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Abstract

:

This study investigated the impact of basketball-induced fatigue on 3-point jump shooting accuracy, the ball’s entry angle (EA) into the hoop, shot release time (RT), their relationship with player positions in high-level basketball, and the correlation between cardiorespiratory fitness markers and potential shooting performance changes. Guards (n = 13), forwards (n = 13), and centers (n = 12) underwent physiological assessments. Sequentially, they performed 15 jump shots (PRE), a basketball exercise simulation (BEST) involving 24 × 30 s circuit activities, and a repeated shooting test (POST). The study design was double-blind. The results revealed significant differences (p ≤ 0.05) in RT, EA, and successful shots (SSs) between PRE and POST in each group. The percentage changes from PRE to POST conditions across guards, forwards, and centers were for RT: 25.34% [95%CI: 1.7–48.98], 19.73% [95%CI: −1.9–41.36], 14.95% [95%CI: −5.23–35.13]; for EA: −3.89% [95%CI: −14.82–7.04], −3.13% [95%CI: −12.9–6.64], −3.47% [95%CI: −14.19–7.25]; and for SS: −14.42% [95%CI: −36.5–7.66], −16.76% [95%CI: −40.81–7.29], −19.44% [95%CI: −46.7–7.82], respectively. Post-test differences (p ≤ 0.05) highlighted greater fatigue impact on RT, EA, and SS from guards to centers. Additionally, significant correlations (p ≤ 0.05) were found between the ventilatory threshold, mean HR during BEST, and changes in RT, EA, and SS. This study highlights the substantial impact of basketball-induced fatigue on 3-point shooting parameters across player positions and the interplay with cardiorespiratory factors post-fatigue. Tailored training, considering heart rate, is crucial to optimizing shooting performance.
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1. Introduction


The significance of shooting in basketball cannot be overstated, as winning a game heavily relies on successful shots (SSs) [1]. Among various shooting techniques [2] the jump shot stands out, constituting over 40% of total points in a basketball game [3,4]. The jump shot is a fundamental shooting technique where a player propels themselves off the ground (jumping vertically) while simultaneously releasing the ball (near the peak of the jump to maximize accuracy and distance) toward the hoop in an attempt to score points [5,6]. This type of shot involves a coordinated movement of the legs, torso, and arms to generate power and precision in the shot’s trajectory [5,6]. It is a versatile technique, with variations in release angles, timing, and elevation depending on the shooter’s position and defensive pressure [5,6].



The angle at which a basketball is released is widely regarded as a crucial determinant for the effectiveness of a jump shot [7,8,9]. A higher release angle correlates with a higher trajectory of the basketball, facilitating an increased entry angle (EA) into the hoop [7,8,9]. This heightened EA (closer to perpendicular) optimizes the utilization of the basket’s rim area to enhance the ball’s trajectory through the hoop, necessitating a greater release velocity for successful execution [7,8,9]. However, while the EA is interconnected with the release angle, this relationship is subject to variations dictated by multiple factors, such as the distance between the shooter and the basketball hoop [10], the height of the release, and the potential defensive pressure exerted by an opposing player [4]. In practice, the ideal EA for a successful jump shot typically falls within the range of approximately 42° to 48° [11], with the optimal angle observed around 45° [8,9]. Beyond the EA into the hoop, the ball’s release time (RT) in a jump shot (i.e., the duration from the instance the player receives the ball to the moment it departs from their hand during the shooting action) stands as a critical parameter, influencing the swiftness and efficiency of the shot. Studies have indicated that elite senior Serbian basketball players, categorized as guards, forwards, and centers, exhibit varying total RT for a 3-point jump shot, ranging approximately between 0.76 and 0.83 s, and for a 2-point jump shot, ranging approximately between 1.07 and 1.23 s [12,13]. Therefore, as perceived, these particular kinematic factors, the EA and the RT, have been proposed as primary factors affecting the accuracy of jump shots, particularly as shooting distances from the hoop increase, influencing shooting performance [10].



Contemporary basketball demands a high level of proficiency in technical skills [2,14,15]. From a physiological standpoint, basketball represents an intermittent sport characterized by a mix of high-intensity, short-duration actions (2–5 s) such as jumping, sliding, and sprinting, alongside prolonged (~5–15 s) lower-intensity activities like walking and running [16]. As a consequence (excluding the psychological pressure of the competitive basketball game [17]), the physiological demands on players during a basketball game are substantial, necessitating the utilization of both aerobic and anaerobic energy systems [18,19]. Various studies have indicated that players often exhibit near-maximal values in parameters such as blood lactate (La−) levels, mean heart rates (HRs), and oxygen uptake during competitive games [16,18,20,21]. This proximity to maximal physiological limits suggests a potential impact of fatigue on player physical performance, coordination, and technical skills, potentially leading to a decline in game efficiency [22]. However, only a few studies have delved into the impact of fatigue on shooting accuracy and various kinematic parameters associated with basketball shooting, such as the ball’s flight trajectory, joint angles in the upper and lower extremities, and the center of mass during shooting [23,24,25,26,27,28]. Moreover, the fatigue induction protocols employed in the aforementioned studies lacked significant alignment with the conditions experienced in a competitive basketball game, thereby presenting a potential disparity in the controlled assessment of kinematic parameters. There is also a paucity of research investigating the effects of fatigue on shooting accuracy, EA into the hoop, and jump shot RT in basketball, further contributing to the existing knowledge gap in this domain. Consequently, the effects of basketball-induced fatigue on shooting accuracy, specific shooting kinematics (i.e., EA into the hoop and jump shot RT), and their correlation with player positions in basketball remain predominantly unexplored. On the other hand, athletes with higher levels of cardiorespiratory fitness displayed prolonged resistance to fatigue and demonstrated enhanced accuracy and consistency in free throw shooting under fatigue conditions [29]. Nevertheless, a distinct research gap persists concerning the exploration of how players’ cardiorespiratory fitness correlates with accuracy in jump shooting and associated kinematic parameters under conditions of fatigue.



