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ABSTRACT

Purpose. The purpose of the study was to evaluate observer repeatability and inter-rater reproducibility of skeletal age assess-
ment using the Tanner-Whitehouse 3 radius, ulna, and short bones (TW3-RUS) method on dual-energy X-ray absorptiom-
etry (DXA) images, and to apply a complementary framework for evaluating observer-dependent measurement quality.
Methods. Seventy-one elite male youth football players from the Czech Republic were assessed at two time points separated
by one year. Skeletal age was estimated from DXA hand scans by an expert and a trained novice rater using the TW3-RUS
method. Both observers repeated all assessments after two weeks. Measurement quality was evaluated using the intraclass
correlation coefficient ICC(2,1), standard error of measurement (SEM), Bland-Altman analysis with proportional bias testing,
bootstrap confidence intervals, and a predefined £0.5-year decision threshold.

Results. Observer repeatability and inter-rater reproducibility were excellent at both annual assessments (ICC = 0.965-0.999).
The expert maintained consistently low measurement error (SEM < 1 month), whereas the trained novice reduced SEM
from 3.7 to 2.5 months after one year of practical experience. Bland-Altman analyses demonstrated only minor systematic
differences and no meaningful proportional bias in the overall sample, whereas only a minority of observations exceeded
the predefined decision threshold.

Conclusions. DXA-derived TW3-RUS skeletal age assessment provides excellent repeatability and reproducibility under
standardised conditions. Observer experience primarily improves measurement precision rather than ranking consistency.
The principal contribution of this study is a complementary validation framework integrating repeatability, reproducibility,
precision, agreement, and decision-oriented analyses, providing a methodological basis for evaluating observer-dependent
assessment methods in sport science.
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Introduction

Interindividual variability in biological maturation
is a major source of developmental heterogeneity in
studies involving growing children and adolescents [1].
During childhood, and particularly during adolescence,
individuals of the same chronological age may differ
markedly in skeletal maturation, growth tempo, body
size, physical performance, and physiological develop-
ment [2, 3]. These differences become especially pro-
nounced around peak height velocity (PHV), when mat-

uration progresses asynchronously across individuals
[1, 4]. Consequently, chronological age alone inade-
quately characterises developmental status and may
confound developmental, clinical, and sport-related
research [3, 5]. Biological age has, therefore, become an
essential methodological variable for distinguishing
maturation-related variability from chronological-age
effects and for improving the interpretation of growth,
physical performance, fitness assessment, physical ac-
tivity interventions, health, and developmental out-
comes [1, 3, 5-7].
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Despite the widespread use of skeletal age in devel-
opmental, clinical, and sport-related research, the meth-
odological quality of repeated skeletal age assessment
remains incompletely understood. Previous studies
have generally evaluated inter-rater reproducibility
without first establishing observer repeatability and
have relied predominantly on intraclass correlation co-
efficients (ICC), thus providing only a partial charac-
terisation of measurement quality. As a result, it re-
mains unclear whether reported reproducibility reflects
true between-observer agreement or variability intro-
duced by repeated assessments within individual ob-
servers.

Among the available indicators of biological matu-
rity, skeletal age is considered the reference standard
because it directly reflects skeletal ossification and mat-
uration [8-10]. Several standardised methods have
been developed, including the Greulich-Pyle, Fels, Tan-
ner-Whitehouse 3 (TW3), and Thiemann-Nitz methods
[11-13]. Of these, the TW3 method is widely used in
both clinical and research settings because of'its stand-
ardised scoring system, broad international acceptance,
and ability to predict adult stature [12, 14, 15].

Hand-wrist radiographs remain the reference im-
aging modality for TW3 assessment [16]. However, re-
peated radiographic examinations are less desirable
in longitudinal studies because of cumulative ionising
radiation exposure, particularly in healthy paediatric
populations [17]. Dual-energy X-ray absorptiometry
(DXA) provides hand images suitable for TW3 assess-
ment while substantially reducing radiation exposure
[18, 19]. Because DXA is widely used to assess body
composition and bone health in clinical, research, and
sport-science settings, skeletal age can be evaluated
within the same DXA-based assessment framework
without an additional radiographic examination, there-
by increasing research efficiency and clinical feasibility
[20, 21]. Validation studies have consistently demon-
strated excellent agreement between DXA-derived hand
scans and conventional radiographs (ICC~0.97-0.99),
establishing DXA as an accurate and practical meth-
od for repeated skeletal age assessment [16, 20, 22].

