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ABSTRACT

LOLLI L., A. JOHNSON, M. MONACO, M. CARDINALE, V. DI SALVO, and W. GREGSON. Tanner—Whitehouse and Modified
Bayley—Pinneau Adult Height Predictions in Elite Youth Soccer Players from the Middle East. Med. Sci. Sports Exerc.,
Vol. 53, No. 12, pp. 2683-2690, 2021. Purpose: To provide the first scrutiny of adult height prediction protocols based on automated
Greulich-Pyle and Tanner—Whitehouse (TW) skeletal ages applied to elite youth soccer players from the Middle East. Methods: We examined
the application of modified Bayley—Pinneau (BoneXpert®), TW-II, and TW-III protocols using mixed-longitudinal data available for 103 sub-
jects (chronological age range, 19.4 to 27.9 yr) previously enrolled as academy student-athletes (annual screening range, one to six visits).
Random-effects generalized additive models quantified the presence of systematic mean differences between actual versus predicted adult
height. Effects were deemed practically equivalent based on the location of the confidence interval (95% CI) against a realistic difference value
of A== 1 cm. Each model pooled residual standard deviation described the actual precision of height predictions and was used to calculate a
95% prediction interval. Results: The BoneXpert® method overpredicted adult height systematically at chronological ages in the range of ap-
proximately 13.5 to 14.5 yr (95% CI range, —1.9 to —1 cm) and Greulich-Pyle skeletal ages between 13.5 and 15 yr (95% Cl range, —3.1 to
—1 cm). Effects based on TW-II were practically equivalent across the chronological and skeletal age measurement ranges, with this protocol
yielding adult height predictions with a precision (standard deviation) of approximately +2.6 cm. The mean TW-III effects indicated systematic
adult height overpredictions until the attainment of 14.5 and 15 yr of chronological age (95% Cl range, —3.8 to —1.1 cm) and TW-III skeletal age
(95% CI range: —5.2 to —2.3 cm), respectively. Conclusions: Tanner—Whitehouse-1I adult height prediction method provided more consistent
estimates and can be considered the method of choice for talent development purposes in youth soccer players from the Middle East. Key
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ngoing assessment of growth and maturity is an integral

part of the elite youth athlete development process.

Growth is concerned with any quantitative increase in
body size over time (1). Maturation pertains to the process of pro-
gressive changes that lead from an undifferentiated or immature
state to a highly organized, specialized, mature or adult state
(2). In biology, adulthood also refers to functional
maturation

or the ability for successful procreation (2), with age-related
and growth cessation criteria defining the attainment of this
status (3). Within the context of growth, the process of matu-
ration is continuous in nature (2). However, a precise defini-
tion of maturity status involves examining discrete indicators
during the course of development, such as skeletal age, sec-
ondary sexual and somatic characteristics, and dental age (4).

A number of studies in soccer assessed maturation status
using both invasive (5) and noninvasive (6) methods. In this
context, skeletal age received particular attention as an assess-
ment of physiological suitability for a career or a sport (7), yet,
in practice, it is not always available due to its invasive nature
and cost (8). Skeletal age is a measure of the stage-by-stage
metamorphosis of the cartilaginous and membranous skeleton
from fetal life to fully ossified bones in the adult individual (2).
In pediatrics and other clinical fields, visual assessment of
left-hand and wrist roentgenograms is the general method used
to determine skeletal age (2). Developmental stages to each
epiphyseal center of interest can be assigned according to
criteria of atlases and bone-scoring techniques (2).