Jump shots are used for both 2-point and 3-point shots. The EuroLeague records approximately 35–37 attempted 2-point shots per game, encompassing all 2-point shot types such as layups, set shots, and jump shots [17]. However, over recent years a prevailing notion suggests a transformative phase in the NBA—a ‘3-point revolution’—marked by a consistent increase in 3-point jump shot attempts throughout the seasons [30]. Similarly, the EuroLeague witnessed around 22–23 attempted 3-point jump shots per game during the 2019–2021 seasons [17]. Hence, optimizing success rates for 3-point jump shots has emerged as a pivotal factor influencing game outcomes [17,30].



In summary, the significance of 3-point jump shots in contemporary basketball is evident in their impact on game outcomes; the ball’s EA into the hoop and jump shot RT are considered to be the main elements that influence 3-point jump shot performance. However, research to examine the effects of fatigue on 3-point shooting performance is still scarce [31,32,33], particularly among high-level players. Additionally, the investigation of kinematic parameters like EA into the hoop and jump shot RT concerning player positions is notably lacking in the current research landscape. Hence, considering the aforementioned context, this study aimed to explore the effects of fatigue induced by basketball activity on 3-point jump shooting accuracy, entry angle into the hoop, jump shot release time, and their potential associations with player positions in high-level basketball players. Our main hypothesis was centered on the notion that fatigue induced by basketball activities would adversely affect both 3-point jump shooting accuracy and associated kinematic parameters. Furthermore, this study aimed to explore the relationship between cardiorespiratory fitness markers and potential changes in shooting performance.




2. Materials and Methods


2.1. Study Population


In this investigation, we assessed a sample comprising 38 high-level basketball athletes sourced from the top three Greek national basketball leagues. These participants were categorized into three distinct groups based on their designated playing positions: guards (N = 13), forwards (N = 13), and centers (N = 12). Comprehensive anthropometric and physiological profiles for each of these groupings are presented in Table 1. The inclusion criteria for participants necessitated a minimum of six years of active engagement in competitive basketball, an age threshold of 18 years or older, and a consistent commitment to maintaining a specific level of physical activity, defined as no less than a daily dose of moderate-to-vigorous physical activity, equivalent to a minimum of 60 min per day [34].



In contrast, we established exclusion criteria for prospective participants, which involved the exclusion of individuals who had reported musculoskeletal injuries occurring at least six months prior to the commencement of the study, the presence of significant respiratory, cardiovascular, or other severe medical conditions, active medication regimens, a history of smoking or the use of nicotine-related products, or a consistent daily sleep duration of less than 8 h. To assess the participants’ self-reported physical activity levels and overall well-being we employed the Active-Q and PAR-Q+ questionnaires [35,36], respectively. Furthermore, participants provided information on their smoking habits and their perceived sleep adequacy as per the guidelines provided in reference [37]. Ethical approval for the study was granted by the Institutional Review Board at the local university, under protocol number 3447. We obtained written informed consent from all study participants, providing them with comprehensive information about the study’s laboratory and field conditions, the methodologies employed, as well as potential risks involved, all in strict adherence to the latest ethical guidelines outlined in the Helsinki Declaration [38]. A visual representation of the study’s research design is depicted in Figure 1. All participants refrained from the consumption of beverages or medications containing caffeine or alcohol, were in good overall health, reported a sense of well-being, resided at altitudes below 1500 m, and did not engage in blood donation activities during the course of the experimental procedures.




2.2. Initial Assessments


At the commencement of the present study, during the initial visit to the research facility, all enrolled participants received a thorough familiarization with both the laboratory and the court-field facilities. They received a detailed introduction to the specific research methodologies that would be employed in this investigation. Following that, measurements encompassing height (Stadiometer®, Seca, Birmingham, UK), body mass (Beam Balance 710, Seca, Birmingham, UK), and body fat were assessed through specific equations based on seven skinfold measurements (chest, axilla, triceps, subscapula, abdomen, supra-iliac, and thigh) using Harpenden skinfold calipers (Baty International, West Sussex, UK) within the study population [39], along with countermovement jump (CMJ) height, incorporating an arm swing element on a contact platform (EuroJump®, Newtest, Oulu, Finland) were conducted (for additional details, see the online Supplementary Methods File) [40]. Subsequently, a maximal oxygen uptake (    V  ˙   O2max) assessment was performed using a calibrated metabolic cart (Vacumed Mini-CPX, Ventura, CA, USA) during an incremental treadmill exercise test to exhaustion conducted on a Technogym Runrace treadmill (Technogym, Gambettola, Italy). The protocol began with a 1 min run at 7 km·h−1, followed by a 30 s increase to 8 km·h−1. The treadmill speed was subsequently incremented by 0.5 km·h−1 every 30 s until exhaustion, maintaining a 1% incline. The     V  ˙   O2max and maximum heart rate (HRmax) were determined as the peak values observed within 15 s and 5 s, respectively, during the final exercise phase. The criteria for achieving     V  ˙   O2max included meeting at least two of the following: a respiratory exchange ratio surpassing 1.1, HRmax aligning within 10 b·min−1 of the estimated age-based HRmax, a rating of perceived exertion (RPE) of 18 or higher, or a     V  ˙   O2max plateau < 2 mL·kg−1·min−1 with a simultaneous treadmill speed increase [41]. Telemetric heart rate monitoring (Polar RCX5, Polar Electro Oy, Kempele, Finland) and the Borg 6–20 linear scale assessed the subjective rating of perceived exertion [42]. Furthermore, the second ventilatory threshold (VT2) was determined based on the exercise intensity test, where the plot depicting the minute production of CO2 against the minute utilization of oxygen (    V  ˙   O2) exhibits an increase in slope exceeding 1.0 [43,44,45]. The estimation of VT2 was conducted through consensus by two independent blinded specialists, and the averaged determination was retained for subsequent analysis, expressed as a percentage of     V  ˙   O2max.



After a recovery period of approximately 30 min following the     V  ˙   O2max test, participants engaged in a structured familiarization process with the basketball exercise simulation test (BEST) protocol [46], as visually depicted in Figure 2. This familiarization process included participants practicing the BEST at different intensities, culminating in approximately 6–8 circuits performed at maximal intensity, as per established protocol [46]. Next, participants were familiarized with a basketball 3-point shooting test (Figure 3).




