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Abstract 

Background: This study aimed to explore the discriminative capacity of the Tennis-specific Incremental Aerobic Test (TSIAT) in 

differentiating between international level tennis players (IP) and regional level tennis players (RP), scrutinize the absolute and relative 

inter-session reliabilities of TSIAT, and assess the sensitivity and the Minimal Detectable Change (MDC) of TSIAT.  

Methods: A cohort-based repeated measures study design was used. Twenty-four male tennis players (age: 15.91 ± 3.09 years, body-

height: 1.68 ± 0.20 m; body-mass: 67.45 ± 16.06 Kg; body-mass-index: 20.96 ± 1.97 kg·m-2) participated. TSIAT distance, peak heart 

rate (HRpeak), and blood lactate concentration ([La]) were measured across two sessions. Inter-session reliability, sensitivity, and MDC95 

of TSIAT were assessed. Additionally, discriminant ability was evaluated by comparing TSIAT indices between IP and RP players.  

Results: The TSIAT showed excellent reliability (intraclass-correlation-coefficient [3,1] = 0.95 and standard-error-of-measurement % = 

1.81) and satisfactory sensitivity (smallest-worthwhile-change % = 1.22). The MDC95 for the distance index was small (<5.02%). IP 

achieved significantly (p<0.05) greater distances (d = 1.63 [large]), HRpeak (d = 1.18 [moderate]), and [La] (d = 2.51 [large]) compared 

to RP. The TSIAT demonstrated “very good” discriminant ability between IP and RP groups, with an area under the receiver-operating-

characteristic curve of 0.89.  

Conclusion: Considering the “excellent” inter-session reliability, “satisfactory” sensitivity and “very good” discriminate athletes by 

different performance levels, the TSIAT may serve as a trusted tennis-specific incremental aerobic test. 
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1. Introduction 

Tennis, the world's most widely practiced racquet sport 

(1), boasts a year-round schedule of tournaments and events 

under the governance of the International Tennis Federation 

(ITF) (2). These events span from professional tournaments 

like the Grand Slams and the Olympic Games to the ITF 

men's and women's circuits, encompassing competitions for 

juniors, seniors, and wheelchair athletes. 

A tennis match, whether singles or doubles, unfolds on a 

rectangular court measuring 8.23 m × 23.77 m, bisected by 

a 0.914 m high net (3). In doubles, each side of the court 

extends by an additional 1.37 m. The duration of a tennis 

match varies with the surface type, typically ranging from 90 

to 120 minutes on fast surfaces and potentially exceeding 

180 minutes on clay or grass (4). The effective playing time 

constitutes 10-15% of the total match duration on fast courts 

and 20-30% on clay or grass (5). As per Cooke et al., (6), a 

tennis player averages 3m per shot, 8-12m per point, and 

1300 to 3600m per hour of play (7). In a 3-hour match, a 

player strikes between 300-500 balls and changes direction 
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four times per point scored (7). The effort in a tennis match 

is intermittent, with brief exertion phases (4-10 seconds) 

interspersed with active or passive recovery periods ranging 

from 10 to 120 seconds (8). Numerous studies highlight the 

importance of specific technical skills in racquet sports 

performance (9, 10). However, physical success in tennis 

requires a player to not only repeatedly exert intense efforts 

(300-500 times) but also recover effectively during 

submaximal effort periods and play breaks (11). 

A robust correlation has been established between an 

athlete's aerobic fitness level and their recovery capacity 

from high-intensity, short-duration exercise (12). 

Consequently, aerobic fitness emerges as a pivotal 

determinant of a tennis player's actual playing level (13). It 

facilitates rapid recovery of muscle phosphagen stores (14), 

enabling players to sustain higher intensity efforts for 

extended periods while preserving technical performance 

and mental concentration until the match's conclusion (4, 10, 

14). 

The assessment of aerobic fitness in tennis, akin to most 

physical and sporting activities, employs two types of tests: 

laboratory and field tests (10, 14). While laboratory 

evaluations hold paramount importance, particularly 

concerning result accuracy and relevance, they are costly, 

time-intensive, and necessitate qualified personnel (15). 

