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Abstract: Background/Objectives: Bone age assessments are essential for evaluating the
growth and skeletal development of children and adolescents, influenced by factors such
as genetics, ethnicity, culture, and nutrition. Clinical standards for these assessments
must be adapted to the specific populations under study. This study validates the use of
the Tanner-Whitehouse 3 method for determining bone age in pediatric and adolescent
populations in the Canary Islands. Methods: This cross-sectional study analyzed 214
posteroanterior radiographs of the left hand and wrist from 80 females and 134 males,
aged between 5 and 18 years. The radiographs were independently evaluated by three
raters: a Radiologist Specialist (Rater 1), a General Practitioner (Rater 2), and a Medical
Student (Rater 3). Intra- and inter-rater reliability were assessed using intraclass correla-
tion coefficients (ICCs). Accuracy was evaluated by comparing estimated bone age with
chronological age, stratified by sex and developmental stage. Results: Strong intra-rater
reliability was observed across all raters. Raters 1 and 2 demonstrated excellent consistency
(ICCs: 0.990-0.996), while Rater 3 exhibited slightly lower yet robust reliability (ICCs:
0.921-0.976). Inter-rater agreement was high between Raters 1 and 2 but decreased with
Rater 3, reflecting the influence of experience (ICCs: 0.812-0.912). Bone age was underesti-
mated in preschool children (mean difference: 3.712 mos.; 95% CI: 1.290-6.130; p = 0.199)
and school-age males (mean difference: 3.978 mos.; 95% CI: —12.550 to 4.590; p = 0.926),
with minimal discrepancies in females. In teenagers, the Tanner-Whitehouse 3 method
slightly overestimated bone age (mean difference: —0.360 mos.; 95% CI: —0.770 to —0.954;
p = 0.299). Conclusions: In conclusion, the Tanner-Whitehouse 3 method demonstrates
overall precision and reliability but requires caution, as it underestimates bone age in
preschool children and school-age males, while slightly overestimating it in adolescents.

Keywords: diagnostic imaging; skeletal maturation; Tanner-Whitehouse 3 method; bone
age assessment; pediatric radiology; Canary Islands
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1. Introduction

Maturation is the process through which individuals experience physical and psycho-
logical development, transitioning from childhood to adulthood [1]. These changes occur
across various systems, affecting the structure and function of organs, tissues, and bodily
systems. Physical changes during maturation encompass a series of biological processes
through which the body undergoes significant transformations as it grows and develops.
One of the most outstanding physical changes is skeletal maturation, where the bones grow
in size and strength.

Methods of evaluating skeletal maturation include several approaches, with X-ray
techniques being the most common and reliable. These procedures involve the use of
radiographs to visually assess the stages of bone development. One of the most widely
used X-ray methods for evaluation of skeletal maturity is the Greulich and Pyle (GP) Atlas,
introduced in 1959. This method uses a set of standardized wrist radiographs from children
of high socioeconomic status, mainly from Euro-American backgrounds. These reference
images show different stages of skeletal maturation and are used to compare an individual’s
X-ray to visually assess their bone age (BA) [2]. While simple and effective, it has limitations
due to its focus on a specific population [3,4].

The Tanner-Whitehouse (TW) method, developed in the 1950s and 1960s, is a precise
and widely used tool for assessing BA based on hand and wrist radiographs. It assigns
scores according to the ossification of 20 bones, with a maximum of 1000 points upon
reaching full maturity. It has evolved through three versions: TW1 (1962), based on
radiographs of white European children [5]; TW2 (1975), which was updated to reflect
contemporary populations [6]; and TW3 (2001), which introduces a two-phase process.
First, 13 regions of interest (ROIs) are evaluated instead of the 20 bones in the original
version, and then the total score is compared with reference charts to estimate BA in relation
to chronological age (CA) [7].

A recent study by Martin Pérez et al. (2023) [4] evaluated the precision of BA as-
sessment methods in children across different ethnic groups. According to their results,
both the GP Atlas and TW3 method were reliable tools; however, their accuracy differs
depending on the ethnicity of the child being assessed. In this regard, the GP Atlas was
accurate for Caucasian and Hispanic children, but overestimated BA in Asian and Arab
adolescents, while TW3 showed higher accuracy in African children. All these findings
suggest that ethnic bias may influence BA estimation, highlighting the need for methods
tailored to different populations.

Regarding the study population, the peoples of the Canary Islands are notably diverse,
resulting from the intermixing among Indigenous peoples [8,9], Europeans, and immigrants
from various regions, creating a unique ethnic mosaic [10]. With high density and urban
concentration in Gran Canaria and Tenerife, the population is clustered in coastal and
metropolitan areas [11], while the higher regions experience depopulation [12]. Since the
1980s, there has been demographic aging and a decline in birth rates. The cities of Las
Palmas de Gran Canaria and Santa Cruz de Tenerife stand out as population and economic
centers, driven by tourism and centralized services [13].

