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ABSTRACT 

Introduction: Accurate prediction of adult height is essential in pediatric endocrinology for 

diagnosis, treatment decisions, and monitoring of growth disorders. Bone age assessment from 

hand-wrist radiographs remains the cornerstone of height prediction, yet the accuracy of 

various methods across different populations and clinical conditions remains incompletely 

characterized. This systematic review evaluates the association between radiographic bone age 

assessment and the accuracy of final adult height prediction. 

Methods: A systematic review of 80 studies published between 2000-2026 was conducted. 

Studies were included if they involved children aged 2-18 years, utilized radiographic bone age 

assessment (Greulich-Pyle, Tanner-Whitehouse, automated systems), reported final adult 

height measurements, and provided quantitative accuracy measures. Data extraction 
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encompassed bone age methods, prediction algorithms, population characteristics, and 

statistical measures of prediction accuracy. 

Results: In healthy populations, modern automated systems achieve root mean square errors 

of 2.7-3.3 cm, with deep learning models reaching mean absolute errors of 1.75 cm. The 

Bayley-Pinneau method remains the most widely used algorithm (>40 studies). Prediction 

accuracy varies substantially by clinical condition: in growth hormone deficiency, baseline 

underestimation of 4-8 cm reverses to overestimation of 2-4 cm after treatment; in 

constitutional delay, overestimation of 1-5 cm occurs; in precocious puberty, underestimation 

of 3-15 cm at diagnosis improves after gonadotropin-releasing hormone agonist therapy. 

Automated systems (BoneXpert) reduce inter-rater variability but show condition-specific 

limitations. Integrative models incorporating parental height, pubertal staging, and novel 

radiomic markers achieve superior accuracy (R² up to 0.94). 

Discussion: The accuracy of bone age-based height prediction is moderated by clinical 

condition, bone age status relative to chronological age, timing of assessment, and sex. 

Condition-specific biases are systematic and predictable. Integrative approaches combining 

multiple skeletal maturity indicators and clinical variables consistently outperform single-

method predictions. 

Conclusion: Bone age assessment provides moderately accurate adult height prediction in 

healthy children (RMSE 2.5-3.5 cm) but shows significant condition-specific biases that must 

be considered clinically. The most reliable predictions require method selection matched to 

clinical condition, incorporation of parental height and pubertal status, and use of automated 

systems to minimize rater variability. Future directions include population-specific deep 

learning models and multi-modal integrative algorithms. 

Keywords: bone age, adult height prediction, Greulich-Pyle, Tanner-Whitehouse, Bayley-

Pinneau, automated bone age, growth disorders 

INTRODUCTION 

Background 

The assessment of skeletal maturity through bone age evaluation from hand-wrist 

radiographs represents one of the most enduring and clinically valuable tools in pediatric 

endocrinology and growth assessment. Since the pioneering work of Greulich and Pyle in the 

1950s and Tanner and Whitehouse in the 1960s, radiographic bone age determination has 
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served as the cornerstone for predicting final adult height in children and adolescents [1,2]. The 

fundamental principle underlying this approach is that skeletal maturation, as reflected in the 

progressive ossification and fusion of epiphyseal growth plates, provides a more accurate 

reflection of remaining growth potential than chronological age alone [3]. 

The clinical utility of accurate adult height prediction extends across multiple domains 

of pediatric practice. In diagnostic contexts, height prediction assists in distinguishing normal 

growth variants from pathological conditions requiring intervention [4]. For treatment 

decisions, predicted adult height informs the initiation and monitoring of therapies such as 

growth hormone in deficiency states, gonadotropin-releasing hormone agonists in precocious 

puberty, and aromatase inhibitors in growth disorders [5,6]. Furthermore, accurate predictions 

provide essential prognostic information for patients and families navigating the psychological 

and social implications of growth outcomes [7]. 

Problem Statement 

Despite decades of clinical application, significant challenges persist in the accuracy 

and reliability of bone age-based adult height prediction. Traditional methods developed on 

mid-20th century Caucasian populations may not generalize to contemporary, ethnically 

diverse cohorts [8]. The proliferation of multiple prediction algorithms—including Bayley-

Pinneau, Tanner-Whitehouse variants, Roche-Wainer-Thissen, and population-specific 

modifications—has created clinical uncertainty regarding optimal method selection for 

individual patients [9]. Moreover, the emergence of automated bone age assessment systems 

and artificial intelligence-based approaches has introduced both opportunities for improved 

precision and questions about their comparative performance relative to traditional manual 

methods [10]. 

Perhaps most critically, the accuracy of height prediction varies dramatically across 

clinical conditions that alter the normal relationship between skeletal maturation and linear 

growth. Conditions such as growth hormone deficiency, constitutional delay of growth and 

puberty, central precocious puberty, and idiopathic short stature each impose distinct 

perturbations on growth physiology that may invalidate assumptions underlying standard 

prediction models [11,12]. The magnitude and direction of prediction biases in these 

populations remain incompletely characterized, limiting the clinical utility of available 

methods. 