2.3. Methodological Protocols


Seven days later, in the second visit, participants were instructed to perform a basketball shooting test (PRE condition), undergo the BEST, and then execute one more basketball shooting test (POST condition), with each set of basketball shooting tests separated by 60 s intervals from the BEST. These activities took place on a standard indoor hardwood basketball court, and participants were specifically instructed to exert maximal effort in accordance with their customary practice methods.



In the two days leading up to both the first and second (laboratory and field) visits, participants adhered to a regimen of avoiding rigorous physical activities. They exclusively engaged in post-game recovery training sessions focused on reinforcing standard game strategies and promoting team cohesion [48,49]. Additionally, participants refrained from using any supplements that might possess ergogenic or synergistic properties, consistent with prior research findings [50,51,52]. Furthermore, on the evening before each experimental session, participants were provided with a standardized dinner [53]. In specific reference to the second visit, participants arrived at the basketball court between 9:00 and 9:30 a.m. following an overnight fasting period. Throughout all experimental sessions, the basketball court was maintained at uniform environmental conditions, featuring an approximate air temperature of 23–25 °C, barometric pressure ranging from 1010 to 1030 mmHg, and a consistent relative humidity level of approximately 50%.



Before initiating any experimental procedures, participants were instructed to empty their bladders. Prior to engaging in any performance-based evaluations, participants completed a standardized 20 min warm-up routine. This warm-up routine consisted of activities such as low-intensity jogging, dynamic full-body stretches, brief intervals of high-intensity running, and, in the second visit, fifty 3-point jump shots. Furthermore, preceding each assessment, all measuring instruments underwent calibration procedures in strict accordance with the manufacturer’s provided specifications.



Participants were intentionally kept unaware of their shooting performance and their results in the BEST. They were also discouraged from discussing the study with others to avoid introducing any expectations, whether positive or negative, until the study’s conclusion. Furthermore, both participants and assisting researchers were blinded to the true objective of the study. The study was carried out during the first phase of the regular season in December, with the presumption that participants had not yet accumulated substantial fatigue from an extensive series of matches.




2.4. Field Basketball Exercise Simulation Test (BEST)


The BEST (Figure 2) comprised a series of 30 s circuit-based activities involving various movement distances (low-intensity activity, constituting 727 m (42% of the total distance), encompassing standing, walking, and jogging; high-intensity activity, accounting for 826 m (48% of the total distance), including running and sprinting; and shuffling activity, representing 172 m (10% of the total distance)), as previously detailed in reference [46]. Participants engaged in these circuits continuously for a total duration of 12 min, aiming to complete a maximum of 24 circuits within the designated timeframe. In cases where participants were unable to complete a circuit within the 30 s interval, no rest was allowed, and they were immediately required to initiate the subsequent circuit. Consequently, participants in such instances did not attain the target number of 24 circuits during testing unless they successfully restored the standard circuit timing.



The recording of circuit and sprint times (CT, ST) was meticulously conducted using infrared photoelectric cells positioned at a height of 1.1 m. These cells were seamlessly integrated into a timing system (Saint Wien Digital Timer Press H5K, Lu-Chou City, Taipei Hsien, Taiwan). Next, for assessing the fatigue index during the BEST [54], CT and ST decreases were evaluated as the cumulative percentage decline in circuit and sprint performance by analyzing the mean times gathered across each pair of circuit efforts. The decreases in the CT and ST were determined using the formula [((total time/ideal time) × 100) − 100], where the ideal time represented the fastest circuit and sprint interval, respectively [54]. Furthermore, to monitor HR data during the BEST we employed telemetric technology (Polar RCX5, Polar Electro Oy, Kempele, Finland), which collected HR measurements at 5 s intervals throughout the entire duration of the BEST. This facilitated the calculation of the average HR during the BEST.



Our decision to employ the BEST as a basketball simulation physical performance test is underpinned by its alignment with the distances typically observed in competitive adult male basketball at elite and sub-elite levels, as detailed in reference [55]. In these competitive settings, the distribution of distances covered closely parallels the parameters of our chosen test, with low-intensity activity typically accounting for approximately 40–44% of the total distance, high-intensity activity representing approximately 47–51%, and shuffling activity constituting roughly 3–4% of the total distance. Additionally, it is worth noting that the BEST exhibits favorable attributes as a reliable and valid test specific to basketball [46]. This is evident in its substantial test–retest reliability, with robust intra-class correlation coefficients (ranging from 0.98 to 0.99) and coefficients of variation (ranging from 1.4% to 1.7%) for mean circuit and sprint times [46]. These findings underscore its suitability for assessing both anaerobic and aerobic fitness components pertinent to basketball performance.




2.5. Basketball Shooting Test and Kinematic Parameter Measurements


The participants, positioned in the offensive/triple-threat stance (with flexed ankle, knee, and hip joints; maintaining direct eye contact with the basketball hoop; standing with both feet positioned on the ground at shoulder width), performed a sequence of three consecutive 3-point jump shots from five distinct field positions (left corner, left wing, top, right wing, and right corner, 15 shots in total) with no defense pressure (Figure 3). Each participant was instructed to shoot as he would in a competitive game, directly through the hoop, and had a time limit of 90 s to complete the set of 15 shots. To facilitate this, we employed smart sensor basketballs (94Fifty Basketball, InfoMotion Sports Technologies Inc., Dublin, OH, USA) and an apparatus (Dr. Dish CT+, Airborne Athletics, Inc., Minneapolis, MN, USA) for collecting and passing the balls at the player’s chest level at the same intensity in predefined time intervals. The passing apparatus facilitated the documentation of SSs, allowing the capture of shooting accuracy and the subsequent calculation of shooting success rate (SSR) for later analytical purposes. The “smart” basketballs were designed to meet regulation size and weight standards and were equipped with nine individual pressure sensors, a Bluetooth chip, and an eight-hour wirelessly rechargeable battery. The strategically positioned sensors on the basketballs offered a comprehensive 360-degree assessment of the forces applied to the ball, enabling meticulous monitoring of all aspects of ball contact. The basketballs were wirelessly linked to the 94Fifty app, which offered real-time feedback based on data collected by the basketball’s sensors. This feedback encompassed parameters such as the ball’s EA and RT, with data transmission occurring within less than 100 milliseconds and extending over a range of up to 30 m. Previous studies have also substantiated the reliability and validity (α = 0.998) of these kinematic parameters concerning video analysis, underscoring their accuracy and consistency [56,57].




