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Abstract

Background: To evaluate the concordance of skeletal age (SA) with two predicted estimates of biological maturity
status in elite British youth tennis players.

Method: Participants were 71 male and female elite youth tennis players aged 8 to 16 years. Weight, height, and
sitting height were measured. SA (Fels method) was the criterion indicator of maturity status. Maturity status was
predicted with two methods: predicted age at peak height velocity and percentage of predicted adult height at
the time of observation. Players were classified as late, average (on time), or early maturing with each method.
Concordance of classifications was evaluated with kappa coefficients and Spearman’s rank order correlations.

Results: Kappa coefficients between maturity status classifications were low in both sexes, − 0.11 to 0.22, while
Spearman’s rank order correlations between maturity status classifications based on SA and the percentage of
predicted mature height were moderate in males (0.35) and females (0.25), but the corresponding correlations
based on predicted age at peak height velocity (PHV) varied, moderate and negative in boys (− 0.37) and low and
positive in girls (0.11). Concordance of maturity status classifications based on the prediction methods and SA
among tennis players was thus limited.

Conclusions: Maturity status based on the percentage of predicted mature height at the time of observation
correlated better with maturity status based on SA in contrast to status based on predicted age at PHV in this
sample of elite youth tennis players.
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Key Points

� Associations between maturity status based on SA
and percentage of predicted adult height at the time
of observation were limited, but slightly better in
males than in females.

� Associations between maturity status based on SA
and predicted age at peak height velocity were poor.

� While indicators of maturity status based on
somatic indicators are inexpensive, non-invasive,
and practical, limitations of the methods should be
recognized.

� It is prudent to consider additional indicators (e.g.,
more restricted chronological age groups, estimated
growth rate, menarcheal status) when grouping
youth tennis players for training and/or competition.

Background
Maturity status (early, on time, late, mature based on
skeletal age [SA], stage of puberty) refers to the state of
biological maturation of an individual at the time of ob-
servation, while maturity timing refers to the ages when
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specific maturational events are attained (ages at peak
height velocity [PHV] and menarche); though related,
status and timing are not equivalent [1]. Individual dif-
ferences in biological maturity status and timing impact
body size, physical fitness, and athletic aptitude in youth
[2] and are central to talent identification and develop-
ment programs in many sports [3–5]. Available research
on elite British youth tennis players, though limited,
highlights a predisposition towards early maturing indi-
viduals [6, 7], which suggests that individual differences
in growth and maturity status contribute to the identifi-
cation and selection in the sport. Obtaining objective,
reliable, and valid measures of biological growth (size
attained) and maturity status would help inform identifi-
cation and development strategies and perhaps increase
the likelihood of long-term success [8, 9].
Established indicators of maturity status are SA and

stage of pubertal development [4, 9, 10]. SA requires a
standard radiograph of the hand-wrist, is a reliable and
objective indicator of maturity status, and can be used
from childhood through adolescence. There are three
established methods for the assessment of SA—Greu-
lich-Pyle, Tanner-Whitehouse, and Fels; though related,
SAs with the three methods are not equivalent [4]. Sec-
ondary sex characteristics (stages of breast, pubic hair
and genital development, testicular volume, pre- or
post-menarche) are also reliable and objective indicators
of maturity status but are limited to the interval of
puberty [4]. Both SA and pubertal stages are often con-
sidered “intrusive” in that the former requires a small
dose of radiation, while the latter are increasingly viewed
as an invasion of personal privacy. Both methods also
require trained and experienced assessors.
As a result, there is increased interest in the physical

activity and sport sciences in two prediction methods,
one of maturity timing and the other of maturity status:
predicted maturity offset or the time before or after
PHV, and percentage of predicted adult height attained
at the time of observation [9, 11]. The former uses sex-
specific equations which include age, height, weight, sit-
ting height, and estimated leg length to predict maturity
offset [11]. Chronological age (CA) at prediction minus
offset provides an estimate of predicted age at PHV. Pre-
dicted maturity offset has been widely used to classify
youth as pre-, circum-, and post-PHV (i.e., maturity sta-
tus at the time of observation), but the protocol has
been applied to samples of youth spanning relatively
broad CA ranges and at times, to combined samples of
boys and girls [12]. The maturity offset protocol is also
increasingly applied in the context of talent development
models and in the design and implementation of training
programs [13].
Age, height, and weight of the youngster and midpar-