Previous studies suggest that Canarian children have higher BA than British children
but slightly lower than North American. Toledo (1978) came to this conclusion in his
doctoral thesis after analyzing bone growth and development in a sample of 2829 children
(1421 boys and 1408 girls) from Santa Cruz de Tenerife. When comparing the Canarian and
the American samples, the latter showed a slightly higher BA at the same CA. Using the
TW2 method, it was observed that the BA of Canarian children was higher than those of
the British population in all age groups, except during the first three years of life, where
British BA exceeded the Canarian children by an average of 2.4 mos. [14]. In another place,



Osteology 2025, 5, 6

30f17

this author and colleagues stated that in the case of BA, both males and females showed
significantly different values compared to the English and North American samples, with
our data, in any case, being closer to the latter [15].

The society’s composition changes that have occurred in the Canary Islands over
the past 50 years could have led to variations in infant maturation patterns compared to
historical data, highlighting the need to update the reference values for BA in this specific
population. While the GP-Canary Atlas was recently validated for the pediatric population
of the archipelago by Martin Pérez et al. (2024) [16,17], showing its accuracy in assessing
bone maturation within this specific group, the latest version of the TW3 method has not
yet undergone validation in this context. Despite its widespread use and adaptability across
various pediatric populations, its unvalidated status for the Canary Islands raises concerns
about its precision and reliability in estimating BA for this population. To address this gap,
this study aims to evaluate the precision of the TW3 method by analyzing its intra- and
inter-rater reliability and assessing its accuracy across developmental stages and genders
in Canarian children.

2. Materials and Methods
2.1. Study Design

A cross-sectional study was conducted between 1 September 2023 and 20 June 2024
within the Departments of Pediatrics at the Complejo Hospitalario Universitario de Ca-
narias (Tenerife, Canary Islands, Spain), a tertiary-level referral healthcare institution
located in Tenerife, Spain. This study adhered to the STARD 2015 guidelines [18], which
provide a comprehensive checklist for reporting diagnostic accuracy studies, thereby en-
suring adherence to high methodological and reporting standards. Ethical approval was
granted by the Ethics Committee of the Complejo Hospitalario Universitario de Canarias
(reference number CHUC_2023_86), with approval obtained on 13 July 2023. The study
protocol conformed strictly to the ethical principles set forth in the Declaration of Helsinki.

To provide robust contextual data for analysis, sociodemographic variables, including
age and gender, as well as anthropometric measurements such as height, weight, and
body mass index (BMI), were meticulously extracted from the SAP Logon database (IBM®,
Armonk, NY, USA) at the Complejo Hospitalario Universitario de Canarias. Standardized
PA-HW radiographs, securely stored in the Centricity PACS system (GE HealthCare®,
Chicago, IL, USA), were systematically analyzed for all participants. The analysis was
conducted according to a rigorously predefined protocol aimed at ensuring consistency
and precision in data collection and interpretation.

As part of this verification process, each PA-HW radiograph was carefully reviewed
to confirm proper positioning of the patient’s left hand, with the fingers slightly spread
and the wrist appropriately aligned with the forearm. Radiographs were meticulously
examined to ensure that all relevant anatomical landmarks, including the phalanges,
metacarpals, carpal bones, and distal radius and ulna, were clearly visible and accurately
captured. Furthermore, the imaging parameters—such as exposure, focus, and contrast—
were thoroughly checked to confirm adherence to established protocol standards, thereby
ensuring the reliability and reproducibility of imaging data.

2.2. Participants
2.2.1. Inclusion and Exclusion Criteria

The inclusion and exclusion criteria for this study were meticulously established to
guarantee a representative and homogeneous cohort of healthy children and adolescents
from the Canary Islands, facilitating an accurate assessment of BA through posteroante-
rior hand and wrist (PA-HW) radiographs. Inclusion criteria for the study required that
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participants: (1) be healthy children aged 0 to 18 years; (2) be born in the Canary Islands
and have lived there continuously for at least five years; and (3) have at least one parent
of verified Canary Island descent, as determined through comprehensive medical and
family history records, to ensure consistency in the genetic profile of the study group.
Additionally, (4) participants needed to have medical records dating from 2016 onwards,
and (5) their PA-HW radiographs were required to meet strict quality standards, including
proper hand positioning, clear visualization of key anatomical landmarks, and adherence
to standardized imaging protocols.

The exclusion criteria were designed to maintain the accuracy and reliability of bone
age assessments by controlling for potential confounding factors that might disrupt nor-
mal skeletal development. (1) Children diagnosed with medical conditions, including
endocrine-metabolic disorders (e.g., growth hormone deficiency, hypothyroidism), neu-
rological disorders (e.g., cerebral palsy), or genetic syndromes (e.g., Down syndrome,
Turner syndrome), were excluded, as these conditions can profoundly affect growth and
bone maturation processes. Furthermore, (2) participants undergoing treatments such as
growth hormone therapy, corticosteroids, or chemotherapy were not included, given their
known effects on skeletal growth. Additionally, (3) radiographs were excluded if they
revealed fractures, significant skeletal deformities, or (4) did not meet quality standards
(e.g., poor resolution, obscured anatomical landmarks), as such issues could interfere with
the reliability of the evaluation.

2.2.2. Sample Size Calculation

The sample size for this study was calculated to ensure precise and accurate BA mea-
surements using the TW3, with a 95% confidence level and a 5% margin of error. Due to
the lack of standard deviation data for BA in the Canary Islands’ population, estimates
from similar studies in comparable populations were used to approximate expected vari-
ability [16]. Based on these estimates, a minimum of a total sample size of n = 200 children
was determined to be sufficient for validating the TW3 method in this pediatric population,
ensuring reliable and generalizable findings.

