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Abstract

Objective
The aims of this study were to analyze the shoulder functional profile of young male and

female tennis players and to establish the relationship among physical variables and serve
speed.

Methods

A total of 128 Spanish tennis players (Under-13 (n = 32/32 males/females) and Under-15
(n =36/28 males/females), were tested during National training camps. Tests included pas-
sive shoulder range of motion (ROM) for both internal (IR) and external rotation (ER) and
isometric strength (i.e., IR and ER) of the dominant/non-dominant shoulders, medicine ball
throws (MBT), and serve speed. Age and sex pairwise comparisons were carried using the
Hedges’ g index (dy).

Results

Results showed age and sex effects on serve speed and all MBT, with males showing
greater changes (1.51<d,<1.98) with age than females (0.92<d;<1.35; p<0.05). U15
males showed higher (p<0.05) absolute shoulder IR and ER strength than U13, with only
significant differences between males and females in the U15. Regarding ROM, U15 males
showed a decreased IR ROM compared to U13 (d, = -0.84; p<0.05) and higher significant
IR bilateral deficit (d, = 0.51; p<0.05). The distances obtained in the different MBT were the
variables more correlated to serve speed.

Conclusion

The present results suggest that shoulder strength, medicine ball throws and serve speed
increased along with age in young elite tennis players of both sexes. However, a decreased
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range of motion and bilateral deficit for glenohumeral internal rotation is evident in male
under-15 tennis players. Muscle strength, power and shoulder range of motion are key fac-
tors for serve speed in young tennis players.

Introduction

It is well known that tennis is an early initiation sport which leads players to spend a lot of
training time mastering their individual sport-specific skills since early ages [1]. In this regard,
it has been reported that technical and tactical training in young tennis players often exceed 15
to 20 hours per week [2]. In the last few years, several studies suggested that sport specializa-
tion and intensive training during adolescent growth stages represent important risk factors
for overuse injury in young players, which can reduce long-term performance and hinder the
development of a professional career [3-5].

As a result of the demands induced by the continuous practice and play, tennis players are
susceptible to a range of injuries including chronic overuse conditions and acute traumatic
injuries [6]. Players are required to execute hundreds of strokes per training/match, with
powerful shots including serves and groundstrokes [7,8]. The serve, in particular, is the most
important shot in competitive tennis, allowing the player to win the point directly through an
ace or dominate the rally since the beginning [9]. In terms of performance, although previous
research is still scarce, results reported a positive relationship between serve velocity and shoul-
der strength (i.e., internal (IR) and external rotation (ER)) [10], shoulder range of motion
(ROM) (i.e., IR of the dominant shoulder) [11]. In addition, overhead medicine ball throw and
serve velocity are the most correlated predictors of overall tennis performance [12].

The serve is the most demanding stroke in tennis, with supra-physiologic forces through
the shoulder and elbow [6,13]. Thus, a considerable proportion of injuries in tennis players
are located in the dominant shoulder, with an incidence of 8.2 injuries per 1000 playing hours
in tennis matches, accounting for 15.9% of all overuse injuries in elite junior tennis players
[6,14,15]. These injuries are mainly caused by the conjunction of unilateral and repetitive ten-
nis strokes and biomechanical and training load errors, which lead to alterations in the shoul-
der ROM [16,17], and to imbalances in the muscle strength [18,19].

The glenohumeral internal rotation deficit (GIRD) (i.e., loss in dominant shoulder IR that
is greater than 18-20°, with a corresponding loss of total arc of motion (TAM) greater than 5°
when compared with the non-dominant shoulder) [20], external/internal (ER/IR) rotation
strength ratios (i.e., <60-85%) [21], or an external rotation deficiency (ERD) (loss in domi-
nant shoulder ER that is greater than 5°, when compared with the non-dominant shoulder
[22]), have been highlighted as one of the main risk factors in overhead athletes. Moreover,
most of these changes have been related to the duration of tennis practice and player’s age
[23,24]. To the best of our knowledge, only few previous studies have been reported the
shoulder functional profile (i.e., ROM and strength) of young tennis players (7 to >16 years)
[19,25]. In general, IR ROM decreases with age, with a parallel decrease in the total arc of
motion (TAM) in the dominant side when compared to the non-dominant side. Moreover,
absolute/normalized shoulder strength values were higher in the dominant side compared to
the non-dominant side, and values increased with age, although studies showed some discrep-
ancies, especially related to the biological age or when strength data are normalized [19,25].

Therefore, the purpose of this study was twofold: first, to analyze the shoulder functional
profile (rotation ROM and strength) of young (under (U)-13 and U-15) male and female
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tennis players and, second, to establish the relationship between these physical variables (i.e.,
shoulder profile, medicine ball throws) and serve velocity.

Method
Experimental approach to the problem

The current investigation is an observational and descriptive analysis to determine age and sex
differences in the shoulder functional profile, medicine ball throws) and serve velocity. Testing
protocols were conducted over a 4-week period beginning at the end of September 2017. Test
sessions were undertaken between 10:00 and 15:00 hours, and the players were tested at their
respective federation base. To ensure standardization of test administration across the entire
study period, all tests were performed in the same order, using the same testing devices,
measurement protocols and operators. The testing took place in 2 different locations in each
federation base: a physiotherapy room and an outdoor synthetic court (Rebound Ace surface;
temperature, 22.3-24.4°C; relative humidity, 54.4-61.0%; Kestrel 4000 Pocket Weather
Tracker, Nielsen Kellerman, Boothwyn, PA, USA). Every player followed the same testing pro-
tocol (i.e., shoulder ROM, shoulder strength, medicine ball throws and serve speed) separated
by lapses of 10 min between each stage. To reduce the interference of uncontrolled variables,
participants stayed at the same residence within the training facility to control meals and rest-
ing times. Participants were encouraged to withdraw all sources of caffeine for 24 h before
testing and to have their habitual breakfast at least 3 h before the onset of the measurements.
Testing began after a 15-min standardized warm-up, which consisted of jump rope activation,
general dynamic mobility, multi-directional acceleration runs, jumps of progressive intensity,
and shoulder exercises with elastic tubbing.

Participants

One hundred and twenty-eight junior tennis players took part in this study (Table 1). For the
purposes of the present study, the players were grouped into two age groups: U13 years (32
males and 32 females) and U15 (36 males and 28 females). Participants comprised the most
talented players in each region and were selected by the regional federations coaching staffs
based on technical or tactical abilities and competitive performance. All players participated in

Table 1. Descriptive variables of male and female junior tennis athletes according to their age.

U13 Ul15
n mean (SD) n mean (SD)
Age (years) Male 32 12.6 (0.2) 36 14.6 (0.3)
Female 32 12.6 (0.3) 28 14.6 (0.3)
Height (m) Male 32 154.9 (7.0) 36 169.0 (5.7)
Female 32 159.8 (7.0) 28 166.3 (5.7)
Mass (kg) Male 32 43.5 (6.8) 36 58.4 (7.3)
Female 32 49.1 (7.3) 28 56.8 (5.4)
APHYV (years) Male 32 15.0 (0.5) 36 15.4 (0.5)
Female 32 12.4 (0.4) 28 13.0 (0.4)
PHV (years) Male 32 -2.41(0.5) 36 -0.74 (0.6)
Female 32 0.23 (0.5) 28 1.67 (0.4)

U13 = under 13 years old; U15 = under 15 year old; APHV = age at peak height velocity; PHV = peak height velocity;

m = meters; kg = kilograms.

https://doi.org/10.1371/journal.pone.0221761.t001
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an average of 14 * 3.1 hours of combined tennis and physical training per week, and had a
training background of 6.6 + 3.2 years. None of the players reported history of any orthopedic
problems of any body part during the previous 12 months.

Before taking part in the study, participants and their parents/guardians were fully
informed about the protocol and provided their written informed consent. The Spanish Ten-
nis Federation Ethics committee approved the procedures in accordance with the latest version
of the Declaration of Helsinki.