2.6. Other Measurements (Blood Lactate Concentration, Subjective Rating of Perceived Exertion, and Perceived Level of Muscle Soreness)


Fifteen minutes after the end of the BEST (and the execution of the basketball shooting test in the POST condition), various measurements were also conducted. Blood samples were obtained from the participants’ left fingertips, yielding 7 μL of capillary blood, and afterwards subjected to analysis (StatStrip® Xpress™ Lactate Analyzer, Nova Biomedical, Waltham, MA, USA) to determine blood La− levels [58]. Each blood sample underwent dual measurements, and the resulting values were averaged for subsequent statistical analysis. The manufacturer’s internal studies provided coefficients of variation for typical imprecision, covering both within-run and day-to-day variability (ranging from 3.4% to 5.9% for lactate values between 2.6 and 10.5 mmol·L−1) [59].



The evaluation of the subjective rating of perceived exertion (RPE) was conducted using the 6–20 Borg scale [33]. RPE, as a subjective measure, was employed to gauge the perceived level of overall muscular effort and the presence of fatigue. Furthermore, following the completion of three squat positions, each participant underwent a 3 s palpation, after which they were required to fill out a questionnaire to evaluate perceived muscle soreness. This questionnaire entailed participants rating the level of overall muscle soreness (RPMS) in specific leg muscles (i.e., knee extensor and flexor) for both legs. Participants provided ratings on a scale that ranged from 0 (indicating the absence of soreness) to 10 (indicating a high level of soreness) [60]. The mean levels of blood La−, RPE, and RPMS following the completion of the BEST, as well as the mean HR as a percentage of the maximum HR, CT, and ST decreases observed during the BEST, were utilized to assess the comparability of participant efforts and conditions across all groups before the execution of the basketball shooting test in the POST condition.




2.7. Statistical Analyses


The data met the assumptions of normality and homogeneity of variances, as indicated by Shapiro–Wilk tests (p > 0.05) and Levene’s tests (p > 0.05). To compare participants’ characteristic variables, the mean HR, CT, and ST decreases during the BEST, as well as variables related to La−, RPE, and RPMS after the BEST and before the basketball shooting test, among the different player groups (i.e., guards, forwards, and centers), one-way analysis of variance (ANOVA) for independent groups was applied. To compare the mean RT, EA, SS, and SSR variables within the same player groups (i.e., guards, forwards, and centers) and overall under the two conditions (i.e., PRE and POST), paired t-tests were performed [61]. One-way ANCOVA was also conducted to examine whether there were any significant differences in the POST condition’s mean RT, EA, SS, and SSR adjusted means (i.e., the PRE condition was used as a covariate) between the different player groups (i.e., guards, forwards, and centers). In cases of statistically significant differences, post hoc analysis (Bonferroni pairwise comparisons) was carried out [61]. Moreover, the Pearson correlation coefficient (r) was employed to assess the magnitude (i.e., small: r ≈ 0.10, medium: r ≈ 0.30, large r ≈ 0.50 [62]) and direction of the relationship among physiological parameters and the potential differences in RT, EA, and shooting accuracy between the POST and PRE conditions within the studied participant sample. Statistical analyses were executed using the SPSS software platform (version 29.0, IBM Corp., Armonk, NY, USA), and a significance level of α = 0.05 was adopted for all statistical tests. In addition, a post hoc power analysis was executed using the GPower 3.1.9.2 software (Heinrich-Heine-University, Düsseldorf, Germany). The analysis utilized RT, EA, and SS as the criterion variables, considering the following parameters: effect size, d = 1.00; significance level, (α) = 0.05; a sample size of 12; and a design involving one group with two conditions. The resulting observed power (1 − β) surpassed 0.90.




2.8. Preliminary Study


The SS during the BEST underwent reliability testing, involving two consecutive assessments on the same day with a 14 min interval within the same participant pool. A robust correlation coefficient between the repeated measures of SS (r(36) = 0.73, p ≤ 0.05) was established. Furthermore, the coefficient of variation (CV) for the mean Δ values between the two sets of measurements stood at 10.20%. The mean differences between the two performances were found to be within an acceptable range of –0.13 ± 0.74 (SD) based on the 95% confidence interval derived from the Bland–Altman plot [63]. The limits of agreement (–1.61 to 1.35 = ±1.96 SD) demonstrated a narrow range and the intraclass correlation (ICC) was between fair and excellent, being 0.84 (0.69 to 0.92), indicating a high level of reliability in assessing shooting accuracy during the BEST.





3. Results


All data are expressed as mean (M) ± standard deviation (SD) [95% confidence interval (CI)] unless otherwise specified. Table 1 outlines the descriptive characteristics of each group. The variables—ST decrease, CT decrease, mean HR during the BEST, La−, RPE, and RPMS—for both PRE and POST conditions across groups are presented in Table 2. A significant difference in ST decrease (F(2,35) = 8.467, p < 0.001) was noted, notably higher in the centers group (29.33 ± 1.40% [28.54–30.12]) compared to guards (27.84 ± 0.59% [27.52–28.16], p = 0.001) and forwards (28.16 ± 0.70% [27.78–28.54], p = 0.011) (Table 2). The assessment of the mean RT, EA, SS, and SSR revealed significant differences (all p < 0.05) between conditions (PRE and POST) within each group (Table 3). Figure 4 visually depicts the changes (%) in RT, EA, and SS from PRE to POST conditions among participants and all groups. Notably, the 95%CI for the change in RT ranged from 7.39% to 32.89% across all participants, from 1.70% to 48.98% among guards, from –1.90% to 41.36% among forwards, and from –5.23% to 35.13% among centers. Similarly, the 95%CI for the change in EA ranged from –9.55% to 2.55% across all participants, from –14.82% to 7.04% among guards, from –12.90% to 6.64% among forwards, and from –14.19% to 7.25% among centers. For SS, the 95%CI spanned from –30.90% to –2.72% across all participants, from –36.50% to 7.66% among guards, from –40.81% to 7.29% among forwards, and from –46.70% to 7.82% among centers.