2.3. Test Methods

To ensure objective and unbiased BA determination, three blinded raters indepen-
dently assessed the PA-HW radiographs. Specifically, the raters included a Radiology
Specialist (Rater 1), a General Practitioner (Rater 2), and a Medical Student (Rater 3),
thereby representing varying levels of expertise and training in radiological evaluation.
This diverse composition was intentionally chosen to analyze the influence of professional
experience on the precision and accuracy of BA assessments. Consequently, each rater de-
termined BA by comparing observed skeletal features with the reference images provided
by the TW3 method.

To further evaluate intra-rater precision, each rater assessed BA at two separate
time points (T1 and T2), which were spaced less than six weeks apart. Importantly, the
PA-HW radiographs were presented in a randomized and blinded order during both
assessments to minimize interpretation bias and prevent recall of prior evaluations. Thus,
this strategy enabled a thorough examination of intra-rater reliability by comparing each
rater’s measurements from T1 to T2, thereby assessing the consistency of their evaluations
over time.

Moreover, inter-rater precision was examined by comparing BA determinations across
the three raters to analyze their levels of agreement and reliability in interpreting the same
set of radiographs. This comparative analysis was essential for assessing the reproducibility
of the BA assessment method across raters with differing expertise levels. Additionally, the
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accuracy of the BA assessments was evaluated by comparing the estimated BA using TW3
to the subjects” CA, calculated as the difference between their birth date and the date of the
radiological exam.

With respect to the BA, it was estimated by the TW3 that it is a radiological method
widely recognized for assessing BA through PA-HW radiographs [5-7]. It challenges the
validity of correlating age with height, dentition, and bone development, arguing that bone
maturation does not follow a uniform trajectory but varies by individual developmental
stages. Unlike qualitative approaches like GP Atlas, numerical methods provide a more
objective quantification of bone maturation, assigning specific scores to each bone based on
gender and developmental stage.

This method employs a structured scoring system for individual bones, assigning
maturity scores according to predefined criteria such as shape, size, and ossification degree.
This evaluation focuses on the radius, ulna, metacarpals, phalanges, and select carpal bones.
The scores are tailored to the individual’s sex and developmental stage, then summed to
generate a total maturity score. This score is compared with established reference values
corresponding to CA ranges, yielding an estimated BA. This standardized and precise
approach enhances comparability across different populations and allows for accurate
assessments of skeletal development.

2.4. Analysis

Statistical analyses were conducted using IBM® SPSS Statistics 29.0.1.0 software (Ar-
monk, NY, USA). Descriptive statistics were first calculated for age (in mos.), weight (kg),
height (m), and body mass index (BMI) (kg/ m?). The data were stratified according to
developmental stages as defined by Fraga and Ferndndez (2014) [19]—preschool children
(1 to 5 years), school-age children (5 to 12 years), and teenagers (12 to 18 years)—and further
segmented by gender to account for potential differences in bone maturation between males
and females. These descriptive measures included calculations of central tendency (mean)
and dispersion (standard deviation, minimum, and maximum) for both CA and BA as
estimated by the TW3 method. To confirm the suitability of the data for further statistical
analyses, the Shapiro-Wilk test was applied to assess the normality of the data distribution,
while Levene’s test was used to evaluate homoscedasticity.

In order to assess precision, the intra-class correlation coefficient (ICC) was calculated
to evaluate both intra-rater and inter-rater agreement. The ICC was chosen as it provides a
robust and quantitative measure of reliability, indicating the degree of consistency within
and between raters when using the TW3 method for BA assessment. Bland—Altman plots
were constructed to visually examine inter-rater reliability, offering a detailed evaluation
of potential systematic bias and the limits of agreement between raters’ measurements.
This method was selected for its ability to graphically highlight discrepancies and assess
agreement across the range of values. Additionally, a paired samples test was employed to
evaluate the accuracy of BA estimations by comparing discrepancies between BA estimated
through the TW3 method and the children’s CA.

3. Results
3.1. Characteristics of the Sample

A total of 214 posteroanterior hand and wrist (PA-HW) radiographs from healthy
children were analyzed, including 80 females and 134 males. Among females in the
preschool group, the mean age was 39.33 mos. (SD = 15.18), with an average weight of
14.52 kg (SD = 2.05) and an average height of 0.91 m (SD = 0.07). Conversely, males had a
mean age of 46.49 mos. (SD = 13.33), a mean weight of 13.09 kg (SD = 2.17), and a mean
height of 0.94 m (SD = 0.05). In the school-age group, the female group showed a mean age



Osteology 2025, 5, 6

60f17

of 92.00 mos. (SD = 26.08), a mean weight of 29.58 kg (SD = 7.14), and a mean height of
1.14 m (SD = 0.07).

Conversely, the male group presented with a mean age of 100.16 mos. (SD = 20.33),
a mean weight of 23.67 kg (SD = 4.85), and a mean height of 1.16 m (SD = 0.05). Among
teenager, both females and males recorded a mean height of 1.33 m. Females had an
average age of 144.17 mos. (SD = 23.81) and a mean weight of 33.84 kg (SD = 4.62), while
males demonstrated a mean age of 151.53 mos. (SD = 20.17) and a mean weight of 34.21 kg
(SD = 3.19). The Shapiro-Wilk test confirmed the normal distribution of all variables within
these groups. Further details are presented in Table 1.