The Greulich—Pyle (GP) method is an example of an atlas
technique (9). In this type of protocol, the skeletal age is the
chronological age assigned to the standard consistent with
the degree of ossification illustrated in the roentgenogram
(2). As an alternative method developed on a different concep-
tual basis, a bone-specific technique is independent of chrono-
logical age (2). Within the full passage from immaturity to
maturity, the evaluation of a series of indicators relating to
the appearance of each specific bone of the hand and wrist
provides a cumulative score determining the skeletal age of
the subject (2). Of these techniques, the Tanner—Whitehouse
(TW) system (2) evolved from the Oxford method (10), with
the original version (TW-I) determining the skeletal age based
on maturity indicators for 20 bones. This version was later re-
vised in TW-II (11) and, more recently, TW-III (12) systems,
with no alteration in the descriptions and ratings of stages of
the bones. The TW-II revision (11) provided skeletal ages
based on the assessments of (i) the 20 bones (TW-II 20), (ii)
the seven carpals (TW-II Carpal), or (iii) the radius-ulna-
short (RUS) bones (TW-II RUS), with the TW-III revision ex-
cluding the 20-bone protocol (12). An important distinction
between the revised protocols was the definition of maturity
status (RUS score = 1000 au) corresponding to a skeletal age
of 18.2 yrin TW-II and 16.5 yr in TW-III (5). Manual assess-
ment of skeletal age is, however, prone to intrarater and
interrater variabilities (13). Recent advances in digital radiog-
raphy now permit reliable automated analysis of skeletal age
based on the principles of atlas or bone-scoring techniques and
free from the influence of intrarater random error (14-16). Limit-
ing any degree of imprecision in skeletal age rating is fundamen-
tal to obtain unbiased measurements of indicators relevant to
understanding the human growth process, such as predicted adult
height (13,16-18).

Assessment of skeletal age combined with anthropometric
and demographic data can provide estimates of predicted adult
height (19). In athletic populations, obtaining adult height
predictions can inform the grouping of athletes for specific
competitions and training according to, for example, the
biobanding strategy (20). This method uses the percentage
predicted adult height (%), calculated as the simple ratio of
current height divided by predicted adult height x 100 at the
time of observation, as the indicator for grouping youth players
into specific bands (20). Furthermore, estimation of predicted
adult height can be useful for preliminary evaluations of anthro-
pometric suitability for professional career progression in spe-
cific sports and/or positional roles in team sports (7,21). In
practice, the notion of adult height prediction relates to deriving
an estimation of an unmeasured dimension of interest at some
point in time that is expected to reflect the extent of human
somatic growth of the adult athlete (22). Bayley and Pinneau
illustrated one of the first methods for predicting adult height
also with tables providing an estimate of the fraction of adult
height achieved as per the GP skeletal age at the time of the
roentgenogram (23). Conversely, the general protocol by Tanner
and Whitehouse (11,12) provides estimates of predicted adult
height according to the present age, the RUS score or skeletal

age, and the present height. Importantly, the common Tanner
and Whitehouse adult height prediction methods are funda-
mentally different. The TW-II adult height prediction protocol
includes the actual skeletal age in the equation, whereas the
TW-III protocol considers the raw maturity score (i.e., RUS)
as a predictor variable to address the influence of environmen-
tal factors (22).

The most important time window for adult height prediction
is deemed between 8 and 13 yr (21,24), with the precision of
the predicted values depending on a number of factors. First,
the occurrence of certain events during the growth process
may introduce prediction errors (19). In the clinical realm, ac-
curate adult height predictions are considered plausible only
after a subject passes the pubertal growth spurt (13,19). Sec-
ond, valid adult height prediction might depend on the applica-
bility of different skeletal age methods to a given population
(5,25,26). Researchers in this field suggested to adjust existing
skeletal age standards when applied to populations other than
those from which they were derived (27). For example, re-
searchers explored the application of the GP atlas to children
and adolescents (age range, 2 to 15 yr) from the United
Kingdom (25). The results of this investigation suggested that
the GP atlas remained valid when applied to that population
(25). In contrast, the GP standards might be imprecise if applied
to subjects of African, Arab, and Asian ethnicity (28,29). Infor-
mation regarding the application of atlases or bone-scoring
techniques to youth Arab subjects are nevertheless limited, with
formal appraisals of different adult height prediction methods
conducted in general and clinical populations from Western
countries (13,17,19,21,23,26,30-34).

Using automated image analysis methods, we examined the
application of adult height prediction protocols based on GP
and TW skeletal ages to elite youth soccer players from the
Middle East.