Research Gap 
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While numerous individual studies have evaluated specific bone age methods or 

prediction algorithms in particular populations, a comprehensive synthesis integrating evidence 

across methods, conditions, and populations is lacking. Previous reviews have focused 

narrowly on individual techniques [13] or specific clinical conditions [14], without providing 

a unified framework for understanding how prediction accuracy varies systematically across 

the full spectrum of pediatric growth assessment. Furthermore, the recent proliferation of 

automated systems and machine learning approaches has not been systematically integrated 

with traditional method comparisons. The absence of a comprehensive evidence synthesis 

limits the ability of clinicians to select optimal prediction strategies and hinders the 

development of improved algorithms tailored to specific clinical contexts. 

Study Objectives 

This systematic review aims to: 

1. Evaluate the accuracy of radiographic bone age assessment methods for predicting final 

adult height across diverse pediatric populations 

2. Compare the performance of manual (Greulich-Pyle, Tanner-Whitehouse) versus 

automated (BoneXpert, deep learning) bone age assessment techniques 

3. Quantify prediction accuracy stratified by clinical condition (normal growth, growth 

hormone deficiency, constitutional delay, precocious puberty, idiopathic short stature) 

4. Identify factors moderating prediction accuracy including age at assessment, sex, bone 

age advancement/delay, and pubertal status 

5. Assess the incremental value of incorporating additional variables (parental height, 

anthropometrics, novel radiomic markers) into prediction models 

Research Hypotheses 

Based on preliminary evidence, we hypothesize that: 

1. Automated bone age assessment systems demonstrate comparable or superior accuracy 

to manual methods with reduced inter-rater variability 

2. Prediction accuracy varies systematically by clinical condition, with distinct patterns of 

over- and under-prediction in specific disorders 

3. The magnitude of bone age deviation from chronological age serves as a critical 

moderator of prediction accuracy 

4. Integrative models incorporating multiple skeletal maturity indicators and clinical 

variables outperform single-method predictions 
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5. Population-specific standards and algorithms are necessary for optimal accuracy in 

non-Caucasian cohorts 

Significance and Novelty 

This review provides several novel contributions to the field. First, it represents the 

most comprehensive synthesis to date, integrating evidence from 80 studies spanning 25 years 

and diverse global populations. Second, it systematically characterizes condition-specific 

prediction biases, providing clinicians with quantitative guidance for interpreting predictions 

in specific disorders. Third, it directly compares traditional manual methods with emerging 

automated and artificial intelligence-based approaches, informing technology adoption 

decisions. Fourth, it identifies optimal prediction strategies for each clinical context based on 

quantitative accuracy measures. Finally, it establishes a framework for understanding how bone 

age status (delay or advancement relative to chronological age) moderates prediction accuracy 

across conditions, enabling more nuanced clinical interpretation. 

METHODS 

Protocol 

The study strictly adhered to the Preferred Reporting Items for Systematic Review and 

Meta-Analysis (PRISMA) 2020 guidelines to ensure methodological rigor and accuracy. This 

approach was chosen to enhance the precision and reliability of the conclusions drawn from 

the investigation. 

Criteria for Eligibility 

This systematic review aims to evaluate the association of bone age assessment on 

radiographs to prediction of final adult height screening. 

Screening 

We screened in sources based on their abstracts that met these criteria: 

• Age Range: Does the study involve children and/or adolescents aged 2-18 years at the 

time of bone age assessment? 

• Bone Age Assessment Method: Does the study use radiographic methods for bone age 

assessment (e.g., Greulich-Pyle, Tanner-Whitehouse, or other X-ray based methods)? 

• Height Prediction Component: Does the study include prediction of final adult height 

based on bone age assessment? 
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• Actual Final Height Data: Does the study report documented actual final adult height 

or near-final height measurements for comparison? 

• Quantitative Accuracy Measures: Does the study report quantitative measures of 

prediction accuracy (e.g., correlation coefficients, mean differences, standard 

deviations, or other statistical measures of accuracy)? 

• Study Design and Sample Size: Is this an observational study, randomized controlled 

trial, systematic review, or meta-analysis with adequate sample size (≥10 participants)? 

• Population Appropriateness: Does the study focus on healthy children or those with 

typical growth-related conditions rather than exclusively on severe pathological 

conditions that significantly alter normal growth patterns (e.g., severe chronic diseases, 

genetic syndromes with major growth disruption)? 

• Assessment Method Scope: Does the study include radiographic bone age assessment 

rather than relying solely on non-radiographic methods (ultrasound-only, MRI-only 

studies)? 

We considered all screening questions together and made a holistic judgement about 

whether to screen in each paper. 

Search Strategy 

The keywords used for this research based PICO :  

PICO 

Component 
Keyword 1 Keyword 2 Keyword 3 Keyword 4 

Population Children Adolescents Pediatric 
Healthy 

children 

Intervention 

/ Indicator 
Bone Age Skeletal Maturity Skeletal Age 

Bone 

Maturation 

Comparison Radiograph X-ray 
Hand-Wrist 

Radiograph 

Automated 

Assessment 

Outcome 
Adult Height 

Prediction 
Final Height Height Prognosis 

Predicted 

Adult 

Height 

(PAH) 
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The Boolean MeSH keywords inputted on databases for this research are: ("Children" 

OR "Adolescents" OR "Pediatric" OR "Healthy children") AND ("Bone Age" OR "Skeletal 

Maturity" OR "Skeletal Age" OR "Bone Maturation") AND ("Radiograph" OR "X-ray" OR 

"Hand-Wrist Radiograph" OR "Automated Assessment") AND ("Adult Height Prediction" OR 

