 The impact of mental fatigue on
shooting accuracy

Mental fatigue, also known as cognitive fatigue, is a
psychological state induced by prolonged engagement in high-
demand cognitive tasks. Mental fatigue is primarily manifested as
a decline in cognitive functions (such as attention and memory) and
executive functions involved in working memory, decision-making,
and multitasking (Daub et al., 2024; Smith et al., 2019; Tseng et al.,
2021; Van Cutsem et al., 2017). These authors suggested that
attention is crucial as it involves the allocation of cognitive
resources to either internal or external stimuli (Furley and Wood,
2016). Moreover, the close relationship between work memory,
attention control, and athletic performance has been explored.
The dual-processing theory addresses the function of automatic
processing (Type 1) and controlled processing (Type 2) in motor
performance (Evans, 2003; Evans, 2008). Working memory capacity
(WMC) is a critical variable that can predict individual differences in
controlling attention in a goal-directed manner and avoiding
distractions. Athletes with a high WMC excel at maintaining
optimal performance in situations requiring attention control
(Furley and Wood, 2016).

In this study, mental fatigue interventions lasting 20–40 min
were conducted, and the Visual Analogue Scale (VAS) and the
Stroop task were used to induce moderate mental fatigue (VAS score
of 3–6). As has been evidenced by Filipas et al. (2021), there is a
slight decrease (by 5%) in the shooting accuracy of free throw under
mental fatigue. They have suggested that mental fatigue might lead
to attention dispersion, accompanied by increased difficulty in
maintaining attention and a reduced capacity to ignore irrelevant
information. Kurniawan et al. (2011) found that fatigue impairs
decision-making by reducing the release of dopamine, which affects
the brain’s reward and effort systems. These factors can result in
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shooting errors by affecting dopamine transmission in cognitive
control-related brain areas. Similarly, Englert et al. (2015) have
confirmed that states of self-depletion and distractibility
significantly lower basketball players’ free-throw accuracy. They
confirm the importance of self-control in a high-intensity
environment and address the function of self-control in
maintaining attention and executing perceptual-motor tasks.

Shaabani et al. (2020) have reported the negative effects of
athletes’ reduced ability to regulate attention, control emotions,
and allocate cognitive resources on shooting accuracy and
stability. Similarly, Bahrami et al. (2020) have observed a
significant decrease in three-point shooting accuracy under
mental fatigue. They attribute this result to the temporary
depletion of cognitive abilities induced by mental fatigue, along
with the affected attention maintenance, information processing,
executive functions, and perceptual and emotional states. This
fatigue weakens the athletes’ decision-making capabilities,
technical execution, and tactical judgments. Therefore, to
optimize performance during shooting, the authors suggested
that mentally taxing activities should be avoided as much as
possible before the game. Notably, although the heterogeneity of
the four studies assessing the impact of mental fatigue on free throw
performance was low (I2 ≈ 41%, p > 0.1) in the present review, the
limited number and varying quality of the studies suggest that other
potential discrepancies cannot be ruled out. Therefore, a thorough
assessment is recommended for future research.

5 General remarks and limitations

In conclusion, the level and type of fatigue can significantly
influence shooting accuracy. Specifically, moderate physical and
mental fatigue have a relatively minor impact on shooting
accuracy. Severe physical fatigue can cause a notable decline in
shooting accuracy, particularly three-point shooting accuracy, with
adult athletes being more affected relative to adolescent athletes.
Nevertheless, the results of this study depend on the available
information of the included studies, and the reliability of these
findings may be affected. Future research should expand the sample
size and explore the shooting performance under fatigue across
different genders and athletic skill levels to establish more precise
guidelines for training and coaching.

Some limitations of the present study should be acknowledged:

1) The literature included for the present study was retrieved
from the SCI Core Database. However, there’s publication bias
in some studies. Although the trim-and-fill test indicated a
limited impact of this bias on effect size, conclusions should
still be interpreted with caution.

2) While some studies indicate that shooting accuracy differs
by gender under various fatigue conditions, there is a lack of
research investigating the impact of different levels of
mental fatigue on shooting performance in female
basketball players. Therefore, subsequent studies are
expected to explore gender differences in shooting
accuracy under different fatigues.

3) Most of the included studies were conducted under highly-
controlled experimental conditions. While such conditions

are important for obtaining high-quality data, it is equally
important to conduct research in ecologically valid settings
to enhance the applicability of findings to real-world
scenarios (Pernigoni et al., 2024b). Moreover, the impact
of player position and heart rate variability in elite adult
players on three-point shooting accuracy was not
considered, representing an important direction for
future research.

6 Conclusion

The findings of this study indicate a significant association
between shooting accuracy and different levels and types of fatigue.
The shooting accuracy is significantly declined under severe
physical fatigue, while mildly affected under moderate physical
fatigue. Severe physical fatigue has a greater negative impact on
three-point shooting accuracy than on two-point shooting,where
accuracy may vary under specific conditions. Moreover, moderate
mental fatigue can significantly reduce free-throw accuracy.
Shooting accuracy decisively influences basketball game
outcomes, and both physical and mental fatigue significantly
impair the execution of this skill. In future research, athletes’
fatigue states during training and competition should be
thoroughly assessed to enable coaches to develop training plans
and adjust game rotation strategies based on scientific data. When
adjusting game strategies, coaches should consider increasing
rotation depth by reasonably distributing playing time among
perimeter players to maintain shooting performance throughout
the game. Similarly, optimizing the selection of long-range shots in
the final stages of games could prove beneficial. Coaches may
consider integrating game-simulated shooting drills into training
sessions to enhance athletes’ ability to maintain shooting stability
under fatigue during high-intensity games. Furthermore, future
research should focus on the impact of mental fatigue on athletic
performance and explore effective strategies to mitigate its adverse
effects. It is recommended that training interventions focusing on
dual fatigue should prioritize enhancing athletes’ mental
endurance and cognitive function and achieved by
incorporating psychological recovery strategies to prevent and
mitigate mental fatigue.
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