Further statistical analysis utilizing one-way ANCOVA tests indicated statistical significance for RT (F(2,34) = 7.43, p < 0.002), EA (F(2,34) = 9.22, p < 0.001), and SS (F(2,34) = 8.35, p < 0.001). Subsequent post hoc analysis unveiled significant differences: (a) for RT, guards were faster (0.71 ± 0.03 s [0.64–0.78]) than forwards (0.84 ± 0.02 s [0.79–0.89]) and centers (0.95 ± 0.04 s [0.88–1.03]), and forwards were faster than centers; (b) for EA, guards achieved higher angles (43.41 ± 0.41° [42.58–44.23]) than forwards (41.97 ± 0.29° [41.38–42.56]) and centers (40.41 ± 0.41° [39.58–41.25]), and forwards achieved higher angles than centers; and (c) for SS, guards were more successful (6.64 ± 0.22 [6.19–7.09]) than forwards (5.92 ± 0.17 [5.58–6.27]) and centers (5.05 ± 0.24 [4.56–5.54]), and forwards were more successful than centers (Table 4). Additionally, Table 5 shows the Pearson correlation coefficients (r) for     V  ˙   O2max, VT2, and mean HR during the BEST and observed differences in RT, EA, SS, and SSR between POST and PRE conditions within the studied sample. RTs were significantly correlated with VT2 (r(36) = –0.502, p < 0.002) and mean HR (r(36) = 0.75, p < 0.001), EAs with VT2 (r(36) = 0.48, p < 0.003) and mean HR (r(36) = –0.64, p < 0.001), and SSs with VT2 (r(36) = 0.50, p < 0.002) and mean HR (r(36) = –0.68, p < 0.001), indicating a large-magnitude relationship [62].




4. Discussion


The primary aim of this investigation was to explore the influence of fatigue induced by a basketball exercise simulation test on 3-point jump shooting accuracy, release time, and the entry angle of balls into the hoop, considering player positions in basketball. The results demonstrated a notable decrease in shooting accuracy, entry angles, and an increase in release time post-basketball simulation test. Moreover, the impact of fatigue on shooting accuracy and kinematic parameters was more pronounced from guards to centers. In addition, the interdependence of cardiorespiratory factors and shooting performance following fatigue was highlighted.



Contemporary basketball stands as a dynamic team sport [16], requiring a proficient command of technical skills [2,14,15] and imposing significant physiological demands on its players, calling for a blend of aerobic and anaerobic energy systems [18,19]. Competitive play typically involves oxygen uptake levels surpassing 67% of the     V  ˙   O2max, mean HR reaching approximately 87% of HRmax, and blood La− averaging around 6.8 mmol·L−1 [16,18,20,21]. Our study’s participants exhibited values akin to these observations post-BEST implementation. The recorded 28.42% and 30.38% decreases in sprint and circuit times during the BEST, coupled with escalated RPE and RPMS values afterward, suggest a marked sense of fatigue among the participants. This fatigue and physical exertion hold pivotal significance in determining game outcomes [64], evidenced by prior research indicating that increased heart rate at 80% [65] or 90.7% HRpeak [24] led to significant declines in 3-point shot accuracy among elite players. Other studies have delved into biomechanical aspects [66], exploring hip and/or shoulder joint angles and the influence of fatigue on shooting mechanics, showing alterations in joint coordination and neuromuscular aspects [24,25]. Our study aligns with these findings and, importantly, contributes robust evidence, possibly the first of its kind, highlighting the detrimental impact of fatigue induced by a basketball exercise simulation test on 3-point shooting accuracy, release time, and ball entry angle. The implementation of BEST [67] may lead to physical strain, muscle fatigue, and soreness, potentially compromising joint coordination [68,69] and neuromuscular function [70], ultimately impairing technical shooting skills and overall performance [22]. Moreover, physical fatigue induced by high-intensity aerobic exercise can also affect various cognitive aspects of motor performance [71]. The observed POST decreases in 3-point jump shooting accuracy and EA, as well as the increase in RT after a 12 min exercise bout, may be attributed to decreases in the brain’s executive functions and the neuromuscular system’s ability to precisely control movements (for comprehensive reviews, see relevant studies [72,73]). It may also be the case that the central nervous system can process information unaffected by intense aerobic exercise, while the skeletal motor system’s ability is negatively affected during recovery from the effects of physically fatiguing conditions [74]. However, more systematic investigation of the after-effects of exercise-induced fatigue and its impact on the central nervous system’s ability to process information compared to the skeletal motor system’s ability would provide valuable insights.



A systematic review identifies key variables influencing basketball jump shots, including release height correlated with player physical traits like stature and jump ability, release angle linked to the EA [7,8,9], and velocity interlinked with RT. These critical factors intertwine with players’ movement performance, encompassing experience, technical skills, and fitness. In our study, the basketball experience, fatigue indicators, and the correlation coefficient (r) between physiological parameters and differences in 3-point jump shot metrics (i.e., shooting accuracy, RT, and EA) between PRE and POST conditions were consistent across participant groups. However, distinctive variations in anthropometric traits, cardiorespiratory fitness, and lower limb power were evident among groups. Notably, fatigue’s impact from guards to centers more substantially affected shooting accuracy and kinematic parameters. This discrepancy might relate to differences in cardiorespiratory fitness, lower limb power, biomechanical characteristics (e.g., elbow positioning relative to stature during shooting preparation), motor skills, familiarization, and training specifically tailored for 3-point jump shooting among various player positions [14,15,16,18,19,21,75,76]. Yet, in subsequent studies, an in-depth exploration of the identified differences among player positions could involve targeted investigations into the following aspects: cardiorespiratory fitness differences, biomechanical characteristics, motor skill development, and position-specific training programs.