Conversely, field evaluations, albeit only providing an 

estimate of the assessed quality, offer greater specificity, 

accessibility, and cost-effectiveness (16). 

Numerous field tests have been proposed for aerobic 

fitness assessment, including the Loughborough intermittent 

test (17), the Navten test (18), and  the Leuven test (19). 

However, these tests have faced criticism for their limited 

accessibility (requiring a ball launcher, video recording of 

the test for performance determination, etc.) and their 

inability to accurately emulate a tennis match's effort pattern 

(20). In response to these limitations, Girard et al.,  (14) 

proposed a more tennis-specific and accessible test. This test 

involves executing movements (forwards, sideways, and 

backwards) along a predefined path marked on a tennis 

court, with the movement speed, effort duration, and 

recovery period regulated by a pre-recorded soundtrack (18). 

Impellizzeri and Marcora (15) assert that an effective 

measurement tool must be valid, reliable, and sensitive. 

However, the reproducibility and sensitivity of the Girard et 

al. test remain unexplored to our knowledge. 

The theoretical backdrop underscores a knowledge gap in 

the evaluation of the Tennis-specific Incremental Aerobic 

Test (TSIAT) for distinguishing performance profiles and its 

inter-session reliability. Consequently, this study aims to: (1) 

explore the discriminative capacity of TSIAT in 

differentiating between international level tennis players 

(IP) and regional level tennis players (RP), (2) scrutinize the 

absolute and relative inter-session reliabilities of TSIAT, and 

(3) assess the sensitivity and the Minimal Detectable Change 

(MDC) of TSIAT. 

2. Methods 

2.1. Subjects 

For the reliability and sensitivity analysis, twenty-four 

male tennis players (age (year): 15.91±3.09, body-height 

(m): 1.68±0.20, body-mass (kg): 67.45±16.06 and body 

mass index - BMI (kg·m-2): 20.96±1.97) voluntarily 

participated. The same group was divided and employed in 

12 IP and RP players to investigate the discriminant ability 

of TSIAT (Table 1). Eligibility for participation in this study 

was determined by the following criteria: a minimum of 

three training sessions per week or a cumulative weekly total 

of 180 minutes of tennis activities; at least one year of tennis 

training experience; and no injuries or pain that could hinder 

maximum effort during testing. After a comprehensive 

explanation of the study’s protocol, all participants’ parents 

provided their written consent for their children’s 

participation.  

The protocol of this study complied with Helsinki’s 

declaration for human experimentation and was approved by 

High Institute of Sports and Physical Education of Kef, 

University of Jendouba ethical committee. It also complied 

with the ethical and procedural requirements of the journal 

for the conduct of Sports Med and exercise science research 

(21). 

2.2. Study Design 

A cohort-based repeated measures study design was used. 

The external responsiveness of the TSIAT was determined 

by comparing the TSIAT’ performed distance and 

physiological indices (i.e., Peak heart rate - HRpeak and 

blood lactate concentration - [La]) between two groups of 

tennis of different competitive levels (IP vs. RP). During the 

second study phase, which aimed to establish the relative and 

absolute inter-session reliability of TSIAT, the experimental 

protocol consisted of performing 2 sperate session of TSIAT 

in a single week. 
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2.3. Procedures 

To minimize extraneous variables, participants adhered 

to their regular diet, consumed a light meal at least 3 hours 

pre-test, maintained their usual sleep schedule, and abstained 

from strenuous activity for 24 hours before testing. A 

familiarization session was conducted seven days prior to 

baseline testing to acclimate participants to the measurement 

protocol. Testing commenced following a standardized 15-

minute warm-up with a subsequent 5-minute rest period. 

Data collection occurred at consistent times (between 9:00 

and 11:00 a.m.) to mitigate the impact of circadian rhythm 

on performance (22). The outdoor testing environment 

(monitored every 30 minutes using a VaisalaOyj digital 

environmental station) maintained a temperature range of 

19°C-23°C, humidity of 52%-56%, and light wind velocity 

(under 10 km/h). The protocol consisted of two TSIAT 

sessions separated by 3-5 days. The best attempt from each 

session was used for discriminant ability analysis of TSIAT. 