ent height are used to predict young adult or mature

height [14]. The height of the youngster is then expressed
as a percentage of predicted adult height, which is used as
an indicator of maturity status [12, 15]. Among youngsters
of the same CA, those closer to adult height are advanced
in maturity status compared to those further from adult
height. The percentage of predicted adult height at the
time of observation is increasingly used in studies of youth
athletes and physical activity [9, 12, 16–18].
Among male participants 9–14 years in American

football [5] and 11–14 years in soccer [19], classifications
of maturity status based on percentage of predicted adult
height had moderate concordance with classifications
based on SA; kappa coefficients varied between 0.11 and
0.50 and with the CA group. Among the soccer players
[19], concordance of classifications of maturity status
based on predicted ages at PHV and SA was also moder-
ate, but kappa coefficients were low at 0.11 and 0.13.
The study of soccer players did not classify players as
pre- or post-PHV; rather, players were classified as late,
average, or early based on the observed mean and stand-
ard deviation for age at PHV in the samples used to
develop the prediction equations [19].
The concordance of maturity status classifications for

participants in individual sports and for female youth ath-
letes has not been systematically addressed. In this context,
the purpose of this study was to evaluate the concordance
of maturity status classifications based on SA, percentage
of predicted adult height attained at the time of observa-
tion, and predicted age at PHV in cross-sectional samples
of elite youth male and female tennis players. The central
question of interest is whether currently available predict-
ive methods for categorizing maturity status are appropri-
ate among elite junior tennis players.

Method
The sample included 71 elite British junior tennis players.
Chronological ages, calculated as the difference between
the date of birth and date of the skeletal age radiograph
(see below), ranged from 9.88 to 15.95 years in 40 males
and from 8.97 to 16.26 years in 31 females. The competi-
tive status of the players and details of the study have been
previously described [7, 20]. Based on self-ascribed ethni-
city, the 71 players identified as Caucasian. Thirteen
players (4 males, 9 females) included in the initial studies
[7, 20] were non-Caucasian and were not included in the
analysis as the prediction equations for two non-invasive
maturity indicators were developed on Caucasian samples
[14, 21]. The proportions of leg length and sitting height
show ethnic variation [2], and the interaction of leg length
and sitting height is a component of the maturity offset
prediction equations [11].
Weight, height, and sitting height were measured on the

first day of a 3-day National Age Group Camp held at the
National Training Centre in Roehampton, London. The
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players were barefoot and wore shorts and a t-shirt; all
headgear was removed. Weight was measured to the near-
est 0.1 kg using a calibrated Marsden Weighing Company
DP2400 BMI Indicator scale. Height was measured to the
nearest 0.1 cm using a Harpenden stadiometer, with sub-
jects standing with feet together, arms hanging relaxed at
the sides, and head in the Frankfort horizontal plane.
Sitting height was measured with the stadiometer; subjects
sat on a 41-cm bench with their trunk upright, back
against the stadiometer, and head in the Frankfort
horizontal plane. Sitting height was the difference, to the
nearest 0.1 cm, between height while sitting and height of
the bench. Leg length was estimated as the difference
between standing height minus sitting height.
A radiograph of the left hand-wrist of each of the

players was taken onsite by a certified technician. Each
radiograph was assessed with the Fels method for estimat-
ing SA [22] by an independent technician and an experi-
enced assessor with the method. Details of the procedures
have been reported previously [7]. The Fels method pro-
vides an estimate of SA and, in contrast to other methods
of assessment, provides an associated standard error.
Maturity status of each player was defined by the differ-
ence of SA minus CA. An SA within ± 1.0 year of CA
indicated average or on-time maturity status, and a SA
less than CA by < 1.0 year defined late status while a SA
in advance of CA by > 1.0 year defined early status. The
band of ± 1.0 year approximated standard deviations of
SA with the Fels and other methods of SA assessment
within single-year CA groups [23]. No player was clas-
sified as skeletally mature.
Maturity offset, the time before or after PHV, was pre-