As DXA-derived hand scans are increasingly used
in longitudinal studies, methodological attention has
shifted from image validity to measurement quality.
Observer repeatability and inter-rater reproducibility
represent distinct sources of measurement variability
and should be evaluated sequentially, because between-
observer differences cannot be interpreted indepen-
dently of within-observer variability [23-26]. This issue
becomes particularly relevant during adolescence, when
rapid skeletal maturation is accompanied by increas-
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ingly subtle morphological changes in the hand and
wrist. Transitional ossification stages may be more dif-
ficult to classify consistently, increasing observer vari-
ability and amplifying differences between experienced
and novice raters. Nevertheless, longitudinal evidence
simultaneously evaluating observer repeatability and
subsequent inter-rater reproducibility across adoles-
cence remains scarce.

The present study addresses this methodological gap
by establishing observer repeatability before evaluating
inter-rater reproducibility and by integrating comple-
mentary measures of relative reproducibility, measure-
ment precision, agreement, and practical decision-mak-
ing within a single analytical framework. Accordingly,
the aim of this study was to comprehensively evaluate
observer repeatability and inter-rater reproducibility
of DXA-derived TW3-RUS skeletal age assessment
performed by an expert and a trained novice rater in
adolescent football players. Observer repeatability was
first established as the methodological prerequisite
for interpreting inter-rater reproducibility. Relative re-
producibility (ICC), measurement precision (SEM),
agreement (Bland-Altman analysis), bootstrap-based
comparisons, and decision-threshold analysis were
subsequently integrated to characterise complemen-
tary dimensions of measurement quality across two
annual assessments spanning a period of rapid biologi-
cal maturation.

Material and methods
Study design

This longitudinal study evaluated observer repeat-
ability and inter-rater reproducibility of DXA-derived
TW3-RUS skeletal age assessment across two annual
assessments separated by one year (Figure S1 in Sup-
plementary materials). Measurements were performed
in the same month (February) of 2023 and 2024 to
minimise seasonal variation in growth-related vari-
ables. All assessments were conducted under stand-
ardised laboratory conditions using identical equip-
ment, acquisition protocols, image-display settings,
and environmental conditions.

Raters and scoring procedure

Two raters independently evaluated all DXA-derived
hand-wrist images in a randomised order using the
TW3-RUS method. The expert rater (RE) had prior ex-
perience in assessing 1,036 conventional hand-wrist
radiographs and 647 DXA-derived hand scans using

Human Movement, Vol. 27, No 4, 2026



HUMAN MOVEMENT

M. Grobar, M. Musalek, P. Stastny, J. Vampola, J. Kokstejn, DXA TW3-RUS skeletal age reliability

the TW3 method. The second rater (novice rater, RN)
was a PhD student with no previous practical experi-
ence in TW3 assessment prior to the training. Before
formal data collection, the novice completed a struc-
tured two-month TW3-RUS training programme su-
pervised by the expert rater. Training comprised atlas
familiarisation, supervised joint scoring, two independ-
ent scoring rounds of 30 DXA hand scans separated by
a four-week washout period, and structured feedback
following each round. This standardised training pro-
tocol was designed to ensure consistent application of
the TW3-RUS scoring criteria before the formal assess-
ment. Accordingly, RN is referred to throughout the
manuscript as the trained novice rater. At each annual
assessment, both raters independently evaluated skele-
tal age from all DXA hand scans under blinded condi-
tions. Raters were blinded to participants’ chronological
age, anthropometric characteristics, competitive age
category, training-related information, and each other’s
evaluations. To assess observer repeatability, all scans
were re-evaluated independently by both raters after
a two-week interval, under identical anonymised scor-
ing conditions. The same protocol was applied at both
annual assessments.

Subjects

The study included 71 elite male football players
from a professional academy representing the under-12
to under-15 (U12-U15) age categories. Descriptive char-
acteristics at the first annual assessment (T1) are pre-
sented in Table 1. Eligible participants had completed
at least three years of organised football training, at-
tended both annual assessments, and provided written
informed consent from a parent or legal guardian.
Players were excluded if they missed any assessment
or reported using dietary supplements known to influ-
ence biological maturation. Body height and body mass
were measured according to standardised International
Society for the Advancement of Kinanthropometry

Table 1. Descriptive anthropometric characteristics of
the study sample at the first annual assessment (T1)

Age (years)
mean = SD

Height (cm)
mean + SD

Weight (kg)

Category n mean * SD

U12 21 11.86 = 0.27 150.13 = 4.28 39.33 = 341
U13 21 12.89 + 0.27 162.43 £ 9.16 48.88 = 7.41
U14 14 13.89 £ 0.47 169.08 = 8.94 56.54 + 10.18
U15 15 14.64 £ 046 175.13 £ 5.20 63.88 + 6.50

U12-U15 - under-12 to under-15 age categories
Age refers to chronological age at T1.