METHODS

Participants. We assessed the equivalence between actual
versus predicted adult height based on modified Bayley—Pinneau
(BoneXpert®), TW-II, and TW-III protocols using data available
for a sample of 103 subjects (age range, 19.4 to 27.9 yr; adult
standing height range, 157.5 to 189.7 cm) previously enrolled
as academy student-athletes (age range, 11.5 to 17.8 yr; standing
height range, 137.5 to 187 cm). Adult standing height was de-
fined as the height for a subject older than 18 yr (3,33). The data
collection was part of the annual medical screening and a longi-
tudinal growth and maturation project (protocol number:
E202008009) involving also regular performance/fitness screen-
ings. Signed parental consent was obtained before each academy
season to use data for research purposes. This retrospective study
was approved by the Aspire Zone Foundation Institutional Re-
view Board, Doha, State of Qatar.

Design and procedures. With some student-athletes
measured once and others more than once (annual screening
range, one to six visits), the present investigation adopted a
retrospective, mixed-longitudinal study design. Hand x-rays,



standing height, and body mass measurements collected in
student-athletes over a 14-yr period (N = 876) as part of the an-
nual medical screening were retrieved from the Academy
medical records, anonymized, analyzed and used to determine
skeletal age at the time of the scan. Standing height was mea-
sured using a wall-mounted stadiometer to the nearest 0.1 cm
according to the stretch stature protocol (Holtain Limited,
Crosswell, Crymych, Pembs., UK), and body weight measure-
ments were obtained using digital scales. Using test—retest
data from a subsample of 17 elite youth soccer players (age
range: 14 to 14.8 yr) from the available population
(N = 876), the standard error of the measurement (SEM) for
standing height was 0.34 cm (95% confidence interval [CI],
0.25 to 0.52 cm). The estimated minimal detectable change

was approximately 1 cm (95% CI, 0.7 to 1.4 cm), consistent

with established growth cessation criteria (3).

With the left hand and wrist placed flat and down on the
x-ray plate (Digital Diagnost; Philips, Amsterdam, Netherlands),
assessment of skeletal age involved standard radiographs of the
radius, ulna, carpals, metacarpals and phalanges (35). Modern
technology now allows minimizing the exposure to radiation
to as little as 0.001 mSv, which is commensurate to less than
natural background radiation walking around a city center, or
any radiation associated with a 2-h flight (35).

The automated assessment of roentgenograms involved dig-
ital images processing using the computerized BoneXpert® de-
termination method as per the manufacturer recommendations
(version 3.1.4, Visiana, Holte, Denmark). This medical device
was originally developed, calibrated, and validated on the GP
atlas using data from European samples (16). This method re-
produces the borders of 15 bones automatically. It then com-
putes intrinsic GP skeletal ages for each of 13 bones (radius,
ulna, and 11 short bones) from roentgenograms of the hand
(14). A new standard version of the TW skeletal age rating
was implemented by the BoneXpert® method and calibrated
on manual rating data from the First Ziirich Longitudinal Study
(15). The BoneXpert® adult height prediction method is
founded on a default skeletal age (GP atlas) as a reelaboration
of the conventional Bayley—Pinneau protocol (16). With the
estimated 50th centile for standing height at 18 yr correspond-
ing to 174.3 cm (unpublished data), modified Bayley—Pinneau
adult height predictions considered the Caucasian European
South ethnicity option as the most plausible in the context
of our study population from Western Asia (16). The TW-
IT (11) and TW-III (12) adult height predictions were also
derived using BoneXpert® readings for skeletal ages in
combination with relevant equations. Given the purpose
of our investigation, automated ratings for TW-III skeletal
ages were back-converted to RUS scores for deriving
TW-III predicted adult heights using relevant conversion
tables (12).