Table 1. Characteristics of sample. Abbreviation: BMI = Body Mass Index, mos. = months. A p-value
lower than these thresholds indicates a statistically significant deviation from normality.

Stage Gender N Mean SD Min Max p-Value

Prcchog | Female 24 39.33 15.18 20.00 67.00 0.235

reschoo Male 45 46.49 13.33 18.00 69.00 0.105

Ace (mos. Female 40 92.00 26.08 85.00 118.00 0.310
ge (mos.) Scholar Male 62 100.16 20.33 75.00 109.00 0.089
Teenaer Female 16 144.17 23.81 102.00 168.00 0.150

8 Male 27 151.53 20.17 107.00 192.00 0.080

Prcchog | Female 24 1452 2.05 9.80 18.60 0.215

reschoo Male 45 13.09 217 7.40 18.00 0.175

Weight (k Female 40 29.58 7.14 17.60 40.00 0.200
ght (ke) Scholar Male 62 23.67 485 14.20 44.00 0.115
Teenaer Female 16 33.84 462 22.00 39.50 0.250

8 Male 27 3421 319 23.80 45.70 0.140

procchog | Female 24 0.91 0.07 0.77 1.05 0.289

reschoo Male 45 0.94 0.05 0.80 1.10 0.175

Heioht (m Female 40 1.14 0.07 0.99 1.30 0.200
ght (m) Scholar Male 62 1.16 0.05 0.94 1.40 0.115
Teenaer Female 16 133 0.04 121 137 0.250

8 Male 27 133 0.03 116 145 0.140

Precchog | Female 24 1753 247 8.32 19.49 0.180

reschoo Male 45 14.81 245 18.81 18.87 0.120

BMI (ke /m? Female 40 2276 5.49 13.45 20.29 0.175
(kg/m?) Scholar Male 62 17.59 3.60 1257 20.92 0.150
Teenaer Female 16 19.13 2.66 15.02 21.73 0.240

8 Male 27 19.33 1.80 1461 20.99 0.130

3.2. Main Results
3.2.1. Precision

e  intra-rater Agreement

The ICC results showed strong precision and consistency in intra-rater reliability
across all three raters when assessing BA using the TW3 technique, with slight gender-
based variations. Specifically, Radiologist Specialist (Rater 1) exhibited high consistency,
achieving an ICC of 0.996 (95% CI: 0.991-0.998) for females and 0.994 (95% CI: 0.989-0.997)
for males. Similarly, General Practitioner (Rater 2) displayed strong reliability, with an ICC
of 0.988 (95% CI: 0.976-0.994) for females and 0.993 (95% CI: 0.980-0.997) for males. Medical
Student (Rater 3), while showing slightly lower but still strong ICC values, recorded 0.928
(95% CI: 0.845-0.968) for females and 0.970 (95% CI: 0.935-0.986) for males. Additional
details are provided in Table 2.



Osteology 2025, 5, 6

7 of 17

Table 2. Intra-rater agreement across time points and gender. The table presents mean BA values,
intra-class correlation coefficients (ICC), and 95% confidence intervals (CI) for the lower and upper
bounds for each rater (Rater 1, Rater 2, and Rater 3) during two measurement periods (T1 and T2) for
female and male participants.

Time of 95% CI 95% CI
Group Measurement Gender Mean Icc Lower Upper
Female 76.82
T Male 77.94
Rater 1
Female 74.89 0.996 0.991 0.998
T2 Male 75.67 0.994 0.989 0.997
Female 73.50
Tl Male 81.32
Rater 2
Female 71.12 0.988 0.976 0.994
T2 Male 79.58 0.993 0.980 0.997
Female 77.45
T Male 79.02
Rater 3
Female 79.34 0.845 0.968 0.964
T2 Male 80.21 0.935 0.986 0.989

o Inter-rater agreement

The inter-rater agreement in determining the BA using the TW3 method showed
distinct differences between female and male participants. For females, there was excel-
lent agreement between the Radiologist Specialist (Rater 1) and the General Practitioner
(Rater 2), with an ICC of 0.976 (95% CI: 0.950, 0.987). However, the agreement was lower
between the Radiologist Specialist and the Medical Student (Rater 3), as well as between
the General Practitioner and the Medical Student, with ICCs of 0.812 (95% CI: 0.702, 0.896)
and 0.880 (95% CI: 0.820, 0.922), respectively.

For males, the Radiologist Specialist and the General Practitioner demonstrated strong
consistency, with an ICC of 0.968 (95% CI: 0.940, 0.982). In contrast, the agreement between
the Radiologist Specialist (Rater 1) and the Medical Student (Rater 3), and between the
General Practitioner (Rater 2) and the Medical Student (Rater 3), was lower, with ICCs of
0.857 (95% CI: 0.770, 0.921) and 0.912 (95% CI: 0.860, 0.946), respectively. These findings
emphasize the high level of agreement between trained evaluators, while the reduced
consistency with the Medical Student highlights the need for standardized training to
ensure consistent use of the TW3 method. Further details are provided in Table 3.