Strong verbal encouragement was provided by the 

experimenter throughout testing to maximize participant 

effort. The HRpeak and [La] were recorded. 

2.4. The Tennis-specific incremental aerobic test (TSIAT) 

This TSIAT was proposed by Girard et al., (14). Six cones 

are placed at varying distances according to the diagram on 

a half tennis field (Figure 1). The participant begins the 

course from the central mark of the court (starting position), 

racket in hand. At the signal, he must randomly move 

towards the 7 cones one by one (the 7th cone will be chosen 

from the two placed at the back). At each cone, he makes a 

shot, forehand for those placed on their right, or backhand 

for those placed on their left. The participant was asked to 

complete the maximum possible number of circuits. The first 

circuit must be completed in 40.5 seconds. With each new 

circuit, the duration of the effort is reduced by 0.8 seconds. 

The recovery period between efforts has been set at 15 

seconds. The test is stopped when the participant can no 

longer reach the last target in time or can no longer make the 

shots correctly. A tolerance zone of 1 meter has been set. 

 

Figure 1. The Tennis-specific incremental aerobic test (TSIAT) diagram (14). The positions of forward (black cones), lateral (grey cones), and backward 

(white cones) targets are indicated. See Methods section for further details. 

 



 Dhahbi et al. 

 28 

2.5. Physiological measurements 

The 5 s heart rate (HR) values were recorded by HR 

monitor with the athletes wearing a chest belt (S810, Polar, 

Kempele, Finland). 25 ml capillary blood samples were 

taken from the fingertip and analyzed for [La] by using the 

Lactate Pro (LT-1710, Arkray, Japan) portable analyzer 3 

minutes directly after stopping test. 

2.6. Statistical Analyses 

Data analyses were performed using SPSS version 28.0 

for Windows. Means and standard deviations (SD) were 

calculated after verifying the normality of distributions using 

Kolmogorov-Smirnov statistics. Dependent t-tests were 

used to evaluate the equality of means for test and retest 

TSIAT indices scores. Estimates of effect size (Cohen’s d), 

mean differences protected against type 2 errors. The 

relative inter-session reliability was determined by 

calculating the ICC model 3,1 (ICC[3,1]). The absolute intra-

session reliability was examined using the standard error of 

measurement (SEM). The sensitivity of the test was assessed 

by comparing the smallest worthwhile change (SWC) and 

SEM, using the thresholds proposed by Smith & Hopkins 

(23). Minimal detectable change at 95% confidence interval 

(MDC95) was also calculated for TSIAT’ distance index. 

Heteroscedasticity was also examined. 

Independent t-tests were used to evaluate the equality of 

means for male and female students’ TSIAT scores. The 

external responsiveness of the TSIAT was analyzed using 

the receiver operator characteristics (ROC) curve (24). The 

latter analysis determines the sensitivity and specificity of a 

tool to classify individuals according to a fixed criterion 

(15). Significance for all the statistical tests was accepted at 

p˂0.05 a priori. 

3. Results 

Residual data for participants anthropometric 

characteristics and all TSIAT’ indices scores were normally 

distributed (p = 0.072–0.126). 

3.1. Inter-session reliability, sensitivity and MDC of the TSIAT 

Dependent t-tests evaluating the equality of means 

showed no significant test-retest bias for TSIAT indices (i.e., 

Distance, HRpeak and [La]) (p:0.285-0.407, d:0.09-0.19 

[trivial]). Absolute and relative inter-session reliability 

TSIAT’ distance was expressed in Table 2. TSIAT’ 

performed distance showed an excellent reliability (ICCs[3,1] 

= 0.95 and SEM%: 1.81). On the other hand, TSIAT showed 

a satisfactory sensitivity, hence SEM value was 

approximately equal to SWC values (SWC% = 1.22). In 

addition, the MDC95 for distance index was small (<5.02%). 

Moreover, heteroscedasticity coefficients were all small and 

non-significant (r < 0.30, p > 0.05). 