Test—retest assessment of the manual rating method sug-
gested most of the items in the TW RUS protocol showed
moderate to excellent intrarater reliability (1,3), with the esti-
mated SEM of 0.38 yr (95% CI, 0.34 to 0.43 yr) for TW-II
and 0.36 yr (95% CI, 0.32 to 0.41 yr) for TW-III (see Figure,

Supplemental Digital Content 1, test—retest assessment of the
TW RUS protocol, http:/links.lww.com/MSS/C365). Com-
parison of manual and automated TW-II and TW-III skeletal
age determination in this population (n = 103) did not reveal
the presence of a systematic bias, with estimates not exceeding
differences corresponding to approximately 1.1 yr (see Table,
Supplemental Digital Content 2, Estimated marginal means
for the difference between manual versus automated skeletal
age assessment by chronological age, http://links.lww.com/
MSS/C366).

Statistical analysis. Random-effects generalized addi-
tive models with restricted maximum likelihood (36) quanti-
fied the equivalence between actual minus predicted adult
height with separate analyses including chronological age or
skeletal age at the time of the hand-wrist x-ray scan as the ex-
planatory variable, respectively (23). Models included the raw
difference (A) as the response variable, with the smooth term
for the explanatory variable set at 3, 5, 7, and 9 basis functions
plus a subject-specific random effect penalized by a ridge pen-
alty (36). An information-theoretic approach was adopted for
optimal smooth model selection (36). Estimated marginal means
described the degree of overprediction or underprediction pre-
sented with 95% CI and 95% prediction interval (PI) (37). A
95% CI described the likely range of values compatible with
the true population parameter (38), whereas a 95% PI indi-
cated the range of values within which 95% of future similar
observations may lie (39,40). Estimates of actual minus pre-
dicted adult height were declared practically equivalent based
on the location of the 95% CI for the mean effects (38)
interpreted against a realistic difference value of £1 cm (3).
The pooled residual standard deviation (SD) from each model
described the actual precision of height predictions and was
used to calculate a 95% PI (38). Positive values in sign (+)
suggested method underprediction, whereas negative values
(-) indicated method overprediction. Given the available sam-
ple over the selected observational period (N = 876), empirical
guidelines informed the design (age range, 9.9 to 18.3 yr) and
sampling (n = 125) to describe the size, timing, and intensity
of the pubertal growth spurt in this population of youth ath-
letes (41,42). Using this subsample data, a Superimposition
by Translation and Rotation model with 5 degrees of freedom
quantified age at peak height velocity and peak height velocity
(41). Statistical analyses were conducted using R (version
3.6.3, R Foundation for Statistical Computing).

RESULTS

Descriptive data for this subsample (nz = 103) were illustrated
in density plots (Fig. 1). Outcomes for comparisons were re-
ported by chronological age (Table 1) and reference skeletal
age (Table 2). The estimated age at peak height velocity was
13.62 yr (95% CI, 13.55 to 13.70 yr), and peak height velocity
was 9.9 cm-yr ' (95% CI, 9.5 to 10.3 cm-yr ') according to the
growth curve analysis (see Figure, Supplemental Digital Con-
tent 3, Population mean height and velocity curves, http://
links.Iww.com/MSS/C367). The negative relationship between
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FIGURE 1—Density plot showing automated GP (A), TW-II (B), and TW-III (C) skeletal age distributions by chronological age.

timing and intensity random-effects (r = —0.65) suggested
student-athletes entering puberty early showed the largest
height velocity (see Figure, Supplemental Digital Content 4,
Scatterplot matrix of random-effects correlations for size, timing,
and intensity in the Superimposition by Translation and Rotation
model, http://links.lww.com/MSS/C368).

For explorations by chronological age, the direction and
width of the effects for actual versus predicted adult height
as per the BoneXpert® method indicated a systematic over-
prediction in the range of 13.5 to approximately 14.5 yr
(95% Cl range, —1.9 to —1 cm). In the same age period, the es-
timated 95% PI were located around relatively more negative
values (Table 1). Use of the TW-II method did not reveal sub-
stantial mean overprediction or underpredictions in adult height
(95% CI range, —2.3 to 0.8 cm), with the estimated 95% PI
located around relatively more negative values (Table 1). Sys-
tematic overpredictions resulted from the TW-III ratings until

the attainment of 14.5 yr of age (Table 1). The uncertainty
(95% CI) for the observed mean overpredictions ranged from
approximately 1 to 4 cm, with the 95% PI in the range of
—8.6 t0 3.8 cm. The pooled residual SD estimate used to calcu-
late the 95% PI for actual versus predicted adult height for
BoneXpert®, TW-II, and TW-III protocols by chronological
age was £2.3 cm, £2.5 cm, and £2.8 cm, respectively.