The Bland-Altman plots in Figure 1 display the agreement among the three raters
(Rater 1, Rater 2, and Rater 3) for the BA assessment using the TW3. For female participants,
Rater 1 and Rater 2 exhibited high agreement, reflected by a narrow range of differences,
indicating strong consistency. In contrast, the agreements between Rater 1 and Rater 3, as
well as Rater 2 and Rater 3, were moderate, with wider limits of agreement, suggesting
greater variability due to differences in training. A similar pattern emerged for male
participants: Rater 1 and Rater 2 demonstrated strong agreement, while Rater 1 and Rater 3,
and particularly Rater 2 and Rater 3, showed lower levels of agreement with broader ranges
of differences, emphasizing the challenges of achieving consistent assessments among less
experienced raters.
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Table 3. Inter-rater agreement of bone age assessment using the TW3 method by gender, showing
mean bone age values, Intraclass Correlation Coefficient (ICC), and 95% Confidence Intervals (CI) for
agreement between rater pairs (Radiologist Specialist vs. General Practitioner, Radiologist Specialist

vs. Medical Student, and General Practitioner vs. Medical Student) for female and male participants.

Groups Gender Mean ICC 95% CI Lower 95% CI Upper

Female 76.82

Rater 1_Rater 2 73.50 0.976 0.950 0.987
Mal 77.94

ale 81.32 0.968 0.940 0.982
Female 76.82

Rater 1-Rater 3 77.45 0.812 0.702 0.896
Mal 77.94

ale 79.02 0.857 0.770 0.921
Female 73.50

Rater 2-Rater 3 77.45 0.880 0.820 0.922
Mal 81.732

ale 79.02 0.912 0.860 0.946

(@) (b)

Difference of Measurements
Difference of Measurements

70 72 74 76 78 80

(c

~

(@

Difference of Measurements
Difference of Measurements

72 74 76 78 80 82

(e) ®

Difference of Measurements
Difference of Measurements

70 72 74 76 78 80

Mean of Measurements

74

82 84 86

Mean of Measurements

Figure 1. Bland—Altman plots illustrating BA assessments using the Tanner—Whitehouse 3 (TW3).
The plots compare the assessments of Rater 1 with Rater 2 for both females (a) and males (b), Rater 1
with Rater 3 for females (c) and males (d), and Rater 2 with Rater 3 for females (e) and males (f). The
dashed lines represent the mean differences, while the shaded areas in orange and green show the
limits of agreement (£1.96 standard deviations). The purple lines represent the confidence intervals

for the limits of agreement.
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3.2.2. Accuracy

The TW3 method demonstrated limited accuracy in estimating BA compared to CA
in the preschool cohort. Specifically, for children aged 1 to 5 years, the method yielded a
slight underestimation of BA, with a mean difference MD = 3.712 mos. (95% CI: 1.29 to
6.13 mos., p = 0.199). This underestimation was less pronounced in males (MD = 0.106
mos., 95% CI: —4.83 to 5.05 mos., p = 0.935) compared to females, who exhibited a larger
difference (MD = 4.200 mos., 95% CI: 0.78 to 7.62 mos., p = 0.164).

In the school-age group (ages >5 to 12 years), the TW3 method similarly demonstrated
a minor underestimation of BA, with an MD of 3.522 mos. (95% CI: 1.05 to 5.99 mos.,
p = 0.888). The magnitude of this underestimation was less significant in males (MD = 3.978
mos., 95% CI: —12.55 to 4.59 mos., p = 0.926) compared to females (MD = 4.110 mos., 95%
CI: —8.25 to 16.47 mos., p = 0.945).

In the teenager group, the TW3 method showed a slight overestimation of BA relative
to CA, with an MD = —0.360 mos. (95% CI: —0.77 to —0.954 mos., p = 0.299). When
stratified by sex, females exhibited a mean difference of —0.380 mos. (95% CI: —4.84 to
5.50 mos., p = 0.256), indicating no statistically significant difference. Similarly, in males,
the mean difference was —0.330 mos. (95% CI: —1.03 to 1.78 mos., p = 0.222), also reflecting
no significant discrepancy between BA and CA. Further details are provided in Table 4 and
visually summarized in Figure 2.

Table 4. Accuracy of BA assessments using TW3. Abbreviation: BA = bone age, CA = chronological
age, CI = confidence interval, MD = mean difference CA-BA, SD = standard deviation; W = Paired
Samples Test or Wilcoxon signed-rank statistic.

Stage Mean SD MD Lower CI 95% Superior CI 95% 4
CA 43.485 14.476
Preschool (n = 69) BA 39.772 15.409 3.712 1.290 6.130 0.199
Fernal CA 39.331 15.182
emale BA 35.131 16.896 4.200 0.780 7.620 0.164
Mol CA 46.496 13.333
ale BA 46.390 24.881 0.106 —4.830 5.05 0.935
CA 95.684 23.906
Scholar (n =102) BA 92.161 35.572 3.522 1.050 5.990 0.888
Femal CA 92.001 26.086
emale BA 87.891 37.203 4110 —8.250 16.47 0.945
Mol CA 100.168 20.338
ale BA 96.190 33.876 3.978 —12.55 459 0.926
Teenager (n = 43) CA 148.883 23.665
& - BA 149.242 29.943 —0.360 —0.770 —0.954 0.299
Femal CA 144.170 23.810
emale BA 144.549 24231 —0.380 —4.840 5.500 0.256
Mol CA 151.53 20.176
ale BA 151.86 18.179 —0.330 -1.03 1.78 0.222
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Figure 2. Accuracy of BA determination using TW3 across different developmental stages. Rain-
cloud plots display BA accuracy in (a) preschool (1 to 5 years), (b) school-age (>5 to 12 years), and
(c) teenager (>12 to 18 years) groups. Green points represent chronological age (CA), orange points
represent bone age (BA) estimated using the TW3 method, and the brown density plots depict
the distribution of CA and BA. Method shows significant BA underestimation and variability in
preschool and school-age groups, while accuracy improves in the teenager group with no significant
overestimation between CA and BA.