Table 1. Comparison of TSIAT’ mean scores between the test and retest measurements (n=24)* 

Variables Test Retest p Cohen’s d 

Distance (m) 1973.78±115.16 1985.07±124.63 0.285 0.09 [trivial] 

HRpeak (bpm) 194.71± 9.95 195.66±9.41 0.395 0.10 [trivial] 

[La] (mmol·L-1) 9.36±2.53 9.81±2.32 0.407 0.19 [trivial] 

HRpeak = Peak heart rate; TSIAT = Tennis-specific incremental aerobic test; [La] = blood lactate concentration. 

*The values are presented as mean ± SD. 

Table 2. Inter-session relative and absolute reliability indices and MDC95 of the Tennis-specific aerobic test 

Variable  ICC 3,1 SEM (%) SWC (%) MDC95(%) 

Distance (m) 0.95 35.84 (1.81%) 23.77(1.22%) 99.35 (5.02%) 

ICC3,1= Intra-class Correlation Coefficient model 3,1; CV= coefficient of variation; SEM= standard error of measurement; SWC= smallest worthwhile change; 

MDC95= minimal detectable change at 95% confidence interval. 

3.2. The discriminant ability of TSIAT 

Separate group (IP and RP) anthropometric 

characteristics and TSIAT indices (Distance, HRpeak and 

[La]) are displayed in Table 3. Independent sample t-test 

revealed no difference between groups for body-mass (kg) 

(p=0.601, d=0.21[small]); body-height (cm) (p=0.966, 

d=0.52 [small]); body mass index (BMI: kg.m-2) (p=0.363, 

d=0.37 [small]). However, Distance (d=1.63[large]), 
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HRpeak (d=1.18[moderate]) and [La] (d=2.51[large]) were 

significantly higher for IP compared to RP group (p<0.05). 

A ROC analysis was performed between IP and RP groups: 

“very good” discriminant ability was found for TSIAT. The 

areas under the ROC curve was 0.89 (Table 3 and Figure 2). 

Table 3. Descriptive data and comparison of the characteristics TSIAT indices of international and regional level tennis players groups. 

Variables International level tennis players (n=12) Regional level tennis players (n=12) p-values Cohen’s d 

Groups’ characteristics 

Body Mass (kg) 65.56 ± 11.56 63.42 ± 8.81 0.601 0.21 [small] 

Body Height (m) 1.76 ± 0.09 1.72 ± 0.06 0. 966 0.52 [small] 

BMI (kg·m-2) 20.6 ± 1.91 21.32 ± 1.97 0. 363 0.37 [small] 

TSIAT’ indices 

Distance (m) 2064.11 ± 74.74 1906.03 ± 115.17* 0.012 1.63 [large] 

HRpeak (bpm) 187.91 ± 8.27 197.91 ± 8.66* 0.029 1.18 [moderate] 

[La] (mmol·L-1) 7.33 ± 1.45 11.56 ± 1.89* 0.020 2.51 [large] 

BMI = Body Mass Index; HRpeak = Peak heart rate; TSIAT = Tennis-specific incremental aerobic test; [La] = blood lactate concentration. 

*Significant difference between groups (p < 0.05); Values are given as mean ± SD. 

 

Figure 2. ROC curve of TSIAT performance for tennis players by competitive level. AUC = area under the curve; TSIAT = Tennis-specific incremental 

aerobic test ; ROC = receiver operator characteristics. 

4. Discussion 

This study investigated the construct validity, inter-

session reliability, sensitivity, and minimal detectable 

change of the Tennis-Specific Incremental Aerobic Test 

(TSIAT). Our findings indicate that the TSIAT demonstrates 

high inter-session reliability and acceptable sensitivity for 

detecting minimal performance changes. Additionally, the 

TSIAT effectively discriminates between endurance levels 

in tennis players, as evidenced by its ability to distinguish 

between international-level (IP) and regional-level (RP) 

players. 

Reliable and valid assessments are fundamental for tennis 

coaches to optimize training programs and minimize injury 

risk. However, ensuring data consistency across testing 

sessions is crucial (25). Extrinsic errors, especially 

procedural inconsistencies, can compromise reliability (26). 