For descriptions by reference skeletal age, the BoneXpert®
protocol systematically overpredicted adult height at GP skel-
etal ages between approximately 13.5 and 15 yr (Table 2). In
this particular age range, the degree of the uncertainty for the
mean overprediction was approximately 1 to 3 cm, with the re-
spective 95% PI ranging from —6.7 to 2.5 cm. The differences
between actual versus TW-II predicted adult height were gen-
erally symmetric around zero (Table 2). The mean differences
between methods corresponded to approximately 1 cm between
14 and 16 yr (95% Cl range, —1.9 to —0.2 cm) yet located within

TABLE 1. Estimated marginal means for the difference between actual vs predicted adult height by chronological age.

BoneXpert TW-1 TW-1Il
CA (yr) A (cm) 95% CI 95% PI A (cm) 95% CI 95% PI A (cm) 95% CI 95% P1
125 -09 -16 -0.2 -55 3.8 -16 -23 -0.8 -6.6 35 -2.8 -36 -19 -83 2.7
13 -1 -17 -0.6 -5.8 35 -13 -19 -07 -6.3 3.7 -3.1 -38 -24 -8.6 24
13.5 -13 -1.8 -0.9 -6.0 3.3 -1.0 -15 -04 -6.0 41 -3.1 =37 -24 -8.6 25
14 -14 -1.9 -1.0 -6.0 3.2 -0.6 -1.1 -0.1 -5.6 44 -25 =31 -1.9 -8.0 3.0
145 -13 -1.8 -0.9 -6.0 3.3 -0.2 -0.7 0.3 -5.2 48 -17 -2.3 -1.1 -72 3.8
15 -1 -15 -0.7 -5.7 3.6 0.1 -0.3 0.6 -49 5.2 -09 -14 -0.3 -6.4 46
15.5 -0.7 -12 -0.3 -5.4 39 0.3 -0.1 0.8 -47 54 -0.3 -0.8 0.2 -5.8 5.2
16 -04 -0.8 0.0 -5.0 42 0.3 -0.1 0.8 -4.7 54 0.0 -0.6 0.5 -5.5 54
16.5 -0.1 -0.6 04 -47 45 0.1 -04 0.6 -4.9 5.1 0.0 -0.6 0.6 -55 55
17 0.1 -04 0.6 -45 48 -0.3 -09 0.3 -5.3 47 -0.1 -07 0.6 -5.6 54
175 0.3 -05 1.0 -44 50 -0.8 -16 0.0 -59 42 -0.1 -11 0.8 5.7 54

CA, chronological age.
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TABLE 2. Estimated marginal means for the difference between actual vs predicted adult height by reference skeletal age.

BoneXpert TW-1I TW-1Il
SA (yr) A (cm) 95% CI 95% PI A (cm) 95% CI 95% PI A (cm) 95% Cl 95% PI

125 -0.1 -0.8 0.6 -43 4.0 -0.6 -1.4 0.3 -5.7 46 -2.9 -36 -2.3 -6.6 0.7
13 -0.8 -14 -0.2 -49 33 -05 -1.3 0.2 -5.6 46 -4.0 -4.6 -34 -77 -03
13.5 -1.9 -2.3 -1.4 -6.0 2.3 -0.6 -1.3 0.0 -5.8 45 -46 -5.2 -4.1 -8.3 -1.0
14 -2.6 -3.1 =21 -6.7 15 -09 -1.6 -0.3 -6.0 42 -44 -49 -38 -8.0 -0.7
14.5 -25 =31 -1.9 -6.7 16 -1.2 -1.8 -0.6 -6.3 39 =31 =37 -2.6 -6.8 05
15 -16 -22 -1.0 -5.8 25 -13 -1.9 -0.7 -6.4 3.8 -15 -2.1 -0.9 -5.2 2.2
15.5 -05 -11 0.1 -46 3.7 -1.1 -1.7 -05 -6.3 40 -0.1 -0.7 0.5 -3.8 36
16 0.3 -03 0.8 -39 44 -0.8 -1.4 -0.2 -5.9 43 0.6 0.2 1.0 -3.0 43
16.5 0.3 -0.1 0.8 -3.8 44 -03 -0.9 0.2 -54 48 0.8 04 13 -2.8 45
17 -0.1 -0.6 0.4 -42 4.0 0.1 -0.4 05 -5.0 52