(ISAK) procedures using calibrated equipment (Seca
217 stadiometer; Seca 899 scale; Seca, Hamburg, Ger-
many) with a precision of 0.1 cm and 0.1 kg, respectively.

DXA image acquisition

DXA-derived hand-wrist images were acquired from
the non-dominant hand using a Horizon-A densitom-
eter (Hologic Inc., Marlborough, MA, USA) operated by
a single trained examiner. Scans were performed in
single-energy acquisition mode following a standard-
ised protocol described previously [22, 27]. Participants
were scanned in a seated position with the non-domi-
nant hand placed flat on the scanning table. Scan pa-
rameters were 100 kV, 0.188 mA, an acquisition time
of approximately 69 s, and a maximum entrance sur-
face dose of 1.7 mGy. Image-display settings were stand-
ardised across all assessments (brightness 2210; con-
trast 685; Supplementary Figure S2). DX A acquisition
parameters, image-display settings, and subsequent
image processing were kept identical throughout the
study to minimise measurement variability [28].

TW3-RUS skeletal age assessment

Skeletal age was assessed from DXA-derived hand-
wrist images using the Tanner-Whitehouse 3 Radius—
Ulna-Short bones (TW3-RUS) method [14]. The method
evaluates the developmental stage of the 13 RUS bones,
with each bone being assigned a standardised matu-
rity stage and a corresponding numerical score. Skele-
tal maturity stages were entered into the RUS Bone Age
software (version 1.0; AlphaBridge Computers, 1999),
which is distributed with the TW3 manual by Tanner
et al. [14]. The software automatically calculated the
total RUS score and converted it into skeletal age accord-
ing to the TW3 reference standards.

All skeletal age assessments were performed using
identical software settings throughout the study.

Statistical analysis

All statistical analyses were performed in Python
(version 3.11) using the Pandas, NumPy, SciPy, Stats-
Models, and Pingouin libraries. An a priori power analy-
sis was conducted in G*Power 3.1 [29]. Based on ICC(2,1)
with py = 0.85, p; = 0.95, & = 0.05, and 18 = 0.90, a mini-
mum sample of 28 participants was required for the
reproducibility analyses. The lower threshold of p, =
0.85 was selected a priori as a conservative minimum
acceptable reliability for applied skeletal age assess-
ment, whereas p; = 0.95 was chosen to represent excel-
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lent reliability expected under standardised TW3-RUS
scoring conditions, consistent with established ICC in-
terpretation guidelines [30]. For the regression analy-
ses, an F-test assuming one predictor, o = 0.05, 1-§ =
0.80, and an effect size of f* = 0.10 indicated a required
sample of 67 participants. The final sample of 71 players
exceeded both requirements.

Analyses followed a predefined hierarchical frame-
work in which observer repeatability was established
before inter-rater reproducibility. Observer repeata-
bility was evaluated from repeated within-rater assess-
ments performed two weeks apart under identical
blinded conditions. Inter-rater reproducibility was sub-
sequently evaluated using the corresponding assess-
ments of the expert and trained novice raters. Relative
reproducibility was quantified using the intraclass cor-
relation coefficient [ICC(2,1), two-way random-effects
model with absolute agreement] [30, 31]. Absolute meas-
urement precision was quantified using the standard
error of measurement (SEM) [32]. Agreement was eval-
uated using Bland-Altman analysis, including estima-
tion of the mean bias, 95% limits of agreement (LoA),
and proportional bias [33, 34]. ICC, SEM, and Bland-
Altman analyses were interpreted as complementary
measures describing relative reproducibility, measure-
ment precision, and agreement, respectively. To quan-
tify uncertainty, 95% confidence intervals for ICC and
SEM were estimated using non-parametric bootstrap
resampling (5,000 iterations) [35]. All analyses were
performed for the overall sample, and separately by
annual assessment and chronological age category.
Bootstrap resampling was additionally used to com-
pare observer repeatability between the expert and
trained novice raters.

To examine whether inter-rater disagreement varied
with age, linear regression and Pearson correlation
analyses were performed using absolute inter-rater dif-
ferences (RN - RE|) as the dependent variable. Finally,
a predefined, literature-informed threshold of +0.5 years
[36, 37] was applied, because discrepancies of this mag-
nitude may shift an individual across a skeletal-age

boundary and affect the interpretation of skeletal ma-
turity. Cases exceeding this threshold were examined
individually. Statistical significance was set at p < 0.05.