dicted for each player with sex-specific equations devel-
oped on Canadian and Belgian youth [11]. The equations
included interaction terms for estimated leg length and
sitting height, CA and estimated leg length and CA and
sitting height, and the weight by height ratio. CA minus
maturity offset provided a predicted age at PHV which
was used to classify each player as late, average, or early
maturing relative to the estimated mean ages at PHV for
the boys (13.8 years) and girls (12.0 years) upon whom the
prediction equations were developed [2, 11]. A band of ±
1.0 year of the respective means was used to define aver-
age or on-time maturity status, 12.8 to 14.8 years in boys
and 11.0 to 13.0 years in girls. The band of ± 1.0 year to
define average maturity status approximated standard de-
viations for estimated ages at PHV in longitudinal studies
[2]. Accordingly, a predicted age at PHV later than 14.8
years and earlier than 12.8 years classified boys as late and
early maturing, respectively, while a predicted age at PHV
later than 13.0 years and less than 11.0 years classified girls
as late and early, respectively.
Young adult height was predicted with sex-specific equa-

tions developed on participants in the Fels Longitudinal

Study [14]. The protocol required CA, height, and weight
of the player and midparent height, the average of maternal
and paternal heights [24]. The biological parents of each
player reported their respective heights which were subse-
quently adjusted for overestimation [25]. The height of
each player was then expressed as a percentage of his/her
predicted adult height to provide an estimate of maturity
status at the time of observation [15]. The percentage of
predicted adult height for each player was converted to a
z-score based on age- and sex-specific reference values for
the longitudinal Berkeley Guidance Study of the University
of California [26], as in other studies using the protocol
with youth athletes [5, 9, 16, 17, 19, 27]. A z-score be-
tween − 1.0 and + 1.0 classified the player as average or
on time in maturity status, and a z-score < − 1.0 classi-
fied the player as late, while a z-score > + 1.0 classified
the player as early maturing [19].
Descriptive statistics (means and standard deviations)

and cross-tabulations of maturity status classifications
based on SA and the two prediction methods were cal-
culated. As in the study of youth soccer players [19],
concordance was assessed using percentage agreement
and Cohen’s kappa [19, 28]; Spearman’s rank order corre-
lations were also calculated. All analyses were performed
using SPSS Statistics version 22.0 [29]. In addition, scatter
plots of SA-CA differences and the z-scores for the per-
centage of predicted adult height and of SA-CA differ-
ences and the differences of predicted age at PHV and the
sex-specific reference means were prepared. Of note, for
both SA-CA and z-scores for the percentage of predicted
adult height, differences of greater than − 1.0 and + 1.0
indicated late and early maturity status, respectively. In
contrast, a negative score for the difference of predicted
age at PHV minus the reference indicated early matur-
ity status, and a positive score indicated late maturity
status. As such, the y-axis was inverted for consistency
with SA-CA differences.

Results
Sex-specific descriptive statistics for age, body size, SA,
and predicted estimates of maturity status and timing
are summarized in Table 1. SA approximates CA, on
average, in males, but is slightly in advance of CA in fe-
males. The trends in the SA-CA relationship are also
suggested in the z-scores for the percentage of predicted
adult height in boys but not in girls.
The cross-tabulation of maturity status classifications

of the two predicted indicators relative to SA indicators
is summarized in Table 2. Based on SA, the majority of
players of both sexes are classified as average or on time
in maturity status; nine boys (23%) and eight girls (26%)
are classified as early, while four (10%) boys and two
(6%) girls are classified as late. In contrast, the over-
whelming majority of players of both sexes are classified
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as on time with each predictor of maturity status, per-
centage of predicted adult height (88%) and predicted
age at PHV (90%). No players are classified as early ma-
turing with predicted age at PHV; few players are classi-
fied as late maturing with the two predictions, while
four boys and one girl are classified as early maturing
with the percentage of predicted adult height.
Concordance of maturity classifications for specific

pairs of indicators is moderate, 61 to 70%, but Kappa co-
efficients are low between classifications based on SA
and percentage of predicted adult height, 0.22 (p < 0.05)
in boys and 0.05 in girls, and between classifications
based on SA and predicted age at PHV, 0.08 in boys and
− 0.11 in girls. Spearman’s rank order correlations be-
tween classifications based on SA and the two predicted
indicators are moderate and significant in boys, 0.35