175 -03 -0.8 0.2 -44 38 0.3 -0.1 0.8 -4.8 5.4

SA, reference skeletal age.

thresholds deemed of practical relevance (A == 1 cm). In this
age period, the estimated 95% PI were located around relatively
more negative values (Table 2). Adoption of the TW-III method
systematically overpredicted adult height until a TW-III skeletal
age of 15 yr (95% CI range, —5.2 to —1 cm), with the estimated
95% PI spanning relatively more negative values (Table 2).
The pooled residual SD estimate used to calculate the 95%
PI for actual versus predicted adult height for BoneXpert®,
TW-II, and TW-III protocols by reference skeletal age was
+2.1 cm, £2.6 cm, and +1.8 cm, respectively.

DISCUSSION

Adult height prediction is a standard procedure in clinical
pediatrics relevant to the understanding of the individual sub-
ject growth and maturation status for diagnostic and therapeu-
tic purposes. In this context, we examined, for the first time,
the application of common adult height prediction methods
to a sample of elite youth soccer players from the Middle East.
The main findings of our retrospective, mixed-longitudinal
study revealed adult height predictions based on TW-II were
relatively more precise than estimations from BoneXpert®
and TW-III methods across both the chronological and skele-
tal age measurement ranges. Our line of evidence substantiates
the notion that TW-II (RUS) can be considered the method of
choice for adult height prediction in elite youth Arab soccer
players.

The evaluation of an adult height prediction method consti-
tutes, in practice, a formal validation of the reference skeletal
age rating protocol given the population of interest (26). The
conventional Bayley—Pinneau and TW protocols may perform
reasonably in normal samples (19), and our study addressed a
number of aspects relevant to accurate adult height prediction.
Roche and colleagues (27) posited that existing skeletal age
standards require adjustment when applied to nonreference
populations. Studies conducted in Arab populations are, nev-
ertheless, limited to explorations of manual versus automated
method comparisons (29). In this context, our findings provide
a meaningful contribution highlighting potential limitations of
GP skeletal age as a method of choice in Arab youth male ath-
letes. Specifically, automated skeletal age assignment as per
the GP criteria potentially influenced the precision of adult
height predictions observed at some development stages using

the modified Bayley—Pinneau method. The mean effects for
actual minus predicted adult height differences were not prac-
tically equivalent at chronological and GP skeletal ages rang-
ing for 13.5 to 14.5 yr and 13.5 to 15.0 yr, respectively
(Tables 1 and 2). The advances in digital radiography now per-
mit reliable automated analysis of skeletal age independent of
intrarater variability yet methods were validated on reference
scales (14,15). Although BoneXpert® skeletal age was validated
for White, African American, Hispanic, and Asian ethnicities on
the GP system (16), data of children from the Brush Foundation
Longitudinal Growth Study performed between 1931 and 1942
in Ohio informed this scale development (2). When applied to
nonreference samples, the potential for the modified Bayley—
Pinneau to provide imprecise adult height predictions relates to
the properties of the reference atlas given the influence of envi-
ronmental factors, ethnicity, secular changes, and socioeconomic
status on skeletal age (2).