Results

Results are presented according to the predefined
analytical framework. Observer repeatability was eval-
uated first, because inter-rater reproducibility can be
interpreted only when repeated assessments within
each observer are demonstrably stable. Subsequent
analyses examined inter-rater reproducibility and agree-
ment, the influence of chronological age, and the prac-
tical significance of observer disagreement using the
predefined decision threshold.

Observer repeatability as the methodological
basis for inter-rater reproducibility

Observer repeatability was first established inde-
pendently for each rater as the methodological pre-
requisite for evaluating inter-rater reproducibility. Com-
plementary analyses of relative repeatability (ICC),
measurement precision (SEM), and agreement (Bland-
Altman analysis) converged on the same conclusion,
providing consistent evidence of high measurement
quality. Observer repeatability results are summarised
in Tables 2 and 3, with bootstrap comparisons between
raters presented in Table S1 of Supplementary materials.

Overall observer repeatability

Observer repeatability was excellent for both raters
at both annual assessments (Tables 2 and 3), confirm-
ing that repeated skeletal age evaluations were inter-
nally stable regardless of observer experience. However,
the pattern of repeatability differed between raters.
Whereas the expert demonstrated stable measurement
performance across both years, the trained novice exhib-
ited a clear improvement in measurement precision
while maintaining excellent relative repeatability. Rela-

Table 2. Observer repeatability of the trained novice rater at T1 and T2

Group " T1ICC T1 T2 ICC T2
(95% CI) SEM (years) (95% CI) SEM (years)
Overall 71 0.965 (0.946-0.978) 0.310 0.982 (0.962-0.993) 0.209
U12/U13 21 0.966 (0.872-0.982) 0.272 0.982 (0.949-0.993) 0.210
U13/U14 21 0.904 (0.796-0.955) 0.337 0.911 (0.672-0.987) 0.288
U14/U15 14 0.960 (0.870-0.984) 0.268 0.995 (0.980-0.998) 0.080
U15/U16 15 0.960 (0.859-0.992) 0.342 0.992 (0.954-0.999) 0.138

U12-U16 - under-12 to under-16 age categories, T1 - first annual assessment, T2 - second annual assessment
Paired group labels show the age category at T1 followed by that at T2.
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Table 3. Observer repeatability of the expert rater at T1 and T2

Group 0 T1 ICC T1 SEM T2 ICC T2 SEM
(95% CI) (years) (95% CI) (years)
Overall 71 0.999 (0.998-0.999) 0.057 0.999 (0.998-0.999) 0.057
U12/U13 21 0.993 (0.977-0.998) 0.065 0.998 (0.994-0.999) 0.068
U13/U14 21 0.996 (0.990-0.999) 0.065 0.998 (0.994-0.999) 0.055
U14/U15 14 0.999 (0.996-1.000) 0.041 0.999 (0.995-0.999) 0.046
U15/U16 15 0.999 (0.997-1.000) 0.041 0.999 (0.996-1.000) 0.051

U12-U16 - under-12 to under-16 age categories, T1 - first annual assessment, T2 - second annual assessment
Paired group labels show the age category at T1 followed by that at T2.

tive repeatability remained consistently high through-
out the study. For the trained novice, ICC increased
from 0.965 (95% CI: 0.946-0.978) at the first annual
assessment (T1) to 0.982 (95% CI: 0.962-0.993) at
the second assessment (T2), while the expert main-
tained near-perfect repeatability at both assessments
(ICC = 0.999). These findings indicate that repeated
assessments produced highly consistent rankings of
skeletal maturity irrespective of observer experience.
The most pronounced longitudinal change occurred
in absolute measurement precision. The trained novice
reduced the SEM from 0.310 years (3.7 months) at T1
to 0.209 years (2.5 months) at T2, corresponding to an
approximately 33% reduction in expected measurement
error. In contrast, the expert maintained an SEM of
approximately 0.057 years (0.7 months) at both assess-
ments, indicating consistently high precision of re-
peated measurements.

Taken together, these findings show that observer
experience primarily influenced measurement preci-
sionrather than ranking consistency. The expertachieved
maximal precision from the outset, whereas the trained
novice significantly improved the precision level after
one year of practical experience. This pattern indi-
cates that observer training predominantly improves
the precision of skeletal age estimation, rather than the
consistency with which individuals are ranked accord-
ing to skeletal maturity.

These findings demonstrate that excellent ranking
consistency can coexist with meaningful differences
in measurement precision, highlighting the comple-
mentary value of ICC and SEM for evaluating skeletal
age assessment.