(p < 0.05) for SA and percentage of predicted adult
height and − 0.37 (p < 0.05) for SA and predicted age at
PHV. Corresponding Spearman’s correlations for girls
are lower and not significant, 0.25 and 0.11, respectively.
Scatter plots of absolute SA-CA differences and z-

scores for the percentage of predicted adult height are
shown in Fig. 1, and of SA-CA differences and differ-
ences between predicted age at PHV and the sex-specific
reference means are shown in Fig. 2. The cutoff points
for defining maturity status with each indicator are also
noted in the graphs. Spearman’s rank order correlations
for absolute values for both indicators are moderate and
significant in boys, 0.58 (p < 0.001) for SA and percent-
age of predicted adult height and 0.40 (p < 0.01) for SA
and predicted age at PHV. Corresponding correlations
for both absolute indicators are lower, and one is of mar-
ginal significance in girls, respectively, 0.32 (p = 0.08)
and 0.18.
Corresponding analyses for players in more narrowly

defined CA groups may be of interest to those working in
youth tennis, where players are generally categorized into
age groups. Results are summarized in Additional file 1:
Tables S1, Additional file 2: Tables S2, Additional file 3:
Tables S3, and Additional file 4: Table S4. Players were
grouped as U10 and U12 (24 males, 17 females) and U14
and U16 (16 males, 14 females). Allowing for smaller sam-
ples in each group, percentage concordance between ma-
turity status classifications based on SA and the two
predicted indicators range from 50 to 71% for predicted
age at PHV and from 63 to 81% for the percentage of pre-
dicted height. Kappa coefficients are consistently low, −
0.17 to 0.21, with the exception of a moderate coefficient
(0.56, p < 0.05), between SA and percentage of predicted
adult height among 16 male tennis players U14 and U16
years (Additional file 2: Table S2). The Spearman’s rank
order correlation is also moderate and significant for this
age group (0.62, p < 0.05). Among U10 and U12 male
players, the Spearman rank order correlation is moderate

Table 2 Cross-tabulations of players by maturity status classifications based on SA and the two predicted estimates1

Males Females

Skeletal age Skeletal age

Late On time Early Total Late On time Early Total

Percentage of predicted
adult height

Late 0 1 0 1 0 2 0 2

On time 4 25 6 35 2 19 7 28

Early 0 1 3 4 0 0 1 1

Total 4 27 9 40 2 21 8 31

Predicted age at PHV Late 0 0 2 2 0 2 0 2

On time 4 27 7 38 2 19 8 29

Early 0 0 0 0 0 0 0 0

Total 4 27 9 40 2 21 8 31
1Criteria for defining maturity status with each indicator are indicated in the text

Table 1 Descriptive statistics for growth and maturity
characteristics of male and female elite youth British tennis players

Male (n = 40)
(mean ± SD)

Female (n = 31)
(mean ± SD)

Chronological age (CA), years 12.5 ± 1.8 12.7 ± 2.0

Weight, kg 48.0 ± 12.9 48.2 ± 10.6

Height, cm 159.0 ± 14.4 156.7 ± 9.7

Sitting height, cm 82.5 ± 7.4 83.0 ± 5.2

Estimated leg length, cm 76.5 ± 7.5 73.7 ± 5.1

Skeletal age (SA), years 12.7 ± 2.5 13.1 ± 2.1

SA minus CA, years 0.13 ± 1.11 0.35 ± 1.02

Father’s height, cm 182.5 ± 5.8 178.7 ± 5.7

Mother’s height, cm 168.1 ± 5.5 165.6 ± 4.9

Predicted adult height, cm 182.8 ± 5.5 167.1 ± 3.9

Height as % of adult height, % 86.9 ± 6.9 93.62 ± 5.8

Height as % of adult height, z 0.22 ± 0.6 − 0.11 ± 0.6

Predicted maturity offset, years − 0.9 ± 1.8 0.8 ± 1.6

Predicted age at peak height
velocity, years

13.4 ± 0.5 12.0 ± 0.6
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and negative between classifications based on SA and
predicted age at PHV (− 0.40, p < 0.06), while the other
correlation in the younger age group approximates zero
(Additional file 1: Table S1).
Spearman’s rank order correlations could not be calcu-

lated for females, as all players were classified as average
based on predicted age at PHV in U10 and U12 players
(n = 17) and percentage of predicted adult height in U14
and U16 players (n = 14). While the correlation is moderate