"Final Height" OR "Height Prognosis" OR "Predicted Adult Height") 

Data extraction 

• Bone Age Assessment Methods: 

  Extract all bone age assessment methods used for adult height prediction, including: 

o Manual methods (e.g., Greulich-Pyle, Tanner-Whitehouse, China 05 RUS-

CHN) 

o Automated/AI methods (e.g., BoneXpert, deep learning algorithms) 

o Atlas or reference standard used 

o Who performed the assessment (clinician specialty, experience level, number 

of raters) 

o Inter-rater reliability measures if reported 

• Adult Height Prediction Methods: 

  Extract all methods used to predict final adult height from bone age assessments, 

including: 

o Prediction method name (e.g., Bayley-Pinneau, Tanner-Whitehouse 3, China 

05, BoneXpert AHP) 

o Whether parental height was incorporated 

o Any additional variables used (BMI, menarche age, etc.) 

o Age ranges for which the method was applied 

• Study Population Characteristics: 

  Extract characteristics of the study population relevant to bone age assessment and 

height prediction: 

o Sample size and demographics (age range, sex distribution) 

o Health conditions (normal growth, precocious puberty, short stature, 

constitutional delay, etc.) 

o Ethnicity/population background 

o Exclusion criteria that might affect generalizability 

o Follow-up duration until final adult height 
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• Prediction Accuracy Measures: 

  Extract all statistical measures of accuracy for bone age-based adult height predictions: 

o Root mean square error (RMSE) in cm 

o Mean absolute error (MAE) in cm 

o Correlation coefficients between predicted and actual height 

o Standard deviation of prediction errors 

o Percentage of predictions within specific error ranges (e.g., ±5 cm) 

o Systematic bias (over- or under-prediction) in cm 

• Predicted vs Actual Height Comparisons: 

  Extract direct comparisons between predicted adult height and actual final adult height 

achieved: 

o Mean difference between predicted and actual height (with standard deviation) 

o Range of prediction errors 

o Subgroup analyses by age, sex, or condition 

o Whether predictions were statistically significantly different from actual heights 

o Any reported confidence intervals for predictions 

• Factors Affecting Prediction Accuracy: 

  Extract factors that influenced the accuracy of adult height prediction from bone age 

assessment: 

o Age at time of bone age assessment and prediction 

o Sex differences in prediction accuracy 

o Pubertal status effects 

o Specific conditions that improved or worsened accuracy 

o BMI or nutritional status effects 

o Bone age advancement relative to chronological age 

o Any identified limitations or sources of error 
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Table 1. Article Search Strategy 

Database Keywords Hits 

Pubmed ("Children" OR "Adolescents" OR "Pediatric" OR "Healthy children") 
AND ("Bone Age" OR "Skeletal Maturity" OR "Skeletal Age" OR 
"Bone Maturation") AND ("Radiograph" OR "X-ray" OR "Hand-Wrist 
Radiograph" OR "Automated Assessment") AND ("Adult Height 
Prediction" OR "Final Height" OR "Height Prognosis" OR "Predicted 
Adult Height") 

24 

Semantic 

Scholar 

("Children" OR "Adolescents" OR "Pediatric" OR "Healthy children") 
AND ("Bone Age" OR "Skeletal Maturity" OR "Skeletal Age" OR 
"Bone Maturation") AND ("Radiograph" OR "X-ray" OR "Hand-Wrist 
Radiograph" OR "Automated Assessment") AND ("Adult Height 
Prediction" OR "Final Height" OR "Height Prognosis" OR "Predicted 
Adult Height") 

250 

Springer ("Children" OR "Adolescents" OR "Pediatric" OR "Healthy children") 
AND ("Bone Age" OR "Skeletal Maturity" OR "Skeletal Age" OR 
"Bone Maturation") AND ("Radiograph" OR "X-ray" OR "Hand-Wrist 
Radiograph" OR "Automated Assessment") AND ("Adult Height 
Prediction" OR "Final Height" OR "Height Prognosis" OR "Predicted 
Adult Height") 

635 

Google 

Scholar 

("Children" OR "Adolescents" OR "Pediatric" OR "Healthy children") 
AND ("Bone Age" OR "Skeletal Maturity" OR "Skeletal Age" OR 
"Bone Maturation") AND ("Radiograph" OR "X-ray" OR "Hand-Wrist 
Radiograph" OR "Automated Assessment") AND ("Adult Height 
Prediction" OR "Final Height" OR "Height Prognosis" OR "Predicted 
Adult Height") 

4,180 

Wiley 

Online 

Library 

("Children" OR "Adolescents" OR "Pediatric" OR "Healthy children") 
AND ("Bone Age" OR "Skeletal Maturity" OR "Skeletal Age" OR 
"Bone Maturation") AND ("Radiograph" OR "X-ray" OR "Hand-Wrist 
Radiograph" OR "Automated Assessment") AND ("Adult Height 
Prediction" OR "Final Height" OR "Height Prognosis" OR "Predicted 
Adult Height") 

375 
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` 

Figure 1. Article search flowchart 

Records identified from*: 

PubMed (n = 24) 

Springer (n = 635) 

Semantic Scholar (n = 250) 

Google Scholar (n = 4,180) 

Wiley Online Library (n = 375) 

 

Records removed before screening: 

Duplicate records removed  (n = 47) 

Records marked as ineligible by 
automation tools (n= 2,548) 
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RESULTS 

Characteristics of Included Studies 

The 80 sources encompass a broad range of study designs, populations, clinical 

conditions, and prediction methodologies. Studies were conducted across multiple countries 

and continents, including Europe, East Asia, the Middle East, and the Americas, reflecting 

diverse ethnic backgrounds and growth standards. The majority are retrospective or prospective 

observational studies, etc. The table below presents the key characteristics of each included 

source. 

Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

S. Ostojić et al., 

2013 

Caucasian male athletes, 

normal growth [2] 

477 [2] TW [2] TW [2] 

Junghwan Suh et 

al., 2023 

Korean children, normal 

growth [23] 

866 

children 

(1678 

radiograph

s) [23] 

GP, TW, 

CNN deep 

learning 

[23] 

Modified 

LMS 

method 

[23] 

David D Martin et 

al., 2016 

Paris Longitudinal Study, 

healthy children [4] 

51 boys, 

58 girls 

[4] 

BoneXpert 

[4] 

BoneXpert 

AHP [4] 

Shurong Huang et 

al., 2022 

Chinese girls with early 

puberty [24] 

726 (87 at 

adult 

height) 

[24] 

GP, TW3-

RUS, 

China 05 

RUS-CHN 

[24] 

CH05, 

TW3, BP 

[24] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

H. H. Thodberg et 

al., 2009 

Zurich Longitudinal 

Studies, healthy children 

[3] 

231 + 198 

[3] 

BoneXpert 

[3] 

BoneXpert 

AHP [3] 

Marina Unrath et 

al., 2013 

Idiopathic short stature 

(ISS) [16] 

190 (123 

boys, 67 

girls) [16] 

BoneXpert

, GP 

manual 

[16] 

BP AHP, 

BX AHP 

[16] 

H. H. Thodberg et 

al., 2010 

Zurich Longitudinal Study, 

healthy children [5] 

232 [5] TW 

manual, 

GP 

manual, 

BoneXpert 

[5] 

GP, TW, 

BoneXpert 

[5] 

M. Yiğit et al., 2025 Girls with precocious 

puberty / pubertal variants 

[25] 

44 (26 

analyzed) 

[25] 

GP atlas, 

BoneXpert 

[25] 

BP, RWT 

[25] 

Ashraf T Soliman 

et al., 2025 

ISS, SGA, Turner, GHD, 

PCOS [21] 

20 studies 

reviewed 

[21] 

GP [21] BP, GP 

[21] 

L. Proos et al., 2006 Adopted girls with early 

puberty [26] 

46 [26] GP/BP, 

TW2 [26] 

GP/BP, 

TW2 [26] 

Gözde Akın 

Kağızmanlı et al., 

2025 

Boys with CDGP, Turkish 

[27] 

62 [27] GP atlas, 

BoneXpert 

[27] 

BP, RWT, 

BoneXpert 

[27] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

J. O'Marr et al., 

2022 

Diverse pediatric, 

orthopaedic [28] 

147 [28] Diméglio 

skeletal 

age [28] 

Diméglio 

system 

[28] 

Seung woo Jeong et 

al., 2018 

Korean children with short 

stature [29] 

44 (22M, 

22F) [29] 

GP, TW, 

RWT [29] 

BP, TW2, 

RWT [29] 

L. Lazar et al., 2010 Idiopathic advanced bone 

age [30] 

55 (20 

boys, 35 

girls) [30] 

Not 

specified 

[30] 

BP 

(accelerate

d tables) 

[30] 

L. Proos et al., 2010 Adopted girls with 

early/precocious puberty 

[31] 

46 [31] GP, TW2, 

TW3 [31] 

GP, TW2, 

TW3 [31] 

T. Reinehr et al., 

2019 

Boys with CDGP [10] 68 + 32 

validation 

[10] 

Not 

specified 

[10] 

BP, new 

model [10] 

Xueqiong Xu et al., 

2025 

Chinese girls at menarche 

[19] 

173 [19] GP, Pyle-

Hoerr, 

BoneXpert 

[19] 

GP-BP, 

PH-BP, 

multilinear 

equation 

with knee 

radiomics 

[19] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

Joseph Sullivan et 

al., 2023 

Male academy soccer 

players [32] 

4707 

across 15 

studies 

[32] 

TW2, 

TW3, 

Fels, GP, 

MRI, 

DXA [32] 

BP, TW2, 

TW3, 

Khamis-

Roche 

[32] 

C. Bertaina et al., 

2006 

Healthy North Italian 

children [33] 

1384 (118 

at adult 

height) 

[33] 

TW2, 

TW3 [33] 

TW2, 

TW3 [33] 

B. Cools et al., 2008 Boys with delayed puberty 

[34] 

33 [34] GP [34] BP 

(retarded 

and 

average+6

mo tables) 

[34] 

S. Poyrazoglu et al., 

2005 

Turkish children with 

CDGP [35] 

151 (105 

boys, 46 

girls) [35] 

BP, TW 

[35] 

BP, TW 

[35] 

A. Matias et al., 

2022 

Constitutional tall stature 

[36] 

138 (52M, 

86F) [36] 

BP, TWI 

[36] 

BP, TWI 

[36] 

R. Tzanetea et al., 

2000 

Adopted girls with early 

puberty [37] 