Influence of observer experience

Age-specific analyses confirmed that observer re-
peatability remained high in all chronological age cat-
egories (Tables 2 and 3). The expert maintained uni-
formly low measurement error across all groups, whereas

the trained novice demonstrated the greatest gains in
measurement precision, in the older age categories, dur-
ing the second assessment. Bootstrap comparisons re-
inforced this pattern (Table S1 in Supplementary ma-
terials). Overall measurement precision differed by
3.04 months between raters at T1 but only by 1.82
months at T2, indicating a substantial reduction in the
precision gap following one year of practical experi-
ence. In contrast, differences in relative repeatability
remained consistently small (AICC = 0.034 at T1;
AICC = 0.017 at T2), indicating that observer experi-
ence had little influence on the relative ordering of skel-
etal maturity.

Agreement analysis

Agreement analyses independently corroborated the
repeatability findings (Figures S3-S4 in Supplemen-
tary Materials). Mean differences remained close to
zero at both annual assessments, indicating no system-
atic tendency for either observer to overestimate or un-
derestimate skeletal age during repeated evaluations.
The limits of agreement provided greater discrimina-
tion between observers than mean bias alone. At T1,
the trained novice’s repeated assessments varied by
approximately -8 to +12 months, compared with ap-
proximately =2 months for the expert. At T2, the limits
of agreement became visibly narrower, demonstrating
improved repeatability following one year of practical
scoring experience. No proportional bias was detected
for either rater in the overall sample at either annual
assessment. An isolated age-specific effect was ob-
served for the expert in the U14 category at T2, without
evidence of a consistent age-related pattern across
analyses.

Integrated summary

Taken together, all complementary analyses con-
verged on the same conclusion. Observer repeatability
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was sufficiently robust to support subsequent evalu-
ation of inter-rater reproducibility. Observer experi-
ence primarily influenced the precision of skeletal age
estimation rather than the consistency with which in-
dividuals were ranked according to skeletal maturity.
Consequently, any disagreement observed between
raters can be interpreted as reflecting genuine between-
observer differences rather than instability of repeated
measurements within individual observers.

Inter-rater reproducibility between observers

Inter-rater reproducibility was evaluated after es-
tablishing robust observer repeatability for both raters.

Complementary analyses of relative reproducibility
(ICC), measurement precision (SEM), and agreement
consistently demonstrated high reproducibility of skele-
tal age assessment between observers (Tables 4 and 5;
Figures 1 and 2).

Overall inter-rater reproducibility

Inter-rater reproducibility remained high at both
annual assessments (Table 4), indicating that skeletal
age estimates were highly comparable despite substan-
tial differences in observer experience. Observers ranked
skeletal maturity almost identically at both assess-
ments, with ICC(2,1) values of 0.978 (95% CI: 0.969-

Table 4. Inter-rater reproducibility and agreement between the trained novice rater and the expert rater

: _ 0
Assessment 1cC@2.1) 95% CI SEM SEM Bias RN - RE 95% LoA
(years) (months) (years) (years)
T1 0.978 0.969-0.985 0.241 2.89 0.152 -0.454 t0 0.758
T2 0.977 0.965-0.984 0.243 2.92 0.208 -0.338 to 0.753

LoA - limits of agreement, RN - trained novice rater, RE — expert rater
Bias was calculated as RN - RE, positive values indicate higher skeletal age estimates by the trained novice rater.

Table 5. Age-specific inter-rater reproducibility stratified by chronological age category

Group N T1 T1 T1 SEM T2 T2 T2 SEM
ICC(2,1) 95% CI (years) ICC(2,1) 95% CI (years)
U12/U13 21 0.904 0.785-0.945 0.214 0.921 0.831-0.961 0.273
U13/U14 21 0.955 0.899-0.978 0.216 0.950 0.859-0.980 0.214
U14/U15 14 0.958 0.904-0.976 0.265 0.945 0.857-0.969 0.247
U15/U16 15 0.949 0.850-0.978 0.270 0.951 0.870-0.974 0.217

U12-U16 - under-12 to under-16 age categories, T1 - first annual assessment, T2 - second annual assessment
Paired group labels show the age category at T1 followed by that at T2.
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inter-rater differences at T1
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Inter-rater agreement — second annual assessment (T2)
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0.985) at T1 and 0.977 (95% CI: 0.965-0.984) at T2.
Between-observer measurement precision was descrip-
tively similar at T1 and T2, with SEM values of 0.241
years (2.9 months) and 0.243 years (2.9 months), re-
spectively. To summarise, the ICC and SEM estimates
indicated similar inter-rater measurement performance
across the two annual assessments.