(0.40, ns) for classifications based on SA and percentage of
predicted adult height in U10 and U12 players (Add-
itional file 3: Table S3), it approaches zero (0.06, ns) for
classifications based on SA and predicted age at PHV in
U14 and U16 female players (Additional file 4: Table S4).

Discussion
The present study considered the appropriateness of
maturity status classifications based on currently used

Fig. 1 Scatter plots of absolute SA minus CA differences and z-scores for the percentage of predicted adult height at the time of observations in
boys (left) and girls (right)

Fig. 2 Scatter plots of absolute differences of SA minus CA and the differences of predicted age at PHV minus the sex-specific reference mean
ages at PHV in boys (left) and girls (right). Note the y-axis is inverted, as a negative score for the difference of the predicted age at PHV minus the
respective reference mean indicated early maturity status, and a positive score indicated late maturity status
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predictive methods among elite male and female tennis
players of Caucasian ancestry. Overall, the concordance
of maturity status classifications based on a clinically
established maturity indicator, SA, and two currently
popular non-invasive predictions of maturity status was
generally poor. The results suggested that the non-
invasive indicators were limited in their ability to classify
elite youth tennis players by maturity status, specifically
at the extremes (late, early) of the maturity status con-
tinuum. Nevertheless, the results of this research suggest
that the maturity status based on the percentage of pre-
dicted mature height at the time of observation corre-
lated better with maturity status based on SA than did
maturity status based on predicted age at PHV.
The moderate concordance of classification maturity

status based on SA and the two predicted indicators of
maturity status among the tennis players was due, in a
large part, to the proportionally high numbers of players
classified as average or on time (Table 2). The low kappa
coefficients and at best moderate Spearman’s rank order
correlations (rho) were likely a result of the small num-
ber of players classified as early or on time with each
method, respectively. As in other studies comparing the
maturity status of youth athletes [5, 20], a window of
plus/minus 1 year was used to define average or on-time
status. The window allows for errors associated with the
assessment of SA and with measurements of body di-
mensions used in the prediction equations, in addition
to errors associated with the prediction equations per se
(below). Some studies, however, have used narrower
bands for SA, for example, a band of ± three months
among adolescent boys and girls [30] and a band of ±
0.5 year in 14-year-old soccer players [31]. The former
used the TW2 method, while the latter used the TW3
method of SA assessment. Of relevance, SAs with the
TW3 method were consistently less than SAs with the
TW2 method by about one year in a large international
sample of youth soccer players 11–17 years of age [23].
The systematic difference between TW2 and TW3 SAs
has major implications for the classification of players by
maturity status.
Standard errors of the estimate of SA assessments with

the Fels method in the present study ranged from 0.27
to 0.60 year and were similar to the range of standard
errors, 0.27 to 0.70 year, noted in three series of soccer
players 11–17 years [5, 32, 33]. Higher errors were noted
among youth approaching skeletal maturity. Unfortu-
nately, both versions of the TW method and the
Greulich-Pyle method do not provide an estimate of
error associated with assessments of SA.
Standard errors of estimate for the maturity offset pre-

diction equations in the current sample were 0.28 year
in boys and 0.29 year in girls, which were comparably
lower than the 0.59 year in boys and 0.57 year in girls