Maturity status. Body height was measured using a fixed stadiometer (60.1 cm; Holtain
Ltd., Crosswell, United Kingdom), sitting height using a purpose-built table (60.1 cm; Holtain
Ltd.), and body mass using a digital balance (60.1 kg; ADE Electronic Column Scales, Ham-
burg, Germany). Pubertal timing was estimated according to the biological maturation of each
individual using the predictive equation described by Mirwald et al. [26]. The age of peak lin-
ear growth (age at peak height velocity) is an indicator of somatic maturity representing the
time of maximum growth in stature during adolescence [26]. Biologic age of maturity (in
years) was calculated by subtracting the chronological age at the time of measurement from
the chronological peak velocity age [27]. Thus, a maturity age of -1.0 indicates that the player
was measured 1 year before this peak velocity, a maturity of 0 indicates that the player was
measured at the time of this peak velocity, and a maturity age of +1.0 indicates that the partici-
pant was measured 1 year after this peak height velocity [26].

Shoulder range of motion (ROM). The passive glenohumeral rotation was assessed fol-
lowing the methodology previously described [28] using a manual inclinometer (ISOMED
inclinometer, Portland, Oregon). Each participant lay supine on a bench, with the shoulder in
90° of abduction and the elbow flexed to 90° (forearm perpendicular to the bench). From this
starting position, an examiner held the participant’s proximal shoulder region (i.e. clavicle and
scapula) against the bench to stabilize the scapula while another examiner rotated the humerus
in the glenohumeral joint to produce maximum passive ER and IR [17]. Two attempts at both
IR and ER, as well as for both, dominant and non-dominant sides, were performed. Values (°)
for both repetitions were averaged, and then used to calculate both TAM, and the bilateral dif-
ference in IR (side-to-side asymmetry = dominant—non-dominant; [17]).

Shoulder strength test. Isometric internal and external shoulder rotation strength of
the dominant and non-dominant limb were assessed with a portable handheld dynamometer
(Nicholas Manual Muscle Tester, Lafayette Indiana Instruments). Participants were in a
supine lying position on a plinth with the shoulder in 90° of abduction and the elbow flexed
to 90° and following the methodology described previously [21]. Strong verbal encourage-
ment was given during every repetition to promote a maximal effort. The average of two
maximal trials (5 s) was used for the subsequent statistical analyses. There was a 30-s rest
period between trials. A side-to-side difference higher than 10% was defined as bilateral
asymmetry. Moreover, shoulder rotational strength values normalized to bodyweight (N/kg)
were also calculated [19].

Serve speed. The serve speed was measured by a radar gun (model SR3600, Homosassa,
FL, USA; range 80 to 232 km/h) and using new tennis balls (Babolat Team). Before each exper-
imental session, the radar gun was calibrated in accordance with the manufacturer’s specifica-
tions. According to previous research [29], the radar was positioned on the center of the
baseline, 3 m behind the server, aligned with the approximate height of ball contact (~ 2.2 m)
and pointing down the center of the court. Each participant carried out 3 sets of 10 maximal
flat serves (i.e., the use of slice was not allowed) to the advantage court with a 30 s rest between
each of them and approximately 10 s between each serve. To be accepted, serves had to fall
into the service box within 1 m of the center service line. Direct feedback of velocities was pro-
vided to encourage maximal effort. Before testing, a specific 5 min serve warm-up was allowed
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to the participants including upper body mobility and 2 sets of 8 first and second serves.
Finally, the average speed of the 8 best trials was used for further analysis.

Medicine ball throws (MBT): Overhead, forehand, and backhand. For the overhead
MBT (MBO), the players stood on a line with their feet side-by-side and slightly apart, facing
the direction to which the ball was to be thrown, and holding a 2-kg medicine ball. The ball
was brought back behind the head and then thrown vigorously forward as far as possible with-
out the player crossing the line. Additionally, players performed a forehand (MBF) and back-
hand MBT (MBB) according to previous methods [12]. Players stood sideways to the starting
line and simulated a forehand-backhand stroke tossing the ball as far as possible without cross-
ing the line. For all MBT, the distance from the line to the point where the ball landed was
measured, and the best performance between 2 efforts was recorded to the nearest 5 cm. There
was a 45-s rest period between trials.

Statistical analyses

Descriptive statistics (mean and standard deviation) were calculated for each of the variables.
Data normality was examined using the Kolmogorov-Smirnov test with the Lilliefors’ correc-
tion. In order to investigate the differences caused by the maturation and tennis training, two-
way independent-measures analyses of variance (ANOVAs) were performed, being age group
category (2 levels: U13 and U15) and sex (2 levels: males and females) the between-subject fac-
tors. The level of significance chosen was p < 0.05. Additionally, pairwise comparisons were
carried using the Hedges’ g index (dg) and its confidence interval at 95% as effect size estima-
tor [30]. This index is based on Cohen’s d index, but it provides an effect size estimation reduc-
ing the bias caused by small samples. A comparison was considered statistically significant
when the effect size confidence interval did not cross the zero value. Additionally, the practical
significance of effect sizes was categorized as trivial (dg < 0.2), small (0.2 < dg < 0.5), moder-
ate (0.5 < dg < 0.8) and large (dg > 0.8). Pearson correlations were used to determine the rela-
tionship between performance parameters and serve speed, controlled by age. Correlations
were classified as trivial (0-0.1), small (0.1-0.3), moderate (0.3-0.5), large (0.5-0.7), very large
(0.7-0.9), nearly perfect (0.9), and perfect (1.0). ANOVA and correlational analysis were per-
formed with the Statistical Package for Social Sciences (version 22.0, SPSS Inc., Chicago, IL,
USA). Effect sizes (ES) were calculated through an “ad hoc” excel spreadsheet (21).

In order to identify a group of factors that were independently associated with serve speed,
all potential factors that showed significant associations with this parameter and met the
assumptions of normality, linearity, homoscedasticity, and non-presence of multicollinearity
were entered into a stepwise multivariate linear least square regression with backward elimina-
tion (p < 0.1) [31]. The strength of the predictive ability of identified factors was determined
with unstandardized regression coefficients (), while the predictive power of each final model
was given by calculation of the percentage of explained variance (R?). Both, correlational and
multiple regression analysis were performed for each males and females age-group, indepen-
dently. Potential confounding variables (age, mass and height) were included in the regression
model.

Results
Serve speed and medicine ball throw

Opverall, the ANOV As revealed effects of age (55.766 < F < 72.432; p < 0.05) and sex (4.275 <
F <26.041; p < 0.05) on serve speed and all the three medicine ball throws (MBO, MBF and
MBB) (Table 2). There was also an interaction effect (Age x Sex; 5.107 < F < 14.221; p < 0.05)
for all these parameters, highlighting that males showed greater changes (1.51 < d, < 1.98)
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Table 2. Differences between male and female tennis players under 13 and 15 years old on speed tennis serve and medicine ball throw distance.

Serve speed (km/h) U13
U15
Age

Effect size
MBO (m) U13
U15
Age

Effect size
MBF (m) U13
Ul15
Age

Effect size
MBB (m) U13
U15
Age

Effect size

Males Females
126.42 (10.16) 121.95 (10.59)
149.10 (12.27) 132.40 (11.91)

63.751 (<0.001)

1.98 (1.40; 2.56) 0.92 (0.38; 1.45)
5.53(1.18) 5.67 (0.70)
7.79 (1.35) 6.65 (0.74)

69.194 (<0.001)

1.76 (1.19; 2.32) 1.35(0.78; 1.91)
7.25(1.17) 7.12 (0.95)
10.31 (1.90) 8.30 (0.99)

72.432 (<0.001)

1.89 (1.32; 2.47) 1.20 (0.65; 1.75)
6.80 (1.20) 6.85 (0.92)
9.25 (1.88) 8.16 (1.13)

55.766 (<0.001)

Sex Effect size
26.041 (<0.001) 0.43 (-0.07; 0.92)
1.36 (0.81; 1.91)
Interaction
8.702 (0.004)
-0.14 (-0.63; 0.35)
1.00 (0.48; 1.52)
Interaction
10.785 (0.001)
0.12 (-0.38; 0.61)
1.26 (0.72; 1.80)
Interaction
14.221 (<0.001)
-0.04 (-0.53; 0.45)
0.67 (0.17; 1.18)

Interaction

6.581 (0.012)

18.229 (<0.001)

4.275 (0.041)

1.51 (0.97; 2.05) 1.26 (0.71; 1.82) 5.107 (0.026)

Two way independent measures ANOV As being sex and age the between subject factors. ANOVA main effects (sex; Age) and interactions (sex x age) are presented as F

score (p). Descriptive data are presented as mean (SD). Effect sizes were calculated using Hedges’ g index and they are presented as mean (90% confidence interval).
MBO: overhead medicine-ball throw; MBF: medicine-ball throw, forehand side; MBB: medicine-ball throw, backhand side.

https://doi.org/10.1371/journal.pone.0221761.t1002

with age than females (0.92 < d, < 1.35). Thus, U15 males, but not U13, showed higher serve
speed and medicine ball throw distance than U15 and U13 females.