Inconsistent equipment placement is a well-established 

culprit (27). However, anthropometric variations, running 

speed fluctuations, data processing errors, and equipment 

malfunctions can also contribute. In Sports Med, where 
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repeated assessments by the same or different personnel are 

routine for tracking progress, both inter-session and inter-

rater reliability are essential (28). 

The Intraclass Correlation Coefficient (ICC) assesses 

inter-session relative reliability, indicating whether group 

rankings (not absolute values) are maintained across test 

administrations (27). Our study found excellent inter-session 

relative reliability for the TSIAT (e.g., Distance) with an 

ICC of 0.95. However, ICC can be influenced by sample 

heterogeneity (29). Therefore, to corroborate the ICC 

findings, we examined the Standard Error of Measurement 

(SEM), an absolute reliability measure unaffected by inter-

subject variability (29). Notably, when data exhibits 

homoscedasticity, as observed in our distance data (r < 0.30, 

p > 0.05) (30), SEM analysis can be particularly valuable for 

establishing absolute reliability (30). Following established 

criteria, an SEM% below 5% indicates good absolute 

reliability (31). Our investigation yielded an inter-session 

SEM% of 1.81% for TSIAT distance performance, 

supporting this notion. Furthermore, we evaluated the 

likelihood of meaningful differences in TSIAT outcomes 

using the SWC (smallest worthwhile change). As shown in 

Table 2, the distance SEM (1.81%) was comparable to the 

SWC (1.22%), suggesting the test's "satisfactory" potential 

to detect genuine performance changes. The Minimal 

Detectable Change (MDC95) provides a threshold for 

interpreting score changes relative to measurement error 

(32). The distance MDC95 in our study was 99.35 meters. 

Consequently, a distance change exceeding 5.02% of the 

original score can be confidently attributed to a true 

improvement in performance (beyond measurement error) 

with 95% certainty (30). 

This study assessed the construct validity of the TSIAT 

by comparing performance between distinct athlete groups 

with known ability differences (international-level vs. 

regional-level) (33). A strong test should readily 

discriminate between these groups, and the TSIAT 

demonstrated this capability. Notably, the TSIAT exhibited 

excellent discriminant ability, as evidenced by a significant 

difference in performance between IP and RP players.  

The significant differences (p<0.05) in TSIAT distance, 

peak heart rate (HRpeak), and blood lactate concentration 

([La]) between IP and RP players highlight TSIAT's 

effectiveness in differentiating performance profiles. The 

large effect sizes (d = 1.63, 1.18, and 2.51 for distance, 

HRpeak, and [La], respectively) further reflect the superior 

aerobic fitness of IP, which allows them to sustain high-

intensity efforts for longer periods and recover more quickly 

(14, 18). The Area Under the Curve (AUC) of the Receiver 

Operating Characteristic (ROC) curve served as a measure 

of this discriminatory power. An AUC of 0.5 indicates no 

discrimination, while 1.0 signifies perfect discrimination 

(24). Values exceeding 0.7 are considered indicative of good 

ability to distinguish groups (34, 35). In this study, the AUC 

was an impressive 0.89 (34). Furthermore, a TSIAT score 

exceeding 158.08 meters effectively differentiated between 

male and female athletes. The ROC curve itself is a visual 

representation of sensitivity (true positive rate) versus false 

positive rate (1-specificity) across various score thresholds 

(34).  Therefore, the TSIAT demonstrates “very good” 

ability to discriminate between athletes of different 

performance levels. 

4.1. Practical Applications 

The TSIAT’s established reliability and sensitivity for 

measuring incremental aerobic performance in tennis 

players make it a valuable tool for coaches.  Integrating this 

test into training regimens allows for effective monitoring of 

athlete progress. 

5. Conclusions 

This study established the Tennis-Specific Incremental 

Aerobic Test’s (TSIAT) strong construct validity, excellent 

inter-session reliability, and acceptable sensitivity. Notably, 

the TSIAT demonstrates consistent performance replication, 

detects performance changes, and effectively discriminates 

between competitive levels in tennis players. Future research 

could explore the test's generalizability by examining its 

validity and reliability across different sexes or similar 

racquet sports (e.g., badminton and paddle tennis). 
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