Players with higher cardiorespiratory fitness endure longer fatigue protocols and show better accuracy and consistency in shooting free throws under fatigue [29]. In this study, correlations emerged between participants’ VT2 and the changes in RT, EA, and SSs, and among participants’ %HRmax during the BEST and the subsequent changes in RT, EA, and SSs. A superior VT2 implies enhanced aerobic fitness, allowing high-intensity exercise to be performed for a greater duration (i.e., transition from predominantly aerobic to increased anaerobic energy contribution at higher-intensity exercise). A lower %HRmax during the BEST signifies working at a reduced percentage of HRmax (i.e., less physiological stress), reflecting better endurance and potentially sustaining shooting accuracy and consistency despite fatigue. Enhanced physical fitness may prompt swifter recovery between physical exertions, preserving shooting precision by lessening fatigue’s impact on muscle function [22,67,68,69]. Although superior cardiorespiratory fitness does not guarantee heightened shooting performance post-fatigue, it may delay fatigue onset or mitigate its effects on shooting mechanics [67,68,69,70]. This sustains muscle function and coordination, refines movement patterns, and supports mental focus during exhausting efforts [77]. While these aspects may contribute to post-fatigue shooting improvement, individual and situational factors require further investigation to comprehend their role in determining shooting accuracy and consistency post-exertion.



Limitations, Strength, Suggestions for Future Research, and Practical Applications


While this study provided valuable insights, it is essential to acknowledge certain limitations. Firstly, the 12 min duration of the BEST, while inducing physical and physiological fatigue, may not fully replicate the spectrum of fatigue experienced during a full-length basketball game lasting 40 min or more. This difference in duration might elicit distinct physical, physiological, and psychological fatigue responses. Secondly, although participants shot from consistent spots using their dominant hand, the absence of video recording prevented confirmation of identical shooting techniques among participants, potentially impacting the shooting actions’ consistency [5]. Moreover, other kinematic variables, such as various joint positions, velocities, and hip heights, were not measured [78], limiting the depth of our analysis. Thirdly, this study exclusively focused on 3-point jump shots without considering other shot types, and the absence of defensive pressure during these shots might not fully replicate real-game scenarios [4].



However, our study, employing contemporary technology and robust experimental methodologies, corroborates prior observations, specifically concerning 3-point jump shot accuracy, release time, and ball entry angle in relation to player position among high-level athletes. Additionally, the design of the BEST, aligning closely with the activity distribution observed in adult male basketball competitions [16,19,20,55], aimed to replicate realistic game conditions within a controlled laboratory environment. Nevertheless, there remains a need for continued investigation to substantiate and broaden these preliminary outcomes, enriching our comprehension of the impact of basketball-induced fatigue on 3-point shooting accuracy and associated kinematic parameters. It is therefore advisable to explore diverse game-realistic protocols or competitive training drills to assess the effects of fatigue on shooting technical aspects across different shot types and distances, genders, age groups, and skill levels among basketball players.



The current study’s outcomes also have practical applications for basketball coaches and conditioning specialists aiming to enhance technical shooting skills in training sessions. These findings highlight the necessity of integrating technical shooting drills designed to address both aerobic and anaerobic fatigue thresholds. Such targeted training can equip players to manage the rigorous demands of modern basketball, characterized by high-intensity movement and demanding accuracy, particularly evident during 3-point shooting in critical game moments when fatigue is most prevalent. However, the integration of high-intensity technical drills during 3-point shooting sessions should be supervised meticulously to prevent alterations in shooting technique. Understanding the thresholds at which players’ 3-point shooting accuracy, release timing, and ball entry angles are impacted by fatigue levels is crucial. The escalating heart rate in players undergoing physical exertion corresponds to a decline in shooting accuracy and kinematic parameters during fatigue. Hence, designing shooting programs should consider players’ heart rate levels to optimize training effectiveness.





5. Conclusions


The findings from this study have broader implications, highlighting the influence of fatigue induced by a basketball exercise simulation test on 3-point shooting accuracy, release time, and ball entry angle in relation to player position. The results emphasize that basketball-induced fatigue negatively affects shooting accuracy, release time, and ball entry angle. These findings also suggest that this fatigue has a more pronounced impact across player positions, notably from guards to centers. Furthermore, this study underscores the association between participants’ cardiorespiratory fitness markers and shooting proficiency post-fatigue induction. Consequently, optimizing training strategies for enhancing jump shot performance is crucial, and there is a need for coaches and players to minimize discrepancies among positions in 3-point shooting accuracy and kinematic parameters while refining shooting techniques.
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Figure 1. Schematic representation of the study’s experimental framework. Abbreviations: BEST, basketball exercise simulation test; N, sample size of the groups. 
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Figure 2. Description of the basketball exercise simulation test (BEST) as per reference [47]. 
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Figure 3. The 3-point shooting test. The participants performed a sequence of three consecutive 3-point jump shots from the A to E positions (i.e., left corner, left wing, top, right wing, and right corner), 15 shots in total. 
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Figure 4. Changes in 3-point jump shot release time, ball’s entry angle into the hoop, and successful shots values (from the PRE to the POST conditions) across groups and in all participants. Error bars present the lower and upper bounds of the 95% confidence intervals. Abbreviations: BEST, basketball exercise simulation test; n, sample size of the study; N, sample size of the groups; POST, condition after the BEST; PRE, condition prior to the BEST. 
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Table 1. Comprehensive analysis of anthropometric and physiological characteristics in guards, forwards and centers groups, and overall (mean ± SD [95%CI]).
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	Variables
	Guards

(N = 13)
	Forwards

(N = 13)
	Centers

(N = 12)
	All Participants

(n = 38)





	† ‡ § Height (cm)
	194.7 ± 2.7

[193.2–196.2]
	202.7 ± 2.3

[201.4–203.9]
	205.3 ± 0.9

[204.8–205.8]
	200.8 ± 5.0

[199.2–202.4]