Shoulder strength

As shown in Table 3, U15 showed higher absolute shoulder IR and ER strength than U13
(42.039 < F < 55.773; p < 0.05). However, differences between males and females were only
significant in the U15 (Age x Sex; 9.507 < F < 14.023; p < 0.05). Unlike absolute strength
values, males showed higher normalized shoulder strength than females in both age groups
(21.895 < F <29.602; p < 0.05). Nevertheless, no significant differences between age groups
were observed for normalized shoulder strength. Finally, ER/IR strength ratio and strength
bilateral deficit did not show significant changes with age and sex.

Shoulder ROM

As shown in Table 4, overall, there were no meaningful differences in shoulder IR, ER, ROM
and neither in TAM between sex and age groups. However, pairwise comparisons showed
that U15 males showed a decreased IR ROM compared to U13 (U13 = 73.0°; U15 = 61.8"; dg =
-0.84; p <0.05). In addition, they showed a higher and statistically significant IR bilateral defi-
cit (U13 = 12.0%; U15 = 20.1%; d, = 0.51; p <0.05).

Correlational analysis

In males (Table 5), medicine-ball throws showed the highest correlations with serve speed
(0.418 < r < 0.638), being the MBF throw the best predictor (U13: 0.582; U15: 0.638). Regard-
ing shoulder strength, absolute IR and ER strength were significantly correlated with serve
speed, for both, U13 (IR: 0.518; ER: 0.472) and U15 group (IR: 0.496; ER: 0.391). Interestingly,
in U15 males, the IR ROM was negatively correlated with serve speed (r = -0.369). This
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Table 3. Differences between male and female tennis players under 13 and 15 years old on shoulder internal and external rotation strength.

Males ‘ Females ‘ Sex | Effect size
Dominant arm
APFRr (N) U13 114.8 (21.9) 111.1 (15.2) 16.051 (<0.001) 0.19 (-0.30; 0.68)
Ul5 156.1 (32.8) 125.9 (19.1) 1.08 (0.55; 1.60)
Age 44.163 (<0.001) Interaction
Effect size 1.45(0.91; 1.98) 0.86 (0.32; 1.39) 9.810 (0.002)
NPFr (N/kg) U13 2.70 (0.56) 2.29(0.32) 28.963 (<0.001) 0.89 (0.37; 1.40)
U15 2.68 (0.47) 2.23(0.37) 1.02 (0.49; 1.54)
Age 0.269 (0.605) Interaction
Effect size -0.05 (-0.52; 0.43) -0.16 (-0.67; 0.34) 0.043 (0.836)
APFgg (N) U13 89.4 (21.0) 86.5 (15.6) 14.629 (<0.001) 0.15 (-0.34; 0.64)
U15 126.0 (28.9) 99.5 (15.9) 1.08 (0.55; 1.61)
Age 42.039 (<0.001) Interaction
Effect size 1.42 (0.89; 1.95) 0.82 (0.29; 1.34) 9.507 (0.003)
NPFgg (N/kg) U13 2.08 (0.44) 1.79 (0.34) 25.750 (<0.001) 0.73 (0.23; 1.24)
Ul5 2.15(0.43) 1.76 (0.26) 1.06 (0.53; 1.59)
Age 0.104 (0.747) Interaction
Effect size 0.16 (-0.31; 0.64) -0.09 (-0.60; 0.42) 0.550 (0.460)
Non dominant arm
APFg (N) U13 93.2 (13.3) 91.9 (17.6) 16.850 (<0.001) 0.08 (-0.41; 0.57)
U15 133.5(27.8) 104.8 (19.4) 1.16 (0.63; 1.69)
Age 52.672 (<0.001) Interaction
Effect size 1.79 (1.23; 2.36) 0.69 (0.17; 1.21) 14.023 (<0.001)
NPFyg (N/kg) U13 2.20 (0.40) 1.90 (0.38) 29.602 (<0.001) 0.76 (0.25; 1.27)
U15 2.28 (0.37) 1.86 (0.34) 1.18 (0.64; 1.71)
Age 0.109 (0.742) Interaction
Effect size 0.22 (-0.26; 0.70) -0.11 (-0.62; 0.40) 0.885 (0.349)
APFgg (N) U13 84.0 (15.8) 77.4 (12.1) 10.235 (0.002) 0.46 (-0.04; 0.95)
Ul5 112.4 (24.9) 98.0 (17.1) 0.65 (0.15; 1.16)
Age 55.773 (<0.001) Interaction
Effect size 1.33 (0.80; 1.86) 1.38 (0.82; 1.95) 1.463 (0.229)
NPFgr (N/kg) U13 1.95 (0.29) 1.61 (0.31) 21.895 (<0.001) 1.14 (0.62; 1.67)
U15 1.92 (0.36) 1.73 (0.31) 0.54 (0.04; 1.05)
Age 0.703 (0.404) Interaction
Effect size -0.10 (-0.57; 0.38) ‘ 0.41 (-0.10; 0.92) 1.984 (0.162)
External/internal rotation strength ratio
Dominant arm (Unitless) U13 0.78 (0.27) 0.78 (0.13) 0.031 (0.861) -0.03 (-0.52; 0.46)
Ul5 0.80 (0.24) 0.81 (0.18) -0.04 (-0.54; 0.45)
Age 0.467 (0.495) Interaction
Effect size 0.08 (-0.40; 0.56) 0.15 (-0.35; 0.66) 0.131 (0.718)
Non-dominat arm (Unitless) U13 0.93 (0.24) 0.86 (0.14) 0.952 (0.331) 0.37 (-0.13; 0.86)
Ul5 0.83(0.22) 0.96 (0.22) -0.56 (-1.06; -0.06)
Age 0.139 (0.710) Interaction
Effect size -0.41 (-0.89; 0.07) ‘ 0.55 (0.03; 1.07) 4.459 (0.037)
Bilateral strength differences
Internal rotation (%) U13 23.32(17.26) 22.96 (17.66) 0.306 (0.581) -0.32 (-0.82; 0.17)
U15 18.28 (17.85) 22.14 (18.00) 0.53 (0.03; 1.03)
Age 0.862 (0.355) Interaction
Effect size -0.28 (-0.76; 0.19) -0.05 (-0.55; 0.46) 446 (0.506)
(Continued)
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Table 3. (Continued)

Males Females Sex Effect size
External rotation (%) U13 7.03 (17.64) 12.66 (16.81) 0.592 (0.443) 0.37 (-0.13; 0.86)
Ul5 13.57 (23.86) 2.79 (14.00) -0.56 (-1.06; -0.06)
Age 0.247 (0.620) Interaction
Effect size 0.31 (-0.17; 0.78) -0.63 (-1.14; -0.11) 6.008 (0.016)

Two way independent measures ANOVAs being sex and Age the between subject factors. ANOVA main effect (sex, Age) and interaction (sex*Age) are presented as F score

(p). Descriptive data are presented as mean (SD). Effect sizes were calculated using Hedges’ g index and they are presented as mean (90% confidence interval). APFg:
P p p g [1eages g y are p

absolute internal rotation peak force; NPFr: normalized internal rotation peak force; APFgg: absolute external rotation peak force; NPFgy: normalized external rotation

peak force.

https://doi.org/10.1371/journal.pone.0221761.t003

significant association between serve speed and ROM was not observed in any other group.
Regarding anthropometrical measures, body height (0.549 < r < 0.594) and body weight
(0.600 < r < 0.625) were significantly correlated with serve velocity for both, the U15 and U13
groups.