4. Discussion
4.1. Precision of TW3

The assessment of an instrument’s precision ensures that it meets essential criteria for
accuracy and consistency, which are necessary for the generalization of research findings.
Reliability refers to the degree of precision with which an instrument measures what it is

intended to measure.

4.1.1. intra-rater Agreement

Our findings on the precision of the TW3 method align with the existing literature for
diverse populations, including Caucasian cohorts. Our study showed a high intra-rater
precision in TW3-based BA assessments across various raters. The radiology specialist
(Rater 1) achieved near-perfect intra-class correlation coefficients ICC = 0.995 for females
and 0.996 for males. Similarly, the general practitioner (Rater 2) demonstrated high precision
with ICC = 0.990 for females and ICC = 0.992 for males. While medical students (Rater 3)
also exhibited strong precision; their ICCs were slightly lower at ICC = 0.921 for females
and ICC = 0.976 for males.

These findings are consistent with other studies that have previously studied TW3
precision. In Europe, Pinchi et al. (2014) [20] reported high intra-examiner reliability among
Caucasian Italian children, with correlation coefficients of r = 0.843 for boys and r = 0.910
for girls. Although these values are somewhat lower than ours, such variations may reflect
differences in rater training, population characteristics, or even the sample sizes.

Furthermore, in South America, the evidence for TW3 precision is provided by Lépez
et al. (2008) [21], who documented high accuracy for the TW3 RUS method in Venezuelan
children aged 7 to 14 years, with a correlation of = 0.91 for the entire sample and r = 0.93
for girls. In contrast, the TW3 Carpal method showed reduced accuracy, with r = 0.89 for
boys and r = 0.82 for girls.
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Comparable precision results have been observed by Kowo-Nyakoko et al. (2023) [22]
in Zimbabwean children, where the TW3-RUS method displayed a very strong intra-
examiner reliability, with correlation coefficients of » = 0.95 for boys and r = 0.93 for girls.
On the other hand, Kim et al. (2015) [23] similarly demonstrated strong intra-examiner
agreement for TW3, with a Pearson’s correlation coefficient of r = 0.93 for Korean children
aged 7 and 12 years.

The results obtained for children from the Canary Islands are consistent with findings
from other studies, particularly among experienced raters, reinforcing the robustness of the
TW3 method across various ethnic and geographic contexts [24]. However, these findings
also point to potential variability influenced by the rater’s level of training and cognitive
biases, underscoring the critical need for standardized training and protocols to enhance
reliability and consistency across diverse populations.

4.1.2. Inter-Rater Agreement

Our findings on the inter-rater agreement of the TW3 method for BA assessment align
with previous studies in various populations, while also highlighting unique differences.
Specifically, we observed excellent agreement between the Radiologist Specialist (Rater 1)
and the General Practitioner (Rater 2), with ICC = 0.976 for females and ICC = 0.968
for males. Concordance was lower when the Medical Student (Rater 3) was involved,
indicating that experience and training significantly affect precision.

Comparatively, Benjavongkulchai et al. (2018) [25] reported kappa values ranging
from k = 0.66 to k = 0.88 for the TW3-RUS method in Thai children, reflecting moderate to
high agreement but with greater variability compared to our findings among professional
raters. Similarly, Geng et al. (2024) [26] found Kendall’s W values of W = 0.833 for the
radius, ulna, and short finger (TW3-RUS) system, and W = 0.944 for the carpal system in a
sample of children living in Beijing, China.

Moreover, Alshmarani et al. (2019) [27] reported strong inter-examiner reliability for
the TW3 method in Saudi children, with intraclass correlation coefficients (ICCs) of 0.972
for females and 0.963 for males. This finding aligns with the high agreement observed
among our trained raters and highlights consistent gender-related differences in reliability.
Similarly, Yuh et al. (2023) [28] documented comparable inter-rater agreement for the
TW3-RUS method, ranging from 0.985 to 0.984, and for the TW3-Carpal method, ranging
from 0.981 to 0.973, in a sample of Taiwanese children.

Our findings underscore the fundamental role of rater training and experience in
achieving consistent assessments using the TW3 method [29]. The variability observed
among less experienced raters, such as medical students, can be attributed to the complexity
introduced by this method in radiological BA assessments.

While the hand offers a large number of areas of interest for studying radiological
maturity, inter-observer variation or systematic error tends to be more pronounced in non-
expert raters with the TW3 method. Unlike the GP Atlas, which relies on a single general
judgment due to its primarily visual approach, the TW3 method requires at least 20 distinct
evaluations for each radiological region of interest, thereby increasing the potential for
variability in results.