46 [37] GP/BP, 

TW2 [37] 

GP/BP, 

TW2 [37] 

Michal 

Yackobovitch-

Gavan et al., 2025 

Mid-pubertal boys with 

short PAH [38] 

27 + 16 

[38] 

Not 

specified 

[38] 

Not 

specified 

[38] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

G. Beunen et al., 

2010 

Boys from Madeira Growth 

Study [39] 

308 [39] TW2 [39] Beunen-

Malina 

method 

[39] 

F. Rohani et al., 

2018 

Boys with CDGP [11] Not 

specified 

[11] 

BP [11] BP [11] 

D. Cho et al., 2023 Korean children, 8–12 

years [40] 

190 (73M, 

117F) [40] 

GP 

manual, 

VUNO 

Med-

BoneAge 

(AI) [40] 

GP, 

VUNO 

[40] 

F. Antoniazzi et al., 

2003 

Caucasian girls with CPP 

[41] 

48 [41] Not 

specified 

[41] 

Not 

specified 

[41] 

F. J. Mejorado-

Molano et al., 2022 

Girls with idiopathic 

premature adrenarche 

(IPA), Spain [42] 

79 [42] GP [42] BP with 

target 

height [42] 

Silvia Ciancia et al., 

2023 

Transgender adolescents 

[43] 

32 (10 

trans boys, 

22 trans 

girls) [43] 

GP [43] BP [43] 

Shao-ke Chen et al., 

2009 

Chinese girls with CPP [44] 26 [44] GP [44] BP [44] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

Nihui Pei et al., 

2025 

Chinese children [1] 8242 [1] China-05, 

cascaded 

deep 

learning 

(Yolact + 

ResNet-

18) [1] 

Polynomia

l fitting 

model [1] 

Huahong Wu et al., 

2025 

Beijing children [17] Not 

specified 

[17] 

TW3/RUS 

grading 

[17] 

Bone 

grade + 

pubertal 

stage 

model [17] 

T. Reinehr et al., 

2020 

Isolated GHD, multiple 

ethnicities [8] 

315 (BP), 

121 

(TW2) [8] 

GP, TW2 

[8] 

BP, TW2 

[8] 

R. Rapaport et al., 

2006 

Boys with CGD [45] ~69 [45] GP, BP, 

RWT, 

TW2 [45] 

BP, RWT, 

TW2, 

target 

height [45] 

Nisa Nur Turan et 

al., 2025 

Girls with CPP [46] 50 [46] BP, RWT, 

BAPCPH

E [46] 

BP, RWT, 

BAPCPH

E [46] 

G. Akın 

Kağızmanlı et al., 

2023 

Girls receiving GnRHa [47] 48 [47] GP atlas, 

TW3-RUS 

[47] 

BP, RWT, 

TW2 [47] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

L. Lazar et al., 2007 Girls with central sexual 

precocity [48] 

115 [48] Not 

specified 

[48] 

Not 

specified 

[48] 

K. Klein et al., 2001 Children with CPP [12] 98 (80 

girls, 18 

boys) [12] 

BP 

(average 

and 

accelerate

d tables) 

[12] 

BP [12] 

D. Choukair et al., 

2021 

Chronic endocrinopathies 

[6] 

82 (48F, 

34M) [6] 

GP 

manual, 

BoneXpert 

[6] 

BP, 

BoneXpert 

[6] 

Lorenzo Lolli et al., 

2021 

Elite youth soccer players, 

Middle East [49] 

103 [49] TW-II, 

TW-III, 

BoneXpert 

GP [49] 

BoneXpert

, TW-II, 

TW-III 

[49] 

I. Erbas et al., 2021 GH deficiency [50] 49 [50] Not 

specified 

[50] 

BP, RWT, 

TW2 [50] 

Taja Knific et al., 

2022 

CPP (idiopathic and non-

idiopathic) [51] 

93 (12 

boys, 81 

girls) [51] 

GP, 

BoneXpert 

[51] 

BoneXpert 

AHP V3.0 

[51] 

T. Oron et al., 2012 Girls with precocious 

adrenarche [52] 

85 [52] Not 

specified 

[52] 

Not 

specified 

[52] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

Chin-Hui Tseng et 

al., 2023 

Taiwanese girls with 

early/fast puberty [53] 

109 

treated, 95 

control 

[53] 

GP atlas 

[53] 

BP [53] 

Alana M Munger et 

al., 2021 

Brush Inquiry healthy 

children [20] 

45 (16 

boys, 29 

girls) [20] 

GP, Fels, 

Sanders 

[20] 

GP, Fels, 

Sanders, 

multivariat

e GEE 

[20] 

A. Cho et al., 2020 Korean girls with CPP 

(SGA vs AGA) [54] 

69 [54] GP [54] BP 

(average 

and 

advanced) 

[54] 

Anni Erkko et al., 

2025 

Girls aged 6–8 with GnRH-

dependent PP [55] 

60 (18 

with adult 

height) 

[55] 

GP, 

BoneXpert 

[55] 

BP, 

BoneXpert 

[55] 

C. Partsch et al., 

2000 

Girls with CPP [56] 52 [56] Not 

specified 

[56] 

Not 

specified 

[56] 

Kadri Yaman et al., 

2024 

Girls with CPP [57] 67 [57] Not 

specified 

[57] 