In females (Table 6), correlational values showed that in the U13 group only MBF (r = 0.413)
was significantly correlated with serve speed. In the U15, only MBO (r = 0.433) was significantly
correlated with serve speed. Regarding anthropometrical measures, only body weight of the
U15 group (r = 0.489) was significantly correlated with serve velocity. Although non-significant,
body height for both, U13 and U15, showed moderate correlations (0.319 < r < 0.369) with
serve velocity.

The prediction model conducted (Table 7) revealed that in U13 males, 71.3% of the serve
speed variance was explained with the MBF, bilateral deficit of IR ROM, ER and IR strength.
In the U15, 60.2% of the variance was explained by MBF, body height, IR ROM and IR
strength. In U13 females, only the MBF explained 17.1% of the serve speed variance, while in
the U15 body weight and MBO explained 34.5% of serve performance.

Discussion

The aims of this study were first, to analyze the shoulder functional profile (rotation ROM and
strength) of young (U-13 and U-15) competitive male and female tennis players and, second,
to establish the relationship between physical variables (i.e., shoulder functional profile, medi-
cine ball throws) and serve velocity. Main results showed that, in terms of absolute shoulder
strength, U15 males were stronger than U13 peers, but males were only significantly stronger
than females in the U15 group. When strength values were expressed relative to the body
weight, males were stronger than females in both groups (U15 and U13), with no differences
between age groups. Regarding shoulder ROM, results highlighted a decreased IR ROM in
U15 males compared to the U13 peers, together with higher and statistically significant IR
bilateral deficit. Moreover, although non-significant, there is a decreased TAM of the domi-
nant side in U15 males compared to the U13 males. Analyzing physical performance, U15
males showed higher serve speeds and achieved more distance in the medicine ball throws
than U13 males and both, U13 and U15 females. Correlations between physical parameters
and serve speed highlighted the medicine ball throws, specially the MBF, as the variables more
correlated to serve performance.

Upper body performance (i.e., muscular performance and stroke efficiency) seems to be
determinant in tennis, since the serve, forehand and backhand rally balls accounted for 70-
80% of the external hitting load during elite competition [32,33]. As shown in previous
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Table 4. Differences between males and female tennis players under 13 and 15 years old on shoulder internal and external rotation range of motion.

Males Females Sex Effect size
D-IR (°) u13 73.0 (12.1) 67.1 (14.1) 0.474 (0.492) 0.44 (-0.05; 0.94)
Ul5 61.8 (13.8) 71.0 (10.5) 0.72 (-1.23; -0.21)
Age 2.368 (0.127) Interaction
Effect size -0.84 (-1.34; -0.35) 0.31 (-0.20; 0.82) 10.238 (0.002)
ND-IR (%) U13 81.35 (11.00) 80.09 (17.62) 0.259 (0.612) 0.08 (-0.41; 0.57)
Ul15 77.60 (10.75) 81.39 (13.85) -0.31 (-0.80; 0.19)
Age 0.240 (0.625) Interaction
Effect size -0.34 (-0.82; 0.14) 0.08 (-0.43; 0.59) 1.021 (0.314)
D-ER (°) U13 146.6 (18.5) 140.1 (18.2) 0.517 (0.474) 0.35 (-0.14; 0.85)
U15 136.4 (14.6) 138.4 (17.3) -0.13 (-0.62; 0.37)
Age 3.609 (0.060) Interaction
Effect size -0.61 (-1.10; -0.12) -0.09 (-0.60; 0.42) 1.897 (0.171)
ND-ER (°) u13 140.69 (14.12) 139.97 (11.90) 0.857 (0.357) 0.05 (-0.44; 0.54)
uU15 134.49 (15.29) 140.00 (15.00) -0.36 (-0.86; 0.14)
Age 1.423 (0.235) Interaction
Effect size -0.42 (-0.90; 0.07) 0.00 (-0.50; 0.51) 1.452 (0.231)
D-TAM (°) U13 219.58 (26.31) 207.13 (25.53) 0.020 (0.888) 0.47 (-0.02; 0.97)
Ul15 198.20 (23.44) 209.39 (21.87) -0.49 (-0.99; 0.02)
Age 1.471 (0.228) Interaction
Effect size -0.85 (-1.35; -0.35) 0.09 (-0.41; 0.60) 7.065 (0.009)
ND-TAM (°) U13 222.04 (21.65) 220.06 (24.05) 0.798 (0.374) 0.09 (-0.40; 0.58)
U15 212.09 (19.96) 221.39 (24.06) -0.42 (-0.92; 0.08)
Age 1.104 (0.296) Interaction
Effect size -0.47 (-0.96; 0.01) 0.05 (-0.45; 0.56) 1.890 0.172)
IR bilateral u13 10.10 (10.84) 14.86 (18.13) 0.487 (0.487) -0.31 (-0.81; 0.18)
differences (%) Uls 20.08 (15.70) 11.45 (13.91) 0.57 (0.07; 1.07)
Age 1.412 (0.237) Interaction
Effect size 0.72 (0.23; 1.22) -0.21 (-0.71; 0.30) 5.852 (0.017)
TAM bilateral U13 2.46 (15.82) 12.94 (30.56) 1.221 (0.271) -0.43 (-0.92; 0.07)
differences (*) u15 13.89 (17.37) 12.00 (16.46) 0.11 (-0.38; 0.60)
Age 1.820 (0.180) Interaction
Effect size 0.68 (0.19; 1.17) -0.04 (-0.54; 0.47) 2.529 ‘ (0.115)

Two way independent measures ANOV As being sex and Age the between subject factors.

ANOVA main effect (sex, Age) and interaction (sex*Age) are presented as F score (p). Descriptive data are presented as mean (SD). Effect sizes were calculated using

Hedges’ g index and they are presented as mean (90% confidence interval).

D: dominant arm; ND: non-dominant arm; IR: internal rotation; ER: external rotation; TAM: total arc of motion; IR ratio was calculated as the IR range of motion

difference between non-dominant and dominant arm, divided by non-dominant IR range of motion and multiplied by 100.

https://doi.org/10.1371/journal.pone.0221761.1004

research [19,25], the absolute isometric shoulder rotation strength of adolescent tennis players
is increased along with chronologic age in both sides, with side to side differences existing
since early ages. Present results showed that U15s were stronger than U13s in both, males and
females, although no differences were found between males and females of the U13 group.
However, when the data were normalized to body weight, males showed higher strength values
than females in both age groups, although no differences were found when comparing age
groups in both, males and females. Results are difficult to compare with previous research
[19,25], since the sample of tennis players monitored presented different skill levels and ages
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Table 7. Backward multivariate linear regression analysis. Significant predictor variables (p < 0.10) for the serve
speed.

Explained variance (R%) Regression equation
Model 1% 2" Variable 3 4t
Variable Variable | Variable

MALES

Ul3 | 71.3% | MBTy | BD-ROMz | APFgz | APF | Y=70.858 +3.530"MBE- 0.472* BD-ROMg
103% | +0.182°APFpg + 0.157*APFr

31.8% 18.7% 10.5%
U15| 60.2% | MBTx Height ROMpz | APFy | Y=11.726+ 1.685*MBF+ 0.722"Height- 0.346*
40.6% 10.5% 8.5% 8.0% | ROMig +0.125"APFi
FEMALES
U13| 17.1% | MBTg Y = 89.891 + 4.488* MBF
17.1%
Ul15 | 345% | Body MBT, Y = 49.493 + 0.868* Mass + 5.057* MBO
Mass
23.9% 10.6%

Serve speed (km/h); MBO: overhead medicine-ball throw (m); MBF: medicine-ball throw, forehand side (m); APF:
Internal rotation absolute shoulder peak force (N); APFgg: External rotation absolute shoulder peak force (N);
ROMyy: shoulder internal rotation range of motion (*); BD-ROM;g: Bilateral deficit of shoulder internal rotation

range of motion (%).

https://doi.org/10.1371/journal.pone.0221761.t1007

or maturation levels. In this regard, Cools et al. [19] reported that normalized strength of the
shoulder-complex muscles, except for the IRs, remained similar through adolescence in a
group of elite tennis players of 12 to 18 years, while Gillet et al. [25] showed that all normalized
strength of the shoulder-complex muscles remained similar across biological age groups ana-
lyzed (i.e., elite male players, 7 to 13 years). Since muscular strength increased progressively
with both mass and height [34], present results can be considered a normal and expected
adaptation.