4.2. Accuracy of TW3

The evaluation of an instrument’s validity ensures precision and accuracy [30], with
reliability targeting consistency and validity assessing accuracy. This study seeks to develop
a tool for skeletal maturity assessment, emphasizing the need for updated, population-
specific normative data due to the influence of hereditary, ethnic, behavioral, and nutritional
factors. While Toledo’s 1978 study established early TW2 references for the Canary Is-
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lands [14], outdated data and methods limited its relevance [7,31]. Updated standards
are crucial for applicability, as high population variability challenges the generalization of
methods, necessitating tailored normative data.

Our study is the first to assess the suitability of the TW3 method in the contemporary
pediatric population of the Canary Islands. Differentiating between normal and pathologi-
cal variations is essential, and our study expands the threshold for skeletal maturity from 2
to 2.5 standard deviations to identify normal variants more flexibly.

Previous studies have demonstrated that Canarian children show a higher BA than
British children but a slightly lower BA compared to North American children. The
abovementioned study of Toledo (1978) [14] carried out a comparative analysis of Canarian
and United States and Canada populations, finding that North American children showed
a somewhat higher BA. Using the TW2 method, he observed that children from the Canary
Islands had a higher BA than their British counterparts, except during the first three years
of life, when British children exceeded the Canarian cohort by an average of 2.4 mos.

Our findings align with those of Toledo (1978) [14], particularly concerning the un-
derestimation of BA in Canarian preschool children (1-5 yrs.). Moreover, consistent with
Toledo’s observations, we confirmed a slight overestimation of BA using the TW method in
teenagers (12-18 yrs.). This overestimation, however, was notably lower than that reported
in other regions of Spain, such as Aragén, where Ebri-Torné (2021) observed that the TW2
method overestimated BA by 4 to 6 mos. in a comparable sample of Aragonese children [32].
However, in the school-age population (5-12 yrs.), we have identified an underestimation
of BA using the TW3 method, in contrast with the overestimation reported by Toledo
(1978) in the late Seventies [14]. Therefore, despite the small differences that exist, we can
affirm that the accuracy of the TW method identified in our study for Canarian children is
consistent with historical findings for the same population. Thus, variants detected within
the school-age population should be interpreted as physiological and within the normal
range, i.e., reflecting constitutional developmental differences without clinical significance.

Regarding the differences in bone maturation seen in the present study, while not
significant, it may be attributed to factors such as natural individual variability and sexual
dimorphism [33]. Studies utilizing databases such as those from the Colorado Longitudinal
Twin Study (Colorado, 1985) and the Fels Longitudinal Study (Ohio, 1929) suggest a
hereditary predisposition, as specific ossification sequences tend to recur within families,
pointing to a genetic pattern [34]. This process is primarily influenced by genetic factors
through multifactorial polygenic inheritance, which, under ideal conditions, explains
between 80% and 90% of bone maturation [35]. It is estimated that 25% of the variability
in hand bone ossification is explained by genetic factors, and a similar phenomenon is
observed in the order of ossification [34].

Furthermore, it is important to consider that during the preschool stage, growth decel-
eration is observed, influenced by both environmental and genetic factors [34,36]. Linkage
studies suggest that, although genetic factors affect skeletal maturation during childhood,
some have a limited impact over time [37,38]. In early childhood, bone ossification pre-
dominates, and structural genes are believed to be responsible for the initial formation of
bones [39-41]. The growth deceleration after 6 months may be partly due to environmental
factors, although genetic factors may also influence this process [34,42].

In the preschool stage (1-5 yrs.), the TW3 method tends to slightly underestimate BA,
with an MD = 3.712 mos. This underestimation is more pronounced in girls compared
to boys, potentially reflecting early sexual dimorphism. Although this dimorphism is
subtle in the early years, it becomes increasingly evident with development, likely due
to differences in the timing and sequence of ossification processes between sexes [43,44].
Sex-based discrepancies in BA estimation may arise from variations in the interplay of
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genetic and hormonal factors. Estrogen and testosterone, even at this early stage of life, play
pivotal roles in skeletal development. Estrogen, for example, promotes epiphyseal plate
closure and modulates endochondral ossification, while testosterone stimulates periosteal
apposition, contributing to differences in bone structure and density between sexes [45].
These hormonal influences could partly explain the greater deviation observed in girls
during this stage.

Thomis et al. (2006) [36] underscore the importance of systemic hormones, such as
growth hormone (GH) and thyroid hormones, in regulating bone maturation and linear
growth. Thyroid hormones, particularly triiodothyronine (T3), have a dual role in promot-
ing bone ossification while also influencing cartilage proliferation. They directly stimulate
osteoblast activity and interact with GH through the hypothalamic-pituitary-thyroid (HPT)
axis to regulate somatomedin production, which is critical for bone growth and develop-
ment [46—48]. Notably, thyroid hormones have a stronger effect on ossification compared to
linear growth, which could amplify the discrepancies observed in BA estimation [46]. Fur-
thermore, the HPT axis tightly regulates these hormonal interactions. Thyrotropin-releasing
hormone (TRH) from the hypothalamus induces the secretion of thyroid-stimulating hor-
mone (TSH) from the pituitary, which in turn stimulates thyroid hormone synthesis. The
existence of dysregulations in this axis, even minor ones, could disproportionately affect
bone maturation processes, further influencing BA estimation [49,50].