obtained with prediction equations [11]. The 50% error
bounds for the height prediction protocol across 4 to 17
years were, on average, 2.2 ± 0.6 cm in boys and 1.7 ± 0.6
cm in girls, while the mean 90% error bounds were, on
average, 5.3 ± 1.4 cm in boys and 4.3 ± 1.6 cm in girls [14].
The error bounds, however, varied with CA. Among boys,
the median 50th and 90th percentile error bounds for
height predictions without SA were stable 9 to 11 years,
increased from 12 to 14 years, and then declined to 16
years. The corresponding error bounds for girls increased
from 9 through 12 years and then declined to 16 years.
Given the preceding observations for SA and for predicted
maturity offset and adult height, the band of plus/minus 1
year to define maturity groups allowed for errors associ-
ated with assessments and predictions.
The results for the relatively small sample of elite male

tennis players were generally consistent with corre-
sponding studies of participants in club-level soccer [19]
and community-level American football [5], which used
the same methodology (Table 3). Maturity status classifi-
cations based on predicted age at PHV had moderate
concordance with classifications based on SA (Fels
method) in youth soccer players, but kappa coefficients
were low, 0.11 and 0.13 [19], as in the present study.

Table 3 Distributions of male athletes in three sports by maturity
status defined by the same indicators as in the present study

Maturity status

Late On time Early

Skeletal age

Tennis (9.88–15.95 years, n = 40) n 4 27 9

% 10 67 23

American football (9.27–14.24 years, n = 143) n 15 52 76

% 11 36 53

Soccer (10.98–15.25 years, n = 180) n 21 100 59

% 12 56 33

Percentage of predicted adult height

Tennis n 1 35 4

% 2 88 10

American football n 6 91 46

% 4 64 32

Soccer n 5 131 44

% 3 73 24

Predicted age at PHV

Tennis n 2 38 0

% 5 95 0

Soccer n 15 161 4

% 8 89 2

Criteria for defining maturity status with each indicator are indicated in the
text and were the same in each study. Frequencies and percentages for the
total samples American football and soccer players were calculated after
Malina et al. [5, 19]
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Classifications of maturity status based on percentage of
predicted adult height [14] also had moderate concordance
with classifications based on SA (Fels method) in American
football [5] and soccer [19] players. Kappa coefficients were
fair to moderate (0.31 to 0.50) and varied with age in the
football players in contrast to observations in tennis players
and soccer players, among whom Kappa coefficients were
0.23 in both 11 to 12- and 13 to 14-year-olds. Correspond-
ing data for female athletes in different sports are lacking.
Predicted ages at PHV in the male and female tennis

players were, respectively, 13.4 ± 0.5 years and 12.0 ± 0.6
years (Table 1). Except for an estimated age at PHV of
11.6 ± 0.9 years in 16 Japanese female tennis players who
were successful at the prefecture level [34], data for ages
at PHV based on longitudinal data for tennis players are
lacking. The mean predicted ages at PHV for the tennis
players were within the range of observed ages at PHV
in several longitudinal samples of European athletes in
several sports, except for gymnasts of both sexes [4].
However, standard deviations for predicted ages at PHV
among tennis players were lower, 0.5 in males and 0.6 in
females, but consistent with reduced standard deviations
also reduced ranges of variation in predicted ages at
PHV in validation studies of the maturity offset predic-
tion protocol [10, 35, 36], and also in a longitudinal sam-
ple of Belgian artistic gymnasts [37].
Other limitations of the maturity offset prediction equa-

tions should be noted. Based on two validation studies of
the original [11] and modified [38] equations, predicted
maturity offset decreased while age at PHV increased, on
average, with CA at prediction [10, 13, 35, 36]. This likely
reflected CA per se and CA-associated variation in the
predictors—sitting height, leg length, height, and weight.
Of potential interest, tennis apparently selects for height;
the current sample of elite players of both sexes was, on
average, taller than reference values [7]. In addition, pre-
dicted ages at PHV also showed considerable intraindivi-
dual variation with CA in the validation studies and had
major limitations among late and early maturing youth
defined by observed age at PHV. Predicted ages at PHV
were consistently later than observed in early maturing
and generally earlier than observed in late maturing youth
of both sexes [10, 13, 35, 36].
It also should be noted that the protocol for predicting