Intensive tennis practice and competition lead to an unbalanced shoulder function profile,
with higher IR strength compared to the ER on the dominant side. In this regard, cut-off values
reported in previous research were <60% to 85% (34), while present results showed “healthy”
average IR/ER ratios between 78% to 96%. However, analyzing individual ratios, values ranged
from 50% (U13 females) to 62.5% (U13 males), which are below cut off references for shoulder
injury risk and indicates that some of these young tennis players might have moderate risk of
shoulder injury. Comparing sides, players already presented a stronger dominant than non-
dominant upper limb, with differences ranging from 15 up to 20% in the IR and ER strength,
which is in agreement with previous studies [19,25,28]. Asymmetry levels found are likely due
to the high demands imposed on the dominant side, especially on the IR strength, during ten-
nis play since early ages, which can increase the tensile stress on the posterior rotator cuff and
scapular stabilizers [28], and could develop a strength imbalance between the ER and IR over
time. Thus, it seems that an individual approach should be followed in terms of shoulder pro-
filing, as some players participating in the study already seem to be prone to suffer a shoulder
injury in the future.

Extensive research has shown that excessive or limited shoulder ROM may lead to shoulder
injuries, such as instability and impingement, in overhead athletes [18,35-37]. The current
results showed reductions in IR ROM in the dominant shoulder compared to the non-domi-
nant side, for both sexes and age groups, which are in line with previous results obtained in
tennis players [17,19]. This IR ROM reduction is likely caused by a sport-specific adaptation,
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as discussed in recent research [18]. Moreover, and also in line with recent research [25], U15
males showed significantly less IR ROM as well as higher IR deficit than U13, highlighting a
progressive limitation as age increases. Research has identified IR limitations and injury risk
when there is a loss of rotation greater than 18° to 20°, with a corresponding loss of TAM
greater than 5° when compared bilaterally [18]. Present results showed that IR bilateral differ-
ences ranged from 8° to 16° in both sex and age groups, which could be considered “normal”,
from a pathological point of view [35]. However, caution should be taken, as some individual
values in the current study can be considered dangerous, with bilateral differences exceeding
more than 20° in some cases. Regarding bilateral differences in the TAM, values ranged from
2.5° (boys U13) to 13.9° (boys U15), with the latter being already considered as a risk for

a shoulder injury in the future. Based on these results, it appears necessary to introduce pre-
vention measures in order to balance these shoulder deficits, even at these early age stages.
Although there is not enough evidence to support that a stretching program reduces the inci-
dence of recurrent shoulder injury [18], the use of active, passive or manual therapy forms of
stretching, is recommended to improve posterior shoulder tightness and GIRD in the short-
term for asymptomatic young overhead athletes.

The results regarding correlations between physical qualities and performance (Tables 5
and 6) revealed interesting associations. In males, results showed that MBT's are strong
predictors (r = 0.418-0.638) of serve velocity, together with the absolute IR and ER strength
(r =0.391-0.518) for both age groups. In addition, body height (r = 0.549-0.594) and body
mass (r = 0.600-0.625) were also positively correlated to serve velocity. In contrast to males,
only MBF (r = 0.413) in the U13, and MBO (r = 0.433), in the U15, together with body weight
(r = 0.489) in the U15, were significantly correlated with serve velocity in females. Moreover,
although non-significant, body height showed moderate correlations (0.319 < r < 0.369)
with serve velocity in both age groups. These results are in agreement with previous findings
obtained in male and female youth players pooled together [10,12,30], highlighting the deter-
mining role of upper body strength-power on service performance, with a lower influence of
anthropometric variables. Hence, despite the proposed sequential transfer of power from the
lower-body to the core structure and upper-body extremities (i.e., kinetic chain), it is apparent
that the strength and power in the upper limb in relation to the movement initiation segment
are key factors of the final velocity in the racket head during the tennis serve [7].

In addition to these fitness-related factors, anthropometric characteristics (i.e., body height
and weight) were correlated to serve velocity in both age and sex groups. Higher body heights
are associated to higher impact points during the serve [7,38], thus, increasing the probability
of having a more successful serve [38]. From a biomechanical point of view, body mass is also
related to torque production and thus, having a positive contribution to the serve velocity
[30,39].

The prediction model conducted in the present study showed interesting results, with the
MBEF, bilateral deficit of IR ROM, ER and IR strength explaining 71.3% of the serve speed vari-
ance in the U13 males, while MBF, body height, IR ROM and IR strength explained 60.2% of
the variance in the U15. In U13 females, only the MBF explained 17.1% of the serve speed vari-
ance, while in the U15 body weight and MBO explained 34.5% of serve performance. Although
it is difficult to compare results, due to the different populations (i.e., age range, number of
players analyzed) and testing procedures, a recent study [30], found similar results in a wider
range of tennis players (i.e., 1019 males and females ranging from U12 to U18). Results of this
study showed that MBTs, handgrip strength, arm span, body height and body mass were corre-
lated with serve speed, and that a combination of different factors (i.e., MBTs, grip strength,
arm span, and body mass) explained 41-66% and 19-45% of the variance in serve speed of
boys and girls, respectively. From all the upper body measures conducted here, MBTs (i.e.,
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MBF and MBO) explained 10 to 40% of the serve variance for both, males and female players,
in line with previous research [12,30]. Thus, it seems that upper-body power and the ability
to transfer power from the lower to the upper body (i.e., coordination), including rotational
movements [40], are especially important for tennis performance [12].

A perfect prediction model for serve performance in tennis seems to be very difficult to
obtain since that stroke is the most complex in the sport [13], with individual technical skills,
as well as coordination being also important factors in producing high ball speeds [41]. From
or results we can highlight that that differences between males and females become already evi-
dent since early ages, with serve performance relying more on the physical qualities (i.e., MBT,
shoulder strength) in males, while in females, only the MBT and body mass seemed to be con-
tributors to serve speed. Results are partially in agreement with previous studies, which found
that body mass was a major contributor for serve speeds in females, especially in U14 and U18
players [30,42]. This could be related to the increase in body mass when female athletes reach
the adolescence [43], which, on the other hand, is also related to an increase in the absolute/rel-
ative fat mass, superior strength and power levels, but also poor endurance, speed/agility levels
[44]. In this regard, differences in the performance profile of elite players are well reported,
with males showing faster serve speeds, and producing more service points than female players
[45]. Moreover, males’ game is characterized by higher mean movement speeds than women’s
match play which, together with the different match formats at the high level (i.e., 3 vs 5 sets),
highlight the need for coaches and physical trainers to individualize strength and conditioning
programs in accordance with the physical profile of players (i.e., males to be conditioned for
faster-paced tennis; [45]).

Interestingly, the present model showed that, in the U13 male group, bilateral IR ROM defi-
cit explained 18.7% of the serve variance, while in the U15, IR ROM explained 8.5% of that var-
iance. We are not aware of similar studies and thus, comparisons are difficult. It seems that,
as previously reported [19], the IR bilateral deficit is a sport-specific adaptation, and caution
should be taken when deficits exceed the recommended values [35]. Moreover, it seems that
an optimal IR ROM levels are required to achieve optimal serve speeds, and the use of stretch-
ing programs, as previously mentioned, are recommended, not only to improve posterior
shoulder tightness and GIRD, but also to maintain optimal performance levels [46].

Some limitations can be found in the present study. Some of the unexplained variance of
serve speed could be related to lower body performance (e.g., mechanical power in the triple
extension during squat or jump squat) or core-strength that were not tested. In addition, mea-
suring maximal serve speed does not account for the complex techniques involved in this ten-
nis-specific skill, which can be used to be effective even while performing submaximal speed
serves (e.g., second serve with slice and sidespin). In other words, future studies need to
address the technical variations of serve without analyzing solely its speed.

Conclusions

Since the serve is the most important stroke in tennis, it seems important to determine the
physical qualities that define its performance (i.e., speed) and/or help to prevent a future over-
use injury, particularly in the shoulder. The present results showed that shoulder strength,
medicine ball throws distance and serve speed are increased in the transition from U13 to

U15 age categories in elite tennis players of both sexes. However, male U15 players showed

a decreased glenohumeral IR compared to U13, accompanied with higher IR bilateral deficit.
In the power-based variables, males showed greater differences between age categories than
females, leading to significant differences between sexes in the U15 category. A greater propor-
tion of variance in serve speed could be explained by a combination of medicine ball throwing
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performance, ROM and shoulder strength in males (60.2 to 71.3%), compared to females (17.1
to 34.5%). This suggests that muscle strength, power and range of motion are key factors for
serve speed but other factors can also aid to explain tennis serve performance, particularly in
females.