Conversely, TW scores are independent of geography and
time (24). Irrespective of the rating method, the degree of im-
precision we observed in TW-II predicted adult height sug-
gested the existing protocols would probably remain valid
when applied to this population but not for TW-III (Tables 1
and 2; see Tables, Supplemental Digital Content 5, Estimated
marginal means for the difference between actual versus pre-
dicted adult height by chronological age [manual ratings],
http://links.lww.com/MSS/C369; and Supplemental Digital
Content 6, Estimated marginal means for the difference be-
tween actual versus predicted adult height by reference skeletal
age [manual ratings], http:/links.lww.com/MSS/C370). The
substantial adult height overpredictions based on TW-III is an
important and interesting finding of our study. Whereas coun-
terintuitive, the number of differences between TW-II and
TW-III are fundamentally practical and inherent to the nature
of the prediction equations. First, the RUS, and not skeletal
age, is included as an explanatory variable in the TW-III equa-
tion (11,12). Second, the TW-II protocol permits the inclusion
of annual height increments over a broader chronological age
range (minimum: 11 yr) than TW-III (minimum: 12 yr). Third,
and accordingly, the parameter estimates from TW-II and
TW-III prediction equations are, by definition, not practically
equivalent (11,12). Tanner—Whitehouse-II (RUS) was devel-
oped on samples limited to British children from the Harpenden
Growth Study and International Children’s Centre London
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Longitudinal Growth study (11). Tanner—Whitehouse-III (RUS)
was based on a more heterogeneous pool of British, Belgian,
Italian, Spanish, Argentinean, American (Texas), and Japanese
children and adolescents surveyed between 1969 and 1995 (12).
In practice, TW-II and TW-III methods provide qualitatively
different descriptions of full maturity. The TW-III does not de-
scribe full maturity in the same way as TW-IL The final stages
of radius and ulna define full maturity in TW-II, whereas the
commencement of plate fusion, not full closure, is the final
stage in TW-III (11,12). Tanner and colleagues (12) posited
that actual maturity was represented more accurately by the
actual maturity scores rather than skeletal age assumed to be
prone to the influence of environmental factors. However,
our study results indicated that TW-III is unlikely a meaning-
ful advancement if applied for adult height prediction to this
population of youth Arab athletes.

Our findings advanced current knowledge on the applica-
tion of different adult height prediction protocols in normal
and sports populations from practical and clinical standpoints.
Nevertheless, formal comparisons of our results with existing
studies are limited given the different outcome statistics re-
ported in published research (16,26) and other methodological
inconsistencies (13,17,21,26,30,33,34). Specifically, the cal-
culation of height prediction errors as A (cm) = predicted minus
actual adult height precludes understanding the true direction
and sign of deviations in the predicted values. Bayley provided
one of the very first explorations illustrating the degree of error
in predicted adult height by chronological age and skeletal age
using data of boys from the Harvard Growth Study (23). The
mean effects for actual minus predicted adult height were prac-
tically equivalent in this study, with differences generally sym-
metric around zero across the GP skeletal age measurement
range. This appears reasonable, and compared to our study,
it reflects the more plausible contextual similarities between
populations from Massachusetts and Ohio studied at the same
time in the 19th century (23). Our findings also confirmed es-
timations of predicted adult height are prone to imprecision
prior to the growth spurt period (19). The age at peak height
velocity (see Figure, Supplemental Digital Content 3, Popula-
tion mean height and velocity curves, http:/links.lww.com/
MSS/C367) in our population (13.62 yr; 95% CI, 13.55 to
13.70 yr) was similar to that observed in elite youth soccer
players from Belgium (43) and United Kingdom (6) yet based
on a larger study sample (n = 125) addressing methodological
guidelines (41,42). Cameron et al. (31) applied the TW-II pro-
tocol to a sample of Canadian boys from the general popula-
tion (11.6 £ 0.3 yr), with the observed a mean difference of
—1.7 cm (95% CI, —2.6 to —0.9 cm) similar to our effects at
12.5 yr (Table 1). Likewise, Preece (19) found mean overpredictions
for TW-II of —1.4 cm (95% CI, —2.5 to —0.3 cm) and —1.8 cm
(95% CI, —2.8 to —0.9 cm) in a subsample of 24 boys age 11
to 13 yr from the Harpenden Growth Study. In sport, Ostojic
(21) was the first to explore the application of the TW-II pre-
dicted adult height protocol to youth Serbian athletes from a
wide range of disciplines including basketball (n = 71), soccer
(n = 25), volleyball (n = 14), swimming (» = 12), and other

sports (n = 13). Results suggested that TW-II provided rea-
sonable adult height predictions, although effects are not
comparable in terms of sign and direction with our study. Col-
lectively, our study provided large-scale empirical evidence on
the application of different adult height prediction methods to a
population of elite youth soccer players from the Middle East.