	† ‡ § Body mass (kg)
	88.4 ± 3.6

[86.4–90.3]
	98.9 ± 4.1

[96.7–101.2]
	104.0 ± 2.6

[102.5–105.5]
	96.9 ± 7.4

[94.6–99.3]



	† ‡ § Body fat (%)
	9.4 ± 1.1

[8.8–10.0]
	10. 9 ± 1.5

[10.1–11.7]
	12.9 ± 1.2

[12.2–13.6]
	11.0 ± 1.9

[10.4–11.6]



	Age (y)
	24.5 ± 3.0

[22.8–26.1]
	23.8 ± 2.5

[22.4–25.2]
	22.6 ± 2.1

[21.4–23.8]
	23.6 ± 2.7

[22.8–24.5]



	Experience practicing basketball (y)
	13.4 ± 3.3

[11.6–15.2]
	13.1 ± 2.7

[11.6–14.6]
	11.9 ± 1.9

[10.9–13.0]
	12.8 ± 2.7

[11.9–13.7]



	Active in basketball competition (y)
	12.5 ± 3.0

[10.8–14.1]
	11.8 ± 2.5

[10.4–13.2]
	10.6 ± 2.1

[9.4–11.8]
	11.6 ± 2.7

[10.8–12.5]



	Physical exercise training (h·wk−1)
	4.2 ± 0.9

[3.7–4.7]
	3.8 ± 1.1

[3.2–4.4]
	3.6 ± 0.8

[3.2–4.1]
	3.9 ± 1.0

[3.6–4.2]



	Basketball related training (h·wk−1)
	10.8 ± 1.4

[10.1–11.6]
	10.3 ± 0.9

[9.8–10.8]
	10.8 ± 1.1

[10.2–11.5]
	10.7 ± 1.2

[10.3–11.0]



	† §     V  ˙   O2max (mL·kg−1·min−1)
	60.9 ± 2.5

[59.6–62.3]
	59.4 ± 2.2

[58.2–60.6]
	57.1 ± 1.6

[56.2–58.0]
	59.2 ± 2.6

[58.3–60.0]



	† ‡ VT2 (%    V  ˙   O2max)
	81.1 ± 1.4

[80.3–81.9]
	77.1 ± 2.1

[76.0–78.3]
	75.5 ± 2.2

[74.3–76.7]
	78.0 ± 3.0

[77.0–78.9]



	HRmax (b·min−1)
	195.7 ± 2.3

[194.4–196.9]
	196.0 ± 1.8

[195.0–197.0]
	197.0 ± 1.2

[196.3–197.7]
	196.2 ± 1.9

[195.6–196.8]



	† ‡ § CMJ height (cm)
	51.7 ± 2.5

[50.3–53.0]
	46.5 ± 1.7

[45.6–47.4]
	42.0 ± 1.0

[41.4–42.6]
	46.8 ± 4.4

[45.4–48.2]







† Significant difference between guards and centers groups at p ≤ 0.05. ‡ Significant difference between guards and forwards groups at p ≤ 0.05. § Significant difference between forwards and centers groups at p ≤ 0.05. Abbreviations: BF, body fat; BM, body mass; CMJ, countermovement jump; HRmax, maximum heart rate; M, mean; n, sample size of the study; N, sample size of the groups; SD, standard deviation; VT2, second ventilatory threshold;     V  ˙   O2max, maximum oxygen uptake; and [95%CI], 95% confidence interval.













 





Table 2. The M ± SD [95%CI] of ST decrease, CT decrease, and mean HR during the BEST, and La−, RPE, and RPMS after the BEST in guards, forwards, and centers groups, and overall.






Table 2. The M ± SD [95%CI] of ST decrease, CT decrease, and mean HR during the BEST, and La−, RPE, and RPMS after the BEST in guards, forwards, and centers groups, and overall.





	Dependent

Variables
	Guards

(N = 13)
	Forwards

(N = 13)
	Centers

(N = 12)
	All Participants

(n = 38)





	† § ST decrease (%)
	27.8 ± 0.6

[27.5–28.2]
	28.2 ± 0.7

[27.8–28.5]
	29.3 ± 1.4

[28.5–30.1]
	28.4 ± 1.1

[28.1–28.8]



	CT decrease (%)
	30.6 ± 2.5

[29.2–31.9]
	30.2 ± 2.7

[28.7–31.7]
	30.4 ± 2.5

[29.0–31.8]
	30.4 ± 2.5

[29.6–31.2]



	HR (%HRmax)
	88.8 ± 2.3

[87.6–90.1]
	90.7 ± 3.6

[88.7–92.7]
	89.6 ± 3.1

[87.8–91.3]
	89.7 ± 3.1

[88.7–90.7]



	La− (mmol·L−1)
	6.5 ± 0.9

[6.0–7.0]
	5.8 ± 1.2

[5.1–6.4]
	6.0 ± 0.7

[5.6–6.4]
	6.1 ± 1.0

[5.8–6.4]



	RPE (Borg scale, 6–20)
	4.0 ± 0.8

[3.55–4.4]
	3.9 ± 0.6

[3.6–4.3]
	3.8 ± 0.8

[3.4–4.3]
	3.9 ± 0.7

[3.7–4.2]



	RPMS (Likert scale, 0–10)
	13.2 ± 1.1

[12.6–13.8]
	12.9 ± 0.9

[12.4–13.4]
	13.5 ± 1.2

[12.8–14.2]
	13.2 ± 1.1

[12.9–13.6]







† Significant difference between guards and centers groups at p ≤ 0.05. § Significant difference between forwards and centers groups at p ≤ 0.05. Abbreviations: BEST, basketball exercise simulation test; CT, circuit time; HR, heart rate; HRmax, maximum heart rate; La−, blood lactate; M, mean; n, sample size of the study; N, sample size of the groups; RPE, subjective rate of perceived exertion; RPMS, subjective rate of muscle soreness; SD, standard deviation; ST, sprint time; and [95%CI], 95% confidence interval.