As an application of the main results obtained in this investigation, the implementation of
training programs aimed at increasing upper body power would be highly recommended at
this stage of development (i.e., pre and post-PHV), with previous research showing that the
inclusion of combined programs (i.e., MBT, elastic bands and core strength) can be helpful
for increasing performance levels at these ages [46-48]. Moreover, from an injury prevention
perspective, it appears necessary to maintain and/or improve “normal” shoulder ROMs when
needed, since early ages [35].

Acknowledgments

The authors would like to express their gratitude to the tennis players and coaches, for their
participation, as well as to the Spanish Tennis Federation (RFET), for their support in the
project.

Author Contributions
Conceptualization: Jaime Fernandez-Fernandez, David Sanz-Rivas.

Data curation: Jaime Fernandez-Fernandez, Victor Moreno-Perez, Alejandro Lopez-Valen-
ciano, Juan Del Coso, Cesar Gallo-Salazar, David Barbado, Ifaki Ruiz-Perez, David Sanz-
Rivas.

Formal analysis: Fabio Yuzo Nakamura, Alejandro Lopez-Valenciano, Juan Del Coso, Cesar
Gallo-Salazar, David Barbado.

Investigation: Jaime Fernandez-Fernandez, Victor Moreno-Perez, Alejandro Lopez-Valen-
ciano, David Sanz-Rivas.

Methodology: Jaime Fernandez-Fernandez, Victor Moreno-Perez, Alejandro Lopez-Valen-
ciano, Juan Del Coso, David Barbado, David Sanz-Rivas.

Project administration: Jaime Fernandez-Fernandez, David Sanz-Rivas.

Supervision: Jaime Fernandez-Fernandez, Fabio Yuzo Nakamura, Victor Moreno-Perez, Juan
Del Coso, Cesar Gallo-Salazar.

Validation: Jaime Fernandez-Fernandez, Cesar Gallo-Salazar, David Barbado, Ifiaki Ruiz-
Perez, David Sanz-Rivas.

Visualization: Jaime Fernandez-Fernandez, Cesar Gallo-Salazar, David Barbado, Ifaki Ruiz-
Perez, David Sanz-Rivas.

Writing - original draft: Jaime Fernandez-Fernandez, Fabio Yuzo Nakamura, Victor
Moreno-Perez, Alejandro Lopez-Valenciano.

Writing - review & editing: Jaime Fernandez-Fernandez, Fabio Yuzo Nakamura, Victor
Moreno-Perez, Juan Del Coso, Ifaki Ruiz-Perez.

References

1. Jayanthi NA, Labella CR, Fischer D, Pasulka J, Dugas LR. Sports-specialized intensive training and
the risk of injury in young athletes: A clinical case-control study. Am J Sports Med. 2015; 43: 794-801.
https://doi.org/10.1177/0363546514567298 PMID: 25646361

PLOS ONE | https://doi.org/10.1371/journal.pone.0221761 September 3, 2019 15/18


https://doi.org/10.1177/0363546514567298
http://www.ncbi.nlm.nih.gov/pubmed/25646361
https://doi.org/10.1371/journal.pone.0221761

@ PLOS|ONE

Upper body performance and serve speed

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Crespo M, Reid M. Coaching beginner and intermediate tennis players: a manual of the ITF coaching
programme. International Tennis Federation; 2009.

Difiori JP, Benjamin HJ, Brenner J, Gregory A, Jayanthi N, Landry GL, et al. Overuse injuries and burn-
out in youth sports: A position statement from the American medical society for sports medicine. Clin J
Sport Med. 2014; 24: 3-20. https://doi.org/10.1097/JSM.0000000000000060 PMID: 24366013

Jayanthi N, Pinkham C, Dugas L, Patrick B, LaBella C. Sports Specialization in Young Athletes: Evi-
dence-Based Recommendations. Sports Health. 2013; 5: 251-257. https://doi.org/10.1177/
1941738112464626 PMID: 24427397

Myer GD, Jayanthi N, Difiori JP, Faigenbaum AD, Kiefer AW, Logerstedt D, et al. Sport Specialization,
Part I: Does Early Sports Specialization Increase Negative Outcomes and Reduce the Opportunity for
Success in Young Athletes? Sports Health. 2015; 7: 437-442. https://doi.org/10.1177/
1941738115598747 PMID: 26502420

Windler GS, Fu MC, Dines DM, Ellenbecker TS, Renstrom PA. Epidemiology of injuries in tennis play-
ers. Curr Rev Musculoskelet Med. Current Reviews in Musculoskeletal Medicine; 2018; 11: 1-5. https://
doi.org/10.1007/s12178-018-9452-9 PMID: 29340975

Roetert EP, Ellenbecker TS, Reid M. Biomechanics of the Tennis Serve: Implications for Strength Train-
ing. Strength Cond J. 2009; 31: 35—40. https://doi.org/10.1519/SSC.0b013e3181af65e1

Roetert EP, Kovacs M, Knudson D, Groppel JL. Biomechanics of the Tennis Groundstrokes: Implica-
tions for Strength Training. Strength Cond J. 2009; 31: 41—49. https://doi.org/10.1519/SSC.
0b013e3181aff0c3

Gillet E, Leroy D, Thouvarecq R, Stein J-F. A Notational Analysis of Elite Tennis Serve and Serve-
Return Strategies on Slow Surface. J Strength Cond Res. 2009; 23: 532-539. https://doi.org/10.1519/
JSC.0b013e31818efe29 PMID: 19197212

Hayes MJ, Spits DR, Watts DG, Kelly VG. The Relationship Between Tennis Serve Velocity and Select
Performance Measures. J Strength Cond Res. 2018; 1. https://doi.org/10.1519/jsc.
0000000000002440 PMID: 29324575

Chiang C-C, Hsu C-C, Chiang J-Y, Chang W-C, Tsai J-C. Flexibility of internal and external glenohum-
eral rotation of junior female tennis players and its correlation with performance ranking. J Phys Ther
Sci. 2016; 28: 3296-3299. https://doi.org/10.1589/jpts.28.3296 PMID: 28174438

Ulbricht A, Fernandez-Fernandez J, Mendez-Villanueva A, Ferrauti A. Impact of Fitness Characteristics
on Tennis Performance in Elite Junior Tennis Players. J Strength Cond Res. 2016; 30: 989-998. https:/
doi.org/10.1519/JSC.0000000000001267 PMID: 26605803

Elliott B. Biomechanics and tennis. Br J Sports Med. 2006; 40: 392—396. https://doi.org/10.1136/bjsm.
2005.023150 PMID: 16632567

Dakic JG, Smith B, Gosling CM, Perraton LG. Musculoskeletal injury profiles in professional Women'’s
Tennis Association players. Br J Sports Med. 2018; 52: 723-729. https://doi.org/10.1136/bjsports-
2017-097865 PMID: 29074474

Pluim BM, Staal JB, Windler GE, Jayanthi N. Tennis injuries: Occurrence, aetiology, and prevention. Br
J Sports Med. 2006; 40: 415-423. https://doi.org/10.1136/bjsm.2005.023184 PMID: 16632572

Marcondes FB, de Jesus JF, Bryk FF, de Vasconcelos RA, Fukuda TY. Posterior shoulder tightness
and rotator cuff strength assessments in painful shoulders of amateur tennis players. Brazilian J
Phys Ther. 2013; 17: 185-193. https://doi.org/10.1590/S1413-35552012005000079 PMID:
23778770

Moreno-Pérez V, Moreside J, Barbado D, Vera-Garcia FJ. Comparison of shoulder rotation range of
motion in professional tennis players with and without history of shoulder pain. Man Ther. 2015; 20:
313-318. https://doi.org/10.1016/j.math.2014.10.008 PMID: 25458143

Cools AM, Ellenbecker TS, Michener LA. Rehabilitation of Scapular Dyskinesis. Disorders of the Scap-
ula and Their Role in Shoulder Injury. Cham: Springer International Publishing; 2017. pp. 179—-192.
https://doi.org/10.1007/978-3-319-53584-5_16