From a real-world perspective, the estimation of predicted
adult height for immature players can be an invaluable assess-
ment to inform strategies relevant to talent identification, selec-
tion, and development (21). For example, in soccer, stature is a
determinant for chances to play at elite level in the positions of
goalkeeper and central defender (44). Notwithstanding the
value of the available approaches, the determination of skeletal
age in high-performance settings is not without limitations. The
use of radiographs to assess skeletal age in sport represents a
nonmedical human imaging procedure requiring careful consid-
eration as in the case of assessing age in children and young
people subject to immigration control (45). This assessment is
generally requested as an adjunct to the diagnosis or the moni-
toring of treatment of disorders of growth or sexual maturation
in clinical settings, and practitioners deem radiation exposure
unacceptable when no benefit would accrue to the individual
(46). In sports medicine, the use of imaging informed by clinical
indications is well established because the outcome will influ-
ence patient management (7). In the context of talent identifica-
tion and development processes (21), the International Atomic
Energy Agency Safety Standards (no. SSG-55) indicated that
nonmedical human imaging would require formal justification
for benefit by authorities for sports organizations, players, med-
ical professionals, and regulatory bodies (7).

Accordingly, radiation dosage is another aspect inherent to
skeletal age assessments (47). The actual upper dosage for a
typical hand-wrist x-ray for clinical purposes is reported as
0.001 mSv for pediatric patients, which falls well below the
annual limit and constitutes an exposure equivalent to less than
20 min of natural background radiation or 2 min on a transatlan-
tic flight (47). Crude estimations suggested the 40-yr mortality
risk was 5.1 x 10 for a roentgenogram of the hand in teenagers
based on a general dose of 0.00015 mSv (47). Practitioners
and experts in this field deemed such doses minimal to pre-
vent well-designed research projects from obtaining ethical ap-
proval (47) yet requiring formal justification for benefit from
relevant authorities in sports performance and similar nonclini-
cal settings (7). In this context, noninvasive methods were pro-
posed as potential alternatives to the use of skeletal age (48). For
example, in 1975, development of the Roche—Wainer—Thissen
method aimed to address the limitations of existing protocols
(22). This method included different explanatory variables as
skeletal age, recumbent length, weight, and mid-parental stature
to obtain more precise estimations (22). Khamis and Roche (48)
later revised this protocol, including chronological age, weight,
height, and mid-parental height as explanatory variables devel-
oping equations based on boys from Southwest Ohio enrolled
in the Fels Longitudinal Study. Irrespective of the protocol,
the mean errors in the prediction were approximately 5 cm
(48) and substantially larger than what observed by researchers
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with other methods in normal populations (19,23,31). Impor-
tantly, accurate estimation of predicted adult height rests on
the measurement of indicators such as growth increment, matu-
rity, and maturity increment (22). Also, measuring midparental
height may not always be feasible with the proposed alterna-
tives (48) for this protocol equation rendering it potentially im-
practical with or without the inclusion of skeletal age in the
equation as in the case of the present study. Recent investiga-
tions in youth soccer (6) adopted this approach to derive surro-
gate measures such as the percentage of predicted adult height
(%). Whereas practical, this measure remains of limited utility
for clinical purposes or grouping in sport if the error in the pre-
diction is not accounted for. Nevertheless, our study is not
without limitations, with a particular reference to the assess-
ment of adult height predictions using different methods illus-
trated in the literature (16,22) also in other developmental
phases within the growth process (e.g., 8 to 11 yr) relevant to
professional coaches and practitioners (49). Furthermore, the
availability of consistent skeletal age assessments over a large
age range can be relevant to examine the onset of the growth
spurt according to chronological and skeletal age, respectively
(50). Given our data, exploration of these particular aspects
was not, however, practically feasible.
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