Age-specific inter-rater reproducibility

Inter-rater reproducibility remained consistently
high across all age categories (Table 5). Observers main-
tained highly consistent rankings of skeletal maturity
throughout childhood and adolescence, with ICC val-
ues ranging from 0.904 to 0.958 across both annual
assessments. No age category showed consistently
poorer inter-rater reproducibility (SEM: 0.214-0.270
years at T1; 0.214-0.273 years at T2). Overall, chrono-
logical age did not meaningfully influence inter-rater
reproducibility, indicating that agreement between
observers was maintained across the full age range
studied.

Agreement analysis

Agreement analyses further characterised the na-
ture of inter-rater differences rather than their magni-
tude alone (Figures 1 and 2). The trained novice as-
signed slightly higher skeletal age estimates than the
expert, with mean differences of 0.152 years at T1 and
0.208 years at T2, indicating a small but consistent
positive bias. Observers differed systematically by only
about two months on average. The 95% limits of agree-

ment ranged from -0.454 to 0.758 years at T1 and from
-0.338 to 0.753 years at T2, demonstrating comparable
between-observer variability at both annual assess-
ments. Proportional bias was not detected in the over-
all sample at either assessment (T1: B=0.043, p = 0.057;
T2: B=-0.007, p = 0.746). Significant proportional
bias was observed only in the youngest age group at T1
and the oldest age group at T2. In summary, the agree-
ment analyses demonstrated that between-observer
differences were small, largely unbiased, and independ-
ent of skeletal maturity across the study population.

Influence of chronological age

Chronological age did not explain between-observer
disagreement (Table 6). Linear regression showed no
significant association between chronological age and
absolute inter-rater discrepancies at either annual as-
sessment (T1: B =0.037, R = 0.051, p = 0.058; T2: B =

Table 6. Linear regression and Pearson correlation
between chronological age and absolute inter-rater

discrepancies
Assessment n B(SE) R® p Pearsonr p
0.037
T1 71 (0.019) 0.051 0.058 0.226 0.058
-0.009
T2 71 (0.021) 0.003 0.672 -0.051 0.672

T1 - first annual assessment

T2 - second annual assessment

Absolute inter-rater discrepancy was calculated as
IRN - RE|.
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-0.009, R? = 0.003, p = 0.672). Pearson correlation
analyses led to the same conclusion (T1: r = 0.226, p =
0.058; T2: r = -0.051, p = 0.672). These findings indi-
cate that disagreement between observers was not sys-
tematically related to participant age.

Decision-threshold analysis

Only a small proportion of assessments exceeded
the predefined +0.5-year decision threshold (Table 7).
Ten of 71 observations (14.1%) exceeded the threshold
atT1, compared with eight (11.3%) at T2. Discrepancies
ranged from 0.53 to 0.73 years at T1 and from 0.51 to
0.85 years at T2. At T2, all threshold exceedances were
associated with higher skeletal age estimates assigned
by the trained novice. Overall, disagreements large
enough to influence biological-age classification were
uncommon and became slightly less frequent after one
year of additional observer experience.

Table 7. Cases exceeding the predefined + 0.5-year
decision threshold

Measure T1 T2
Cases exceeding threshold, 10 (14.1) 8(11.3)
n (%)

Direction of exceedances 8/2 8/0
(positive / negative)

Range of discrepancy, years  0.53-0.73 0.51-0.85

U13,Ul4, Ul5 U13
(n = 3 each) (n=5)

Most affected category

U13-U15 - under-13 to under-15 age categories,

T1 - first annual assessment, T2 — second annual
assessment

Positive discrepancies indicate higher skeletal age estimates
by the trained novice rater.

Taken together, all complementary analyses con-
verged on the same conclusion. Inter-rater reproduci-
bility remained robust despite substantial differences
in observer experience, with both observers producing
highly comparable skeletal age estimates. Observer
experience primarily influenced the precision of ab-
solute skeletal age estimates, rather than the consist-
ency with which individuals were ranked according
to skeletal maturity.

Discussion
The present study demonstrates that DXA-derived

TW3-RUS skeletal age assessment provides robust
observer repeatability and inter-rater reproducibility
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under standardised conditions. More importantly, com-
plementary analyses showed that observer experience
influenced primarily the precision of skeletal age esti-
mation, rather than the consistency with which indi-
viduals were ranked according to skeletal maturity.
These findings extend current evidence by demonstrat-
ing the value of integrating relative and absolute indi-
ces of measurement quality within a single analytical
framework.