Cools AM, Palmans T, Johansson FR. Age-related, sport-specific adaptions of the shoulder girdle in
elite adolescent tennis players. J Athl Train. 2014; 49: 647—653. https://doi.org/10.4085/1062-6050-49.
3.02 PMID: 25098662

Moreno-Pérez V, Hernandez-Sanchez S, Fernandez-Fernandez J, Del Coso J, Vera-Garcia FJ. Inci-
dence and conditions of musculoskeletal injuries in elite Spanish tennis academies: a prospective
study. J Sports Med Phys Fitness. 2019; 59. https://doi.org/10.23736/S0022-4707.18.08513-4

Cools AM, De Wilde L, van Tongel A, Ceyssens C, Ryckewaert R, Cambier DC. Measuring shoulder
external and internal rotation strength and range of motion: Comprehensive intra-rater and inter-rater
reliability study of several testing protocols. J Shoulder Elb Surg. Elsevier Ltd; 2014; 23: 1454—-1461.

https://doi.org/10.1016/j.jse.2014.01.006 PMID: 24726484

PLOS ONE | https://doi.org/10.1371/journal.pone.0221761 September 3, 2019 16/18


https://doi.org/10.1097/JSM.0000000000000060
http://www.ncbi.nlm.nih.gov/pubmed/24366013
https://doi.org/10.1177/1941738112464626
https://doi.org/10.1177/1941738112464626
http://www.ncbi.nlm.nih.gov/pubmed/24427397
https://doi.org/10.1177/1941738115598747
https://doi.org/10.1177/1941738115598747
http://www.ncbi.nlm.nih.gov/pubmed/26502420
https://doi.org/10.1007/s12178-018-9452-9
https://doi.org/10.1007/s12178-018-9452-9
http://www.ncbi.nlm.nih.gov/pubmed/29340975
https://doi.org/10.1519/SSC.0b013e3181af65e1
https://doi.org/10.1519/SSC.0b013e3181aff0c3
https://doi.org/10.1519/SSC.0b013e3181aff0c3
https://doi.org/10.1519/JSC.0b013e31818efe29
https://doi.org/10.1519/JSC.0b013e31818efe29
http://www.ncbi.nlm.nih.gov/pubmed/19197212
https://doi.org/10.1519/jsc.0000000000002440
https://doi.org/10.1519/jsc.0000000000002440
http://www.ncbi.nlm.nih.gov/pubmed/29324575
https://doi.org/10.1589/jpts.28.3296
http://www.ncbi.nlm.nih.gov/pubmed/28174438
https://doi.org/10.1519/JSC.0000000000001267
https://doi.org/10.1519/JSC.0000000000001267
http://www.ncbi.nlm.nih.gov/pubmed/26605803
https://doi.org/10.1136/bjsm.2005.023150
https://doi.org/10.1136/bjsm.2005.023150
http://www.ncbi.nlm.nih.gov/pubmed/16632567
https://doi.org/10.1136/bjsports-2017-097865
https://doi.org/10.1136/bjsports-2017-097865
http://www.ncbi.nlm.nih.gov/pubmed/29074474
https://doi.org/10.1136/bjsm.2005.023184
http://www.ncbi.nlm.nih.gov/pubmed/16632572
https://doi.org/10.1590/S1413-35552012005000079
http://www.ncbi.nlm.nih.gov/pubmed/23778770
https://doi.org/10.1016/j.math.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25458143
https://doi.org/10.1007/978-3-319-53584-5_16
https://doi.org/10.4085/1062-6050-49.3.02
https://doi.org/10.4085/1062-6050-49.3.02
http://www.ncbi.nlm.nih.gov/pubmed/25098662
https://doi.org/10.23736/S0022-4707.18.08513-4
https://doi.org/10.1016/j.jse.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24726484
https://doi.org/10.1371/journal.pone.0221761

@ PLOS|ONE

Upper body performance and serve speed

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wilk KE, Macrina LC, Fleisig GS, Aune KT, Porterfield RA, Harker P, et al. Deficits in Glenohumeral
Passive Range of Motion Increase Risk of Shoulder Injury in Professional Baseball Pitchers. Am J
Sports Med. 2015; 43: 2379-2385. https://doi.org/10.1177/0363546515594380 PMID: 26272516

Ben Kibler W, Sciascia AD. Disorders of the scapula and their role in shoulder injury: a clinical guide to
evaluation and management.

Lloyd RS, Oliver JL, Faigenbaum AD, Myer GD, De Ste Croix MBA. Chronological Age vs. Biological
Maturation. J Strength Cond Res. 2014; 28: 1454—1464. https://doi.org/10.1519/JSC.
0000000000000391 PMID: 24476778

Gillet B, Begon M, Sevrez V, Berger-Vachon C, Rogowski |. Adaptive Alterations in Shoulder Range of
Motion and Strength in Young Tennis Players. J Athl Train. 2017; 52: 137—144. https://doi.org/10.4085/
1062-6050.52.1.10 PMID: 28145740

Mirwald RL, Baxter-Jones ADG, Bailey DA, Beunen GP. An assessment of maturity from anthropomet-
ric measurements. Med Sci Sports Exerc. 2002; 34: 689—-94. Available: http://www.ncbi.nlm.nih.gov/
pubmed/11932580 PMID: 11932580

Sherar LB, Mirwald RL, Baxter-dJones ADG, Thomis M. Prediction of adult height using maturity-based
cumulative height velocity curves. J Pediatr. 2005; 147: 508-514. https://doi.org/10.1016/j.jpeds.2005.
04.041 PMID: 16227038

Moreno-Pérez V, Elvira J, Fernandez-Fernandez J, Vera-Garcia FJ. a Comparative Study of Passive
Shoulder Rotation Range of Motion, Isometric Rotation Strength and Serve Speed Between Elite Ten-
nis Players With and Without History of Shoulder Pain. Int J Sports Phys Ther. 2018; 13: 39—49. hitps://
doi.org/10.26603/ijspt20180039 PMID: 29484240

Gallo-Salazar C, Del Coso J, Barbado D, Lopez-Valenciano A, Santos-Rosa FJ, Sanz-Rivas D, et al.
Impact of a competition with two consecutive matches in a day on physical performance in young tennis
players. Appl Physiol Nutr Metab. 2017; 42: 750-756. https://doi.org/10.1139/apnm-2016-0540 PMID:
28231435

Fett J, Ulbricht A, Ferrauti A. Impact of Physical Performance and Anthropometric Characteristics on
Serve Velocity in Elite Junior Tennis Players. J Strength Cond Res. 2018; 00: 1. https://doi.org/10.1519/
js¢.0000000000002641 PMID: 29912079

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: A review of methods
to deal with it and a simulation study evaluating their performance. Ecography (Cop). 2013; 36: 027—
046. https://doi.org/10.1111/j.1600-0587.2012.07348.x

Johnson CD, McHugh MP. Performance demands of professional male tennis players. Br J Sports
Med. 2006; 40: 696—699. https://doi.org/10.1136/bjsm.2005.021253 PMID: 16864564

Whiteside D, Reid M. External match workloads during the first week of australian open tennis competi-
tion. Int J Sports Physiol Perform. 2017; 12: 756—763. https://doi.org/10.1123/ijspp.2016-0259 PMID:
27834557

Lloyd RS, Oliver JL, Faigenbaum AD, Myer GD, De Ste Croix MBA. Chronological Age vs. Biological
Maturation: Implications for exercise programming in youth. J Strength Cond Res. 2014; 28: 1454—
1464. https://doi.org/10.1519/JSC.0000000000000391 PMID: 24476778

Ellenbecker TS, Wilk KE. Sport therapy for the shoulder: evaluation, rehabilitation, and return to sport
[Internet]. https://axon.es/ficha/libros/9781450431644/sport-therapy-for-the-shoulder-evaluation-
rehabilitation-and-return-to-sport-onlice-videos

Martin C, Kulpa R, Ezanno F, Delamarche P, Bideau B. Influence of Playing a Prolonged Tennis Match
on Shoulder Internal Range of Motion. Am J Sports Med. 2016; 44: 2147-2151. https://doi.org/10.1177/
0363546516645542 PMID: 27184541