In the school stage (5-12 yrs.), small sexual differences in BA were observed, with
an underestimation of BA identified, showing a mean discrepancy of 3.522 mos., which
was more pronounced in girls. Contrary to previous studies, our findings suggest an
acceleration in bone maturation in girls, leading to a convergence in skeletal development
between the sexes, thereby overcoming the delay observed in earlier stages. Recent research
has established that global differences in bone maturation rates between genders are
narrowing, resulting in more synchronized developmental trajectories [51]. However, in
contrast to this general trend, and in line with other studies [52,53], we report a consistent
developmental gap during the preschool stage (5-12 yrs.), with girls maturing faster
than boys. It is well established that changes in bone maturation occur in both sexes,
characterized by increases in length (proceritas prima and secunda) and weight (turgor
secundus). These findings may be further explained by the pubertal growth spurt, which,
at least in the Canarian pediatric population, occurs earlier in girls (ages 11-13), leading to
greater height and strength compared to boys [53].

In our study, we observed that girls had an average BMI of 22.76 kg/m?, which was
significantly higher than that of boys (17.59 kg/m?). This difference may contribute to
earlier puberty, which is often associated with obesity [54,55]. Leptin, a hormone associated
with body fat profile, is believed to play a role in stimulating puberty in girls. However,
its relationship with the onset of puberty in boys remains less clear, suggesting that it
may not be the primary trigger for them [56]. Although the specific mechanisms behind
this acceleration are not fully understood, it is suggested that factors such as exposure
to endocrine disruptors, chronic stress, and calorie-rich diets may play a significant role
in influencing this phenomenon [57,58]. These complex factors require further research
to understand their impact on pubertal development and bone maturation in the child
population of the Canary Islands.

Lastly, in the adolescent stage (12-18 years), the TW3 method demonstrated a slight
overestimation of bone age (BA), with a mean difference (MD) of —0.360 mos. Girls pre-
sented an MD of —0.380 mos., while boys exhibited an MD of —0.330 mos.; however, these
differences were not statistically significant. During this stage, the role of sex hormones
becomes more prominent, driving differences in skeletal maturation between sexes. In
boys, the surge of androgens, particularly testosterone, accelerates bone maturation by
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promoting periosteal expansion and increasing bone mineral density. This process is critical
for the completion of skeletal growth and the attainment of peak bone mass [49].

In girls, estrogens play a central role in regulating bone metabolism and maturation.
Their influence is greater on bone maturation than on linear growth, as estrogen promotes
the closure of the growth plates (epiphyseal fusion) while modulating bone turnover rates.
This hormonal influence contributes to the earlier completion of skeletal growth in females
compared to males [59]. Furthermore, the interaction between estrogens and other growth-
related factors, such as insulin-like growth factor-1 (IGF-1), enhances osteoblast activity
and bone remodeling, ensuring the structural and functional optimization of the skeleton
during adolescence [60].

4.3. Limitations

A significant limitation of this study lies in its inability to fully capture bone matura-
tion across all stages of childhood and adolescence, particularly during the early preschool
years and late adolescence. This limitation reduces its clinical applicability for precise
estimations during these critical developmental periods. The reliance on TW3 reference
standards, which may not adequately reflect population diversity, introduces potential bi-
ases, particularly in underrepresented groups. Additionally, the manual nature of bone age
assessment poses inherent challenges, such as observer variability, which can compromise
precision. Simplifications in the study design, including its cross-sectional approach and
the lack of advanced imaging techniques for validation, further limit the generalizability
of the findings. To address these challenges, future research should focus on integrating
longitudinal data to track growth trajectories, establishing population-specific reference
standards, and utilizing automated processes and advanced imaging technologies to en-
hance precision and minimize variability. Such advancements are essential to improving
the accuracy and broader applicability of bone age estimation methods across diverse
clinical and research settings.

4.4. Recommendations for Clinical Practice

The findings suggest that the TW3 method has limitations in estimating BA across
developmental stages in the pediatric population of the Canary Islands. Specifically, BA
tends to be underestimated in preschool and school-aged children and slightly overesti-
mated in adolescent girls. To address these discrepancies, clinicians are encouraged to
complement TW3 assessments with additional diagnostic tools, such as radiographic or
anthropometric evaluations, and to adjust for demographic and population-specific factors
inherent to the multiethnic nature of the Canary Islands. For preschool-aged children,
implementing longitudinal monitoring can help account for individual growth variability,
while for adolescent girls, tailored correction factors may mitigate overestimation biases.
Furthermore, training healthcare professionals on the strengths and limitations of the TW3
method and incorporating visual aids, such as tables and figures, can enhance the method’s
clinical applicability.

5. Conclusions

In summary, the TW3 method proves to be a reliable tool for estimating BA in the
pediatric population, with particular accuracy in preschool and school-aged children. How-
evet, its precision varies across sex, with underestimations being more pronounced in
females, and across developmental stages, where heterogeneity within age groups, such as
5-12 years, may influence outcomes. These findings underscore the need for further
refinement of the method to improve its applicability across diverse clinical and demo-
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graphic settings, ultimately enhancing its value as a diagnostic tool. Future research should
prioritize addressing these variations to ensure greater consistency and broader utility.
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