adult height [14] and maturity offset prediction equa-
tions [11] have not been validated with UK samples.
Nevertheless, allowing for the complexity of biological
maturation during adolescence and inter- and intraindi-
vidual variation in the maturity status and timing of dif-
ferent systems, it is likely that no one system provides a
complete picture of maturity status at the time of obser-
vation [39]. It would, therefore, seem prudent to com-
pare and contrast results of the methods used in the
present study with additional measures, for example,

estimated growth velocities for height assuming longitu-
dinal measures are available, and stage of pubertal develop-
ment (menarche in girls, secondary sexual characteristics in
boys). These would seemingly improve the accuracy of pre-
diction methods. It would be ideal to have longitudinal
growth data for youth athletes that span adolescence.
Nevertheless, the inability to account for the timing
or intensity of the adolescent growth spurt in height
is a major source of error in height prediction equa-
tions [40], and as noted above, predicted ages at PHV
with the maturity offset protocol vary significantly
with CA and height at prediction [10, 13, 35, 36].
The estimates of maturity status employed in the

current study assess different aspects of the maturation
process. Skeletal age assesses the maturity status of the
skeletal system at the time of observation, while the per-
centage of predicted adult height at the time of observa-
tion and predicted age at PHV are indices of, respectively,
somatic maturity status and timing and are dependent
upon CA, body size-attained, and proportions [19]. It is
likely that the maturation of different biological systems,
specifically the neuroendocrine system and the differential
timing of growth spurts in height, weight, and leg and
trunk length, may influence the correspondence among
the three methods [19]. The maturation of the different
biological systems, though related, does not proceed
simultaneously.
Limitations of the current study should be noted. The

elite nature of the sample, practical constraints (number
and availability), and prohibitive assessment costs (skeletal
hand wrist x-rays) provided challenges in obtaining ample
sample sizes [41]. The results are thus specific to a rela-
tively small sample of British elite junior tennis players of
Caucasian ancestry. Generalization to players from other
countries or of other ethnicities and to players competing
at different levels needs to be done with care. The small
sample sizes have likely limited the statistical power of the
analyses conducted. Classifying players as early, on time,
or late with different methods (years, z-scores, standard
deviations) and the broad CA range of the sample (9 to 16
years) may influence the sensitivity of the maturity indica-
tors and in turn affect the number of players assigned to
each category. The band of ± one year of SA from CA
within single-year CA groups is commonly used, although
the range of observed standard deviations in studies of SA
varies somewhat with CA and also among samples and
with the method of assessment [23]. Nevertheless, matur-
ity status classifications of players within two year com-
petitive age groups (Additional file 1: Table S1,
Additional file 2: Table S2, Additional file 3: Table S3,
Additional file 4: Table S4) suggested similar trends, but
numbers were limited. The limitations of using reported
in contrast to measured heights of biological parents
should also be noted, although research performed on a
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British population has indicated that average bias is less
than 1 cm [42].

Conclusions
The aim of this study was to investigate the concordance
of two predictors of biological maturity status with an
established method (SA) in elite youth tennis players.
While the three indicators considered were interrelated,
there was a relatively poor agreement between maturity
classifications based on SA and those based on the two
somatic indicators. Although the somatic indicators pro-
vide an inexpensive, practical, and less invasive means of
measurement, the limitations of the protocols should be
recognized. Predicted age at PHV with the maturity off-
set protocol is an especially problematic indicator, which
would suggest caution when applying it to samples of
youth athletes. An organization may consider using sev-
eral methods of prediction in order to enhance the as-
sessment of growth and maturity status and perhaps
maturity timing. In conclusion, future research in this
area should examine non-invasive methods relative to
SA with longitudinal data in order to better establish the
reliability and validity of the predictive methods.
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classifications1 between specific pairs of maturity indicators, percentage
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ã Reyes ME, et al. Tanner–Whitehouse skeletal ages in male youth soccer
players: TW2 or TW3? Sports Med. 2018;48(4):991–1007.

24. Cumming SP, Sherar LB, Gammon C, Standage M, Malina RM. Physical
activity and physical self-concept in adolescence: a comparison of girls at
the extremes of the biological maturation continuum. J Res Adolesc. 2012;
22(4):746–57.