Not 

specified 

[57] 

Bình Dương et al., 

2023 

Isolated idiopathic GHD [9] 42 (9F, 

33M) [9] 

BP tables 

[9] 

BP [9] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

D. Mul et al., 2002 Boys with CPP 

(Netherlands, Italy, France) 

[58] 

26 [58] BP tables 

[58] 

BP 

(average 

and 

advanced) 

[58] 

Mateus Cavarzan 

Lopes et al., 2017 

Brazilian girls with ICPP 

[15] 

48 [15] BP tables 

[15] 

BP, 

Giabicani 

mathemati

cal model 

[15] 

Hae-sang Lee et al., 

2018 

Korean girls with idiopathic 

CPP [13] 

84 [13] GP [13] BP [13] 

G. Saggese et al., 

2001 

Girls with isolated GH 

deficiency [59] 

24 [59] Not 

specified 

[59] 

Not 

specified 

[59] 

A. Cho et al., 2021 Korean boys with 

idiopathic CPP [60] 

18 [60] GP [60] BP [60] 

B. U. Nwosu et al., 

2021 

Non-syndromic short 

stature on rhGH [22] 

71 [22] Not 

specified 

[22] 

BAPAH 

[22] 

Shruti A. Mondkar 

et al., 2023 

Indian girls with iCPP [61] 179 (58 

with adult 

height) 

[61] 

Not 

specified 

[61] 

Not 

specified 

[61] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

M. Jung et al., 2014 Korean girls with idiopathic 

CPP [62] 

82 [62] GP [62] BP [62] 

N. Akcan et al., 

2024 

Tall stature (familial, 

constitutional, Marfan) [63] 

22 [63] TW2, BP 

[63] 

BP, TW 

mark II 

[63] 

W. Blum et al., 

2022 

ISS, German-Dutch [18] 292 

(219M, 

73F) [18] 

Not 

specified 

[18] 

BP, RWT, 

10 new 

multi-

regression 

models 

[18] 

B. U. Nwosu et al., 

2021a 

Non-syndromic short 

stature on rhGH [64] 

71 [64] Not 

specified 

[64] 

BAPAH 

[64] 

Yanqin Ying et al., 

2017 

Chinese girls with ICPP 

[14] 

101 [14] GP [14] BP [14] 

Hyun Ji Jang et al., 

2023 

Korean girls with CPP 

(treated vs untreated) [65] 

36 

untreated, 

206 

treated 

[65] 

GP [65] PAH for 

BA, BP 

[65] 

Kyoung Won Cho 

et al., 2026 

Korean boys with CPP [66] 92 [66] GP [66] BP [66] 

M. S. Kim et al., 

2019 

Korean girls with idiopathic 

CPP [67] 

166 [67] GP [67] BP [67] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

Eun Young Kim et 

al., 2019 

Girls with idiopathic PP 

(SGA vs AGA) [68] 

69 [68] BP tables 

[68] 

BP 

(average 

and 

advanced) 

[68] 

T. Ando et al., 2022 Japanese elite male football 

players [69] 

53 [69] TW2 

(RUS) 

[69] 

TW2-

based 

models + 

parental 

height [69] 

M. Borges et al., 

2015 

Brazilian children with CPP 

[70] 

62 (54 

girls, 8 

boys) [70] 

Not 

specified 

[70] 

Not 

specified 

[70] 

T. Aeppli et al., 

2024 

Extremely tall adolescents 

(Sweden) [71] 

72 (45 

girls, 27 

boys) [71] 

Not 

specified 

[71] 

Not 

specified 

[71] 

王晓鸥 et al., 2005 Chinese children: normal, 

short stature, CPP [72] 

130 [72] GP, TW2, 

CHN [72] 

BP, TW2-

Ye, CHN 

[72] 

K. Costa et al., 2017 Normal variant short stature 

[73] 

33 [73] Not 

specified 

[73] 

BP, TW3 

[73] 

A. Gavrilova et al., 

2017 

GH deficiency, Russian 

[74] 

121 [74] Not 

specified 

[74] 

ANN-

based 

model [74] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

E. J. Sousa et al., 

2008 

Brazilian children with CPP 

[75] 

56 [75] Not 

specified 

[75] 

BP [75] 

D. Knapik et al., 

2018 

Healthy children (Bolton-

Brush), mostly Caucasian 

[76] 

81 [76] GP, 

central 

peak value 

method 

[76] 

GP + 

central 

peak value 

[76] 

D. Choukair et al., 

2022 

Chronic endocrinopathies 

(CAH, GHD, SGA, UTS) 

[7] 

82 (48F, 

34M) [7] 

GP 

manual, 

BoneXpert 

v2.1 [7] 

BP, 

BoneXpert 

[7] 

M. Brenneis et al., 

2023 

Children with varus/valgus 

deformity [77] 

31 [77] GP, 

central 

peak 

height 

(CPH) 

method 

[77] 

BP, Paley, 

SGP, PHV 

multiplier 

tables [77] 

Hae Woon Jung et 

al., 2025 

Healthy Korean children 

[78] 

80 [78] TW3, AI 

body 

compositi

on model 

[78] 

TW3, AI 

body 

compositi

on model 

[78] 
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Study Population / Condition Sample 

size 

BA 

assessmen

t 

method(s) 

Height 

prediction 

method(s) 