The principal methodological contribution of the
present study is the use of a hierarchical framework
in which observer repeatability was established be-
fore inter-rater reproducibility was interpreted. This
sequence is fundamental because agreement between
observers cannot be meaningfully evaluated unless re-
peated measurements within each observer are first
shown to be internally stable. Although this principle is
widely recognised in measurement science, previous
studies of skeletal age assessment have typically focused
on inter-rater reliability alone, thereby providing limited
information about whether observed between-rater
differences reflect true disagreement or instability of
repeated measurements within individual raters.

The present findings further demonstrate that no
single statistical index adequately characterises the
quality of skeletal age assessment. Excellent ICC values
were observed for both observer repeatability and in-
ter-rater reproducibility, indicating highly consistent
ranking of skeletal maturity. However, complementary
analyses showed that substantial differences in meas-
urement precision persisted despite similarly high ICC
values, particularly between the expert and the trained
novice rater during the first assessment. Likewise,
Bland-Altman analyses identified differences in the
magnitude and distribution of measurement error that
could not be inferred from correlation coefficients alone,
while the decision-threshold analysis translated these
statistical findings into their potential practical con-
sequences for biological-age classification.

These findings support a complementary approach
to evaluating skeletal age assessment, in which observ-
er repeatability, inter-rater reproducibility, absolute
measurement precision, agreement, and decision-ori-
ented analyses are interpreted jointly rather than as
independent outcomes. Such an integrated framework
provides a more comprehensive characterisation of
measurement quality than reliance on ICC alone and
may be applicable to other observer-dependent meth-
ods used for biological maturity assessment.

The present findings provide a more nuanced in-
terpretation of observer experience than is commonly
reported in skeletal age research. Structured training
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and accumulated scoring experience did not materi-
ally alter the relative ranking of skeletal maturity, which
remained consistently excellent for both raters through-
out the study. Instead, they mainly improved the preci-
sion of absolute skeletal age estimation. Following one
year of practical experience, the trained novice reduced
measurement error by approximately 33%, whereas
the expert’s measurement error remained consistently
low across both annual assessments. These findings
suggest that observer experience primarily reduces the
magnitude of scoring error, rather than altering the over-
all reproducibility of skeletal maturity classification.

This interpretation is consistent with the principles
of the TW3 method, which relies on standardised mor-
phological criteria and reference illustrations to sup-
port consistent stage allocation across observers [14].
At the same time, previous studies have shown that
structured training, expert supervision, and repeated
exposure to skeletal age assessment are essential for
achieving high-quality scoring, particularly when eval-
uating subtle transitional stages of ossification [38, 39].
Similarly, studies using DXA-derived hand scans have
reported excellent agreement between experienced ob-
servers, supporting the robustness of the method under
standardised conditions [20, 22]. The present study
extends this evidence by demonstrating that improve-
ments associated with observer experience primarily
reflect greater absolute measurement precision, rather
than improved ranking consistency. This distinction
has practical implications because observers with dif-
ferent levels of experience may classify individuals
similarly in relative terms, yet differ in the expected
measurement-error magnitudes, particularly when
skeletal age estimates are used for longitudinal mon-
itoring or for individual clinical and sport-related de-
cision-making.

The present findings have several practical impli-
cations for the longitudinal assessment of skeletal ma-
turity in research, clinical practice, and youth sport.
First, the absence of a significant relationship between
chronological age and inter-rater disagreement suggests
that, when standardised procedures are applied, DXA-
derived TW3-RUS assessment can be used consist-
ently across the adolescent age range without introduc-
ing systematic age-related measurement error. This
finding supports previous recommendations that bio-
logical maturity should complement, rather than be in-
ferred from, chronological age when monitoring growth
and development in young athletes [1, 5]. Second, al-
though overall inter-rater agreement was excellent, the
decision-threshold analysis demonstrated that a small
proportion of assessments exceeded the predefined

= 0.5-year threshold. These cases were concentrated
around transitional stages of skeletal maturation, where
small scoring differences may influence biological-age
classification and, consequently, decisions regarding
longitudinal monitoring, maturity grouping, or inter-
pretation of developmental trajectories. Similar chal-
lenges have previously been reported for late-stage os-
sification of the radius and ulna, which are among the
most demanding indicators within the TW3-RUS sys-
tem [14, 15, 40]. Therefore, practical quality assurance
should extend beyond initial observer training and
include periodic calibration against an experienced
reference observer, particularly when skeletal age as-
sessment is performed by multiple raters or over pro-
longed longitudinal studies. Targeted calibration ses-
sions using borderline and transitional cases, together
with regular review of radius and ulna staging, are likely
to improve agreement and reduce clinically or practi-
cally meaningful classification differences. These rec-
ommendations complement previous reports empha-
sising the importance of standardised image acquisition,
structured TW3 training, and continuous quality con-
trol for maintaining high-quality skeletal age assess-
ment [20, 22, 27, 38, 39].