25. Epstein LH, Valoski AM, Kalarchiant MA, McCurley J. Do children lose and
maintain weight easier than adults: a comparison of child and parent
weight changes from six months to ten years. Obes Res. 1995;3(5):411–7.

26. Bayer LM, Bayley N. Growth diagnosis, selected methods for interpreting
and predicting physical development from one year to maturity. Berkley:
University of California Press; 1959.

27. Cumming SP, Brown DJ, Mitchell S, Bunce J, Hunt D, Hedges C, et al.
Premier League academy soccer players’ experiences of competing in a
tournament bio-banded for biological maturation. J Sports Sci. 2018;36(7):
757–65.

28. Lowry R. Kappa as a measure of concordance in categorical sorting 2013
Available from: http://vassarstats.net/.

29. IBM Corp. IBM SPSS Statistics for Macintosh. Armonk: IBM Corp; 2013.
30. Kemper HCG, Verschuur R, Ritmeester JW. Maximal aerobic power in early-

and late-maturing teenagers. In: Rutenfranz J, Mocellin R, Kliimt F, editors.
Children and exercise XII. Champaign, IL: human kinetics; 1986. p. 213–25.

31. Ostojic SM, Castagna C, Calleja-González J, Jukic I, Idrizovic K, Stojanovic M.
The biological age of 14-year-old boys and success in adult soccer: do early
maturers predominate in the top-level game? Res Sports Med. 2014;22(4):
398–407.

32. Figueiredo AJ, Gonçalves CE, Coelho-e-Silva MJ, Malina RM. Youth soccer
players, 11-14 years: maturity, size, function, skill and goal orientation. Ann
Hum Biol. 2009;36(1):60–73.

33. Malina RM, Pena-Reyes ME, Eisenmann JC, Horta L, Rodrigues J-F, Miller R.
Height, mass and skeletal maturity of elite Portuguese soccer players aged
11-16 years. J Sports Sci. 2000;18(9):685–93.

34. Fujii K, Demura S. An approach to verifying delayed menarche in Japanese
female athletes. Analysis by wavelet interpolation method. J Sports Med
Phys Fitness. 2005;45(4):580–94.

35. Malina RM, Kozieł SM. Validation of maturity offset in a longitudinal sample
of Polish boys. J Sports Sci. 2014;32(5):424-38.

36. Malina RM, Choh AC, Czerwinski SA, Chumlea WC. Validation of maturity
offset in the Fels Longitudinal Study. Pediatr Exerc Sci. 2016;28(3):439–55.

37. Malina RM, Claessens AL, Van Aken K, Thomis MA, Lefevre J, Philippaerts RM,
et al. Maturity offset in gymnasts: application of a prediction equation. Med
Sci Sports Exerc. 2006;38(7):1342–7.

38. Moore SA, Mckay HA, McDonald H, Nettleford L, Baxter-Jones ADG,
Cameron N, et al. Enhancing a somatic maturity prediction model. Med Sci
Sports Exerc. 2015;47(8):1755–64.

39. Baxter-Jones ADG, Eisenmann JC, Sherar LB. Controlling for maturation in
paediatric exercise science. Pediatr Exerc Sci. 2005;17:18–30.

40. Preece MA. Prediction of adult height: methods and problems. Acta
Paediatr Scand. 1988;347:4–11.

41. Bacchetti P, Deeks SG, McCune JM. Breaking free of sample size dogma to
perform innovative translational research. Sci Transl Med. 2011;3(87):1–24.

42. Wright CM, Cheetham TD. The strengths and limitations of parental heights
as a predictor of attained height. Arch Dis Child. 1999;81:257–60.

43. World Medical Association. World Medical Association Declaration of
Helsinki: ethical principles for medical research involving human subjects.
JAMA. 2013;310(20):2191–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Myburgh et al. Sports Medicine - Open            (2019) 5:27 Page 9 of 9

http://vassarstats.net/

	Abstract
	Background
	Method
	Results
	Conclusions

	Key Points
	Background
	Method
	Results
	Discussion
	Conclusions
	Additional Files
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Ethics Approval and Consent to Participate
	Consent for Publication
	Competing Interests
	Author details
	References
	Publisher’s Note