Grant B Nelson et 

al., 2020 

Healthy children (Bolton-

Brush + contemporary) 

[79] 

76 + 300 

[79] 

GP [79] GT height 

+ GP + 

sex [79] 

M. D. de Ridder et 

al., 2008 

Short SGA children on GH 

[80] 

150 [80] Not 

specified 

[80] 

Prediction 

model 

with GH 

dose [80] 

The included studies span publication years from 2000 to 2026 and encompass sample 

sizes ranging from 18 to over 8,000 subjects. The most frequently studied clinical condition is 

central precocious puberty (CPP), represented in approximately 30 studies, followed by 

constitutional delay of growth and puberty (CDGP), idiopathic short stature (ISS), and growth 

hormone deficiency (GHD). Thirteen studies involve healthy or normally growing children, 

and several address specific athletic or clinical populations. Full texts were available for 

approximately 35 of the 80 sources. 

The Greulich-Pyle (GP) atlas is the most commonly used bone age assessment method, 

employed in the majority of studies [13, 16, 23–25, 29, 40, 42, 53, 54, 65, 66]. The Tanner-

Whitehouse system (versions TW2 and TW3) is the second most common [2, 5, 8, 24, 31, 33, 

39, 69]. Automated systems, particularly BoneXpert, are featured in at least 10 studies [3–7, 

16, 19, 25, 27, 49, 51, 55]. Deep learning or AI-based bone age tools are assessed in four studies 

[1, 23, 40, 78]. The Bayley-Pinneau (BP) method is by far the most frequently used adult height 

prediction algorithm, applied in over 40 studies. 

Effects: Prediction Accuracy 

Prediction Accuracy in Healthy and Normally Growing Populations 
The table below summarizes quantitative accuracy measures reported in studies 

involving healthy or normally growing children and method-validation cohorts. 
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Study Populati

on 

Predicti

on 

method 

RMSE 

(cm) 

MAE 

(cm) 

Correlat

ion (r or 

R²) 

Systema

tic bias 

(cm) 

Error 

range or 

limits of 

agreeme

nt 

S. 

Ostojić 

et al., 

2013 

Male 

athletes 

TW Not 

reported 

Not 

reported 

r = 0.96 

[2] 

Not 

significa

nt (P = 

0.55) [2] 

95% 

LoA: 

−5.84 to 

+4.52 cm 

[2] 

David D 

Martin 

et al., 

2016 

Healthy 

(Paris) 

BoneXpe

rt 

Boys: 

2.8; 

Girls: 3.1 

[4] 

Not 

reported 

Not 

reported 

0 (boys); 

−0.8 

girls 

<BA 12 

[4] 

Not 

reported 

H. H. 

Thodber

g et al., 

2009 

Healthy 

(Zurich) 

BoneXpe

rt AHP 

Boys: 

3.3; 

Girls: 2.7 

[3] 

Not 

reported 

Not 

reported 

Not 

reported 

Not 

reported 

H. H. 

Thodber

g et al., 

2010 

Healthy 

(Zurich) 

GP 

manual 

GPPE 

1.26% 

[5] 

Not 

reported 

Not 

reported 

Not 

reported 

95% CI: 

1.22–

1.30 [5] 

H. H. 

Thodber

g et al., 

2010 

Healthy 

(Zurich) 

TW 

manual 

GPPE 

1.32% 

[5] 

Not 

reported 

Not 

reported 

Not 

reported 

95% CI: 

1.28–

1.36 [5] 
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Study Populati

on 

Predicti

on 

method 

RMSE 

(cm) 

MAE 

(cm) 

Correlat

ion (r or 

R²) 

Systema

tic bias 

(cm) 

Error 

range or 

limits of 

agreeme

nt 

H. H. 

Thodber

g et al., 

2010 

Healthy 

(Zurich) 

BoneXpe

rt 

GPPE 

1.22% 

[5] 

Not 

reported 

Not 

reported 

Not 

reported 

95% CI: 

1.18–

1.26 [5] 

C. 

Bertaina 

et al., 

2006 

Healthy 

(Italy) 

TW2 Not 

reported 

Not 

reported 

Not 

reported 

Not 

reported 

Males 

>±4.1 

cm: 

40%; 

Females 

>±3.6 

cm: 

29.2% 

[33] 

C. 

Bertaina 

et al., 

2006 

Healthy 

(Italy) 

TW3 Not 

reported 

Not 

reported 

Not 

reported 

Not 

reported 

Males 

>±4.1 

cm: 

32.9%; 

Females 

>±3.6 

cm: 

29.2% 

[33] 
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Study Populati

on 

Predicti

on 

method 

RMSE 

(cm) 

MAE 

(cm) 

Correlat

ion (r or 

R²) 

Systema

tic bias 

(cm) 

Error 

range or 

limits of 

agreeme

nt 

G. 