 





Table 3. The M ± SD [95%CI] of mean 3-point jump shot release time, ball’s entry angle into the hoop, and success of guards, forwards, and centers groups, and overall in two conditions, PRE and POST.






Table 3. The M ± SD [95%CI] of mean 3-point jump shot release time, ball’s entry angle into the hoop, and success of guards, forwards, and centers groups, and overall in two conditions, PRE and POST.





	

	
Guards

(N = 13)

	
Forwards

(N = 13)

	
Centers

(N = 12)

	
All Participants

(n = 38)




	
Dependent Variables

	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST

	
PRE

	
POST






	
RT (s)

	
* 0.6 ± 0.0

[0.5–0.6]

	
0.7 ± 0.0

[0.7–0.7]

	
* 0.7 ± 0.1

[0.7–0.7]

	
0.8 ± 0.0

[0.8–0.9]

	
* 0.8 ± 0.1

[0.8–0.9]

	
0.9 ± 0.1

[0.9–1.0]

	
* 0.7 ± 0.1

[0.7–0.7]

	
0.8 ± 0.1

[0.8–0.9]




	
EA (°)

	
* 45.2 ± 0.9

[44.7–45.7]

	
43.4 ± 1.1

[42.8–44.1]

	
* 43.3 ± 1.4

[42.6–44.1]

	
42.0 ± 1.0

[41.4–42.5]

	
* 41.8 ± 0.8

[41.4–42.3]

	
40.4 ± 1.0

[39.8–40.9]

	
* 43.5 ± 1.7

[43.0–44.1]

	
42.0 ± 1.6

[41.4–42.5]




	
SSs (frequency)

	
* 7.8 ± 0.4

[7.5–8.0]

	
6.6 ± 0.5

[6.3–6.9]

	
* 7.1 ± 0.5

[6.8–7.4]

	
5.9 ± 0.6

[5.6–6.3]

	
* 6.3 ± 0.5

[6.0–6.6]

	
5.1 ± 0.7

[4.7–5.5]

	
* 7.1 ± 0.8

[6.9–7.3]

	
5.9 ± 0.9

[5.6–6.2]




	
SSR (%)

	
* 51.8 ± 2.9

[50.2–53.4]

	
44.1 ± 3.4

[42.3–45.9]

	
* 47.7 ± 3.7

[45.7–49.7]

	
39.5 ± 4.3

[37.2–41.8]

	
* 42.2 ± 3.3

[40.4–44.1]

	
33.9 ± 4.5

[31.4–36.4]

	
* 47.4 ± 5.1

[45.7–49.0]

	
39.3 ± 5.8

[37.5–41.1]








* Significant difference between conditions at p ≤ 0.05. Abbreviations: BEST, basketball exercise simulation test; EA, entry angle into the hoop; M, mean; n, sample size of the study; N, sample size of the groups; POST, condition after the BEST; PRE, condition prior to the BEST; RT, jump shot release time; SD, standard deviation; SSR, shooting success rate; SSs, successful shots; and [95%CI], 95% confidence interval.













 





Table 4. Three-point jump shot release time, ball’s entry angle into the hoop, and successful shots estimates are presented as M ± SE [95%CI] under the POST condition according to the participant groups, adjusted for the covariate values of the PRE condition.
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Dependent

Variables

	
No.

	
Group, N

	
Estimated Value in the POST Condition

	
Significance






	
¶ RT (s)

	
1

	
Guards, 13

	
0.7 ± 0.0 [0.6–0.8]

	
* 1 < 2, 3




	
2

	
Forwards, 13

	
0.8 ± 0.0 [0.8–0.9]

	
* 2 < 3




	
3

	
Centers, 12

	
0.9 ± 0.0 [0.9–1.0]

	




	
# EA (°)

	
1

	
Guards, 13

	
43.4 ± 0.4 [42.6–44.2]

	
* 1 > 2, 3




	
2

	
Forwards, 13

	
42.0 ± 0.3 [41.4–42.6]

	
* 2 > 3




	
3

	
Centers, 12

	
40.4 ± 0.4 [39.6–41.2]

	




	
‖ SSs (frequency)

	
1

	
Guards, 13

	
6.6 ± 0.2 [6.2–7.1]

	
* 1 > 2, 3




	
2

	
Forwards, 13

	
5.9 ± 0.2 [5.6–6.3]

	
* 2 > 3




	
3

	
Centers, 12

	
5.0 ± 0.2 [4.6–5.5]

	








¶ The value of 0.6921 s (PRE value) was used to evaluate covariates in the model. # The value of 43.5026° (PRE value) was used to evaluate covariates in the model. ‖ The value of 7.11 shots (PRE value) was used to evaluate covariates in the model. * p ≤ 0.05, significant effect of BEST on groups. Abbreviations: BEST, basketball exercise simulation test; EA, entry angle into the hoop; M, mean; N, sample size of the groups; POST, condition after the BEST; PRE, condition prior to the BEST; RT, jump shot release time; SE, standard error; SSs, successful shots; and [95%CI], 95% confidence interval.













 





Table 5. Pearson correlation coefficient (r) between physiological parameters and the observed differences in 3-point jump shot release time, ball’s entry angle into the hoop, and shooting accuracy between the POST and PRE conditions within the studied participant sample (n = 38).
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	Dependent

Variables
	     V  ˙    O2max

(mL·kg−1·min−1)
	VT2

(%     V  ˙    O2max)
	HR

(%HRmax)





	RT (s)
	0.13
	* –0.50
	* 0.75



	EA (°)
	–0.20
	* 0.48
	* –0.64



	SSs (frequency)
	–0.09
	* 0.50
	* –0.68







* Significant correlation at p < 0.05. Abbreviations: BEST, basketball exercise simulation test; EA, entry angle into the hoop; HR, mean heart rate during the BEST; HRmax, maximum heart rate; n, sample size of the study; POST, condition after the BEST; PRE, condition prior to the BEST; RT, jump shot release time; SSR, shooting success rate; SSs, successful shots;     V  ˙   O2max, maximum oxygen uptake; VT2, second ventilatory threshold.
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