Wilk KE, Williams RA, Dugas JR, Cain EL, Andrews JR. Current Concepts in the Assessment and
Rehabilitation of the Thrower’'s Shoulder. Oper Tech Sports Med. Elsevier; 2016; 24: 170-180. https://
doi.org/10.1053/j.0tsm.2016.04.004

Vaverka F, Cernosek M. Association between body height and serve speed in elite tennis players.
Sport Biomech. 2013; 12: 30-37. https://doi.org/10.1080/14763141.2012.670664 PMID: 23724606

Wong FK, Keung JH, Lau NM, Ng DK, Chung JW, Chow DH. Effects of Body Mass Index and Full Body
Kinematics on Tennis Serve Speed. J Hum Kinet. 2014; 40: 21-28. https://doi.org/10.2478/hukin-2014-
0003 PMID: 25031669

Martin C, Kulpa R, Delamarche P, Bideau B. Professional tennis players’ serve: Correlation between
segmental angular momentums and ball velocity. Sport Biomech. 2013; 12: 2—-14. https://doi.org/10.
1080/14763141.2012.734321 PMID: 23724603

Baiget E, Corbi F, Fuentes JP, Fernandez-Fernandez J. The Relationship Between Maximum Isometric
Strength and Ball Velocity in the Tennis Serve. J Hum Kinet. 2016; 53: 63—71. https://doi.org/10.1515/
hukin-2016-0028 PMID: 28149411

PLOS ONE | https://doi.org/10.1371/journal.pone.0221761 September 3, 2019 17/18


https://doi.org/10.1177/0363546515594380
http://www.ncbi.nlm.nih.gov/pubmed/26272516
https://doi.org/10.1519/JSC.0000000000000391
https://doi.org/10.1519/JSC.0000000000000391
http://www.ncbi.nlm.nih.gov/pubmed/24476778
https://doi.org/10.4085/1062-6050.52.1.10
https://doi.org/10.4085/1062-6050.52.1.10
http://www.ncbi.nlm.nih.gov/pubmed/28145740
http://www.ncbi.nlm.nih.gov/pubmed/11932580
http://www.ncbi.nlm.nih.gov/pubmed/11932580
http://www.ncbi.nlm.nih.gov/pubmed/11932580
https://doi.org/10.1016/j.jpeds.2005.04.041
https://doi.org/10.1016/j.jpeds.2005.04.041
http://www.ncbi.nlm.nih.gov/pubmed/16227038
https://doi.org/10.26603/ijspt20180039
https://doi.org/10.26603/ijspt20180039
http://www.ncbi.nlm.nih.gov/pubmed/29484240
https://doi.org/10.1139/apnm-2016-0540
http://www.ncbi.nlm.nih.gov/pubmed/28231435
https://doi.org/10.1519/jsc.0000000000002641
https://doi.org/10.1519/jsc.0000000000002641
http://www.ncbi.nlm.nih.gov/pubmed/29912079
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1136/bjsm.2005.021253
http://www.ncbi.nlm.nih.gov/pubmed/16864564
https://doi.org/10.1123/ijspp.2016-0259
http://www.ncbi.nlm.nih.gov/pubmed/27834557
https://doi.org/10.1519/JSC.0000000000000391
http://www.ncbi.nlm.nih.gov/pubmed/24476778
https://axon.es/ficha/libros/9781450431644/sport-therapy-for-the-shoulder-evaluation-rehabilitation-and-return-to-sport-onlice-videos
https://axon.es/ficha/libros/9781450431644/sport-therapy-for-the-shoulder-evaluation-rehabilitation-and-return-to-sport-onlice-videos
https://doi.org/10.1177/0363546516645542
https://doi.org/10.1177/0363546516645542
http://www.ncbi.nlm.nih.gov/pubmed/27184541
https://doi.org/10.1053/j.otsm.2016.04.004
https://doi.org/10.1053/j.otsm.2016.04.004
https://doi.org/10.1080/14763141.2012.670664
http://www.ncbi.nlm.nih.gov/pubmed/23724606
https://doi.org/10.2478/hukin-2014-0003
https://doi.org/10.2478/hukin-2014-0003
http://www.ncbi.nlm.nih.gov/pubmed/25031669
https://doi.org/10.1080/14763141.2012.734321
https://doi.org/10.1080/14763141.2012.734321
http://www.ncbi.nlm.nih.gov/pubmed/23724603
https://doi.org/10.1515/hukin-2016-0028
https://doi.org/10.1515/hukin-2016-0028
http://www.ncbi.nlm.nih.gov/pubmed/28149411
https://doi.org/10.1371/journal.pone.0221761

@ PLOS|ONE

Upper body performance and serve speed

42,

43.

44.

45.

46.

47.

48.

Filipci¢ A, Filip€i¢ T. The influence of tennis motor abilities and anthropometric measures on the compe-
tition successfulness of 11 and 12 year-old female tennis players. Acta Univ Palacki Olomuc Gymnica.
2005; 35: 35-41. Available: https://www.gymnica.upol.cz/pdfs/gym/2005/02/05.pdf

Malina RM, Bouchard C, Bar-Or O. Growth, maturation, and physical activity [Internet]. Human Kinetics;
2004. https://books.google.es/books/about/Growth_Maturation_and_Physical_Activity.html?id=
VgFcFsykj6EC&redir_esc=y.

Malina RM, Rogol AD, Cumming SP, Coelho E Silva MJ, Figueiredo AJ. Biological maturation of youth
athletes: Assessment and implications. Br J Sports Med. 2015; 49: 852—859. https://doi.org/10.1136/
bjsports-2015-094623 PMID: 26084525

Reid M, Morgan S, Whiteside D. Matchplay characteristics of Grand Slam tennis: implications for train-
ing and conditioning. J Sports Sci. 2016; 34: 1791-1798. https://doi.org/10.1080/02640414.2016.
1139161 PMID: 27009823

Fernandez-Fernandez J, Ellenbecker T, Sanz-Rivas D, Ulbricht A, Ferrautia A. Effects of a 6-week
junior tennis conditioning program on service velocity. J Sports Sci Med. 2013; 12: 232-9. Available:
http://www.ncbi.nIim.nih.gov/pubmed/24149801 PMID: 24149801

Fernandez-Fernandez J, De Villarreal ES, Sanz-Rivas D, Moya M. The Effects of 8-Week Plyometric
Training on Physical Performance in Young Tennis Players. Pediatr Exerc Sci. 2015; 28: 77-86. https://
doi.org/10.1123/pes.2015-0019 PMID: 26252503

Genevois C, Frican B, Creveaux T, Hautier C, Rogowski |. Effects of Two Training Protocols on the
Forehand Drive Performance in Tennis. J Strength Cond Res. 2013; 27: 677-682. https://doi.org/10.
1519/JSC.0b013e31825¢3290 PMID: 22592176

PLOS ONE | https://doi.org/10.1371/journal.pone.0221761 September 3, 2019 18/18


https://www.gymnica.upol.cz/pdfs/gym/2005/02/05.pdf
https://books.google.es/books/about/Growth_Maturation_and_Physical_Activity.html?id=VqFcFsykj6EC&redir_esc=y
https://books.google.es/books/about/Growth_Maturation_and_Physical_Activity.html?id=VqFcFsykj6EC&redir_esc=y
https://doi.org/10.1136/bjsports-2015-094623
https://doi.org/10.1136/bjsports-2015-094623
http://www.ncbi.nlm.nih.gov/pubmed/26084525
https://doi.org/10.1080/02640414.2016.1139161
https://doi.org/10.1080/02640414.2016.1139161
http://www.ncbi.nlm.nih.gov/pubmed/27009823
http://www.ncbi.nlm.nih.gov/pubmed/24149801
http://www.ncbi.nlm.nih.gov/pubmed/24149801
https://doi.org/10.1123/pes.2015-0019
https://doi.org/10.1123/pes.2015-0019
http://www.ncbi.nlm.nih.gov/pubmed/26252503
https://doi.org/10.1519/JSC.0b013e31825c3290
https://doi.org/10.1519/JSC.0b013e31825c3290
http://www.ncbi.nlm.nih.gov/pubmed/22592176
https://doi.org/10.1371/journal.pone.0221761