Future research in sport science should prioritise
the development of a unified validation framework for
observer-dependent assessment methods, including
biological maturity assessment, movement test batteries,
and questionnaire-based instruments. Such a frame-
work should integrate indices of relative and absolute
reliability, systematic and proportional bias, observer
experience, and clinically or practically meaningful
thresholds to facilitate transparent interpretation and
comparison across methods and populations.

Limitations

Several limitations should be acknowledged. First,
the study included only two observers representing
different levels of experience; therefore, the findings
should not be generalised to larger observer panels
without further investigation. Second, the sample con-
sisted exclusively of elite male youth football players,
limiting direct generalisation to females, non-athletic
populations, or younger children. Third, the study eval-
uated DXA-derived TW3-RUS skeletal age assessment
and does not necessarily extend to conventional radio-
graphic imaging or alternative skeletal age methods.
Finally, the analyses focused on overall measurement
performance and did not quantify observer disagree-
ment at the level of individual TW3-RUS indicators or
specific bones. Such analyses may provide additional
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insight into the anatomical sources of observer disa-
greement and help to further optimise training pro-
cedures.

Conclusions

DXA-derived TW3-RUS skeletal age assessment
provides excellent observer repeatability and inter-rater
reproducibility under standardised conditions. Ob-
server experience primarily improves measurement
precision rather than ranking consistency. Most im-
portantly, this study demonstrates that observer-de-
pendent assessment methods should not be validated
solely on the basis of ICC but rather through a comple-
mentary framework that integrates repeatability, re-
producibility, precision, agreement, and decision-ori-
ented analyses. This framework provides a stronger
methodological basis for skeletal age assessment and for
other observer-dependent methods in sport science.
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Supplementary materials

Observer repeatability and inter-rater reproduci-

bility of DXA-derived TW3-RUS skeletal age assess-
ment in elite youth football players: a complementary
framework for evaluating measurement quality.

Participant recruitment and inclusion

n =71 elite male youth football players
U12-U15 at T1; aged 11.8-14.8 years

l

T1: first annual assessment (February 2023)

* DXA hand-wrist scans acquired

* skeletal age assessed usingTW3-RUS

» expert rater (RE) and trained novice rater (RN)
« initial and repeated scoring after two weeks

l

e same cohort reassessed one year later

¢ identical DXA and TW3-RUS protocol

* same raters

* initial and repeated scoring after two weeks

\ 4

|
|
|
|

Statistical analysis

* observer repeatability: ICC, SEM, Bland—Altman
e inter-rater reproducibility: ICC(2,1), SEM

» agreement: Bland—Altman and proportional bias
» chronological-age effects: linear regression

* decision-threshold analysis: +0.5 years

T2: second annual assessment (February 2024) }

:

Outcome

Evaluation of observer repeatability, inter-rater reproducibility,

and temporal stability across two annual assessments

Figure S1. Research design of the two annual
DXA-derived TW3-RUS skeletal age assessments
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Figure S2. DXA hand scan with standardised
brightness (2210) and contrast (685) (TW3)
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Table S1. Bootstrap comparison of observer repeatability between the expert rater and the trained novice rater

Group

T1 AICC (95% CI)

T1 ASEM (months)

T2 AICC (95% CI)

T2 ASEM (months)

Overall

U12/U13
U13/U14
U14/U15
U15/U16

+0.034 (0.021-0.052)
+0.027 (0.007-0.115)
+0.092 (0.042-0.188)
+0.039 (0.015-0.132)
+0.039 (0.006-0.142)

-3.038
-2.484
-3.260
-2.720
-3.613

+0.017 (0.006-0.037)
+0.016 (0.006-0.047)
+0.086 (0.010-0.315)
+0.003 (0.001-0.016)
+0.007 (0.000-0.041)

-1.823
-1.709
-2.795
-0.408
-1.047

U12-U16 - under-12 to under-16 age categories, T1 - first annual assessment, T2 - second annual assessment

Paired group labels show the age category at T1 followed by that at T2.

A values were calculated as expert rater minus trained novice rater.
Negative ASEM values indicate lower measurement error for the expert rater.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivs (CC BY-NC-ND).
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