Beunen 

et al., 

2010 

Boys 

(Madeira

) 

Beunen-

Malina 

Not 

reported 

Not 

reported 

r = 0.70–

0.85 [39] 

Not 

reported 

SEE: 

3.3–4.7 

cm [39] 

Nihui 

Pei et 

al., 2025 

Chinese 

children 

Deep 

learning 

Not 

reported 

1.75 [1] r = 0.94 

[1] 

−0.11 [1] 95% 

LoA: 

−6.37 to 

+6.14 [1] 

Huahon

g Wu et 

al., 2025 

Beijing 

children 

Bone 

grade + 

puberty 

Not 

reported 

Not 

reported 

Not 

reported 

0.02 [17] ≤3 cm: 

73.5% 

[17] 

Xueqion

g Xu et 

al., 2025 

Chinese 

girls at 

menarch

e 

Multiline

ar (GP + 

knee 

radiomic

s) 

2.01 [19] Not 

reported 

R² = 

0.733 

[19] 

−0.01 

[19] 

95% 

LoA: 

−3.96 to 

+3.93 

[19] 

In healthy populations, the BoneXpert automated system achieves an RMSE of 2.7–3.3 

cm [3] and is comparable to or slightly better than manual GP ratings [5]. The growth potential 

prediction error (GPPE) for the BoneXpert method (1.22%) was lower than manual TW 

(1.32%) and manual GP (1.26%), with the GP method significantly outperforming TW in 

predicting adult height [5, 5]. Among newer approaches, the cascaded deep learning model by 

Pei et al. achieved an MAE of 1.75 cm for adult height in Chinese children [1], and the 

clinically optimized bone-grade/pubertal-stage model by Wu et al. reduced mean prediction 

error to 0.02 cm with 73.5% of predictions within 3 cm [17]. The combined model 

incorporating left hand bone age and knee radiomic scores yielded an RMSE of 2.01 cm in 
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Chinese girls at menarche, outperforming traditional GP-BP and target height methods [19, 

19]. 

For athletic populations, the TW method in Caucasian male athletes showed a 

correlation of r = 0.96 between predicted and actual adult height with 95% limits of agreement 

of −5.84 to +4.52 cm [2]. In elite Middle Eastern soccer players, TW-II was identified as the 

most consistent prediction method, with a precision of approximately ±2.6 cm and no 

systematic bias, whereas BoneXpert and TW-III overpredicted adult height at younger skeletal 

ages [49, 49]. 

Prediction Accuracy by Method Across Clinical Conditions 
The following table summarizes accuracy findings stratified by prediction method and 

clinical condition, where reported. 

Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

Marina 

Unrath et 

al., 2013 

ISS BP AHP Not reported RMSE: Boys 

6.35, Girls 

4.55 [16] 

Manual GP-

based 

Marina 

Unrath et 

al., 2013 

ISS BX AHP 

(auto) 

Not reported RMSE: Boys 

4.71, Girls 

3.72 [16] 

Significantly 

better than 

BP 

(p=0.0013 

boys) [16] 

Marina 

Unrath et 

al., 2013 

ISS BX AHP + 

parents 

Not reported RMSE: Boys 

4.46, Girls 

3.35 [16] 

Best 

performance 

with parental 

height 

Shurong 

Huang et 

al., 2022 

Girls with 

early puberty 

TW3 +0.4 ± 2.8 

[24] 

r = 0.77; 

92.9% 

within ±5 cm 

[24] 

Best method 

for this 

population 
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Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

Shurong 

Huang et 

al., 2022 

Girls with 

early puberty 

CH05 −2.9 ± 3.6 

[24] 

r = 0.69 [24] Significant 

underestimat

ion 

Shurong 

Huang et 

al., 2022 

Girls with 

early puberty 

BP −1.3 ± 3.8 

[24] 

r = 0.70 [24] Significant 

underestimat

ion 

Seung woo 

Jeong et al., 

2018 

Short stature 

(Korean) 

BP Males: +6.9 

± 4.2; 

Females: 

+0.4 ± 3.9 

[29] 

Not reported BP most 

accurate for 

females 

Seung woo 

Jeong et al., 

2018 

Short stature 

(Korean) 

RWT Males: +5.2 

± 4.1; 

Females: 

+6.6 ± 3.6 

[29] 

Not reported Overestimati

on in both 

sexes 

Seung woo 

Jeong et al., 

2018 

Short stature 

(Korean) 

TW2 Males: +4.3 

± 3.7; 

Females: 

+4.8 ± 4.4 

[29] 

Not reported Overestimati

on in both 

sexes 

I. Erbas et 

al., 2021 

GH 

deficiency 

BP −0.5 SDS 

[50] 

54.7% 

within ±1 

SDS [50] 

Underestima

tion 

I. Erbas et 

al., 2021 

GH 

deficiency 

RWT 0.0 SDS [50] 77.4% 

within ±1 

SDS [50] 

Most 

accurate 

overall 
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Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

I. Erbas et 

al., 2021 

GH 

deficiency 

TW2 +0.3 SDS 

[50] 

62.3% 

within ±1 

SDS [50] 

Slight 

overestimati

on 

T. Reinehr 

et al., 2020 

Isolated 

GHD 

BP 

(baseline) 

Girls: −4.1; 

Boys: −6.1 

[8] 

r = 0.74 [8] Substantial 

underestimat

ion before 

GH 

T. Reinehr 

et al., 2020 

Isolated 

GHD 

BP (1 yr 

GH) 

Girls: −2.5; 

Boys: −0.9 

[8] 

r = 0.82 [8] Underestima

tion 

diminishes 

T. Reinehr 

et al., 2020 

Isolated 

GHD 

BP (last BA) Girls: +0.4; 

Boys: +3.8 

[8] 

r = 0.87 [8] Overestimati

on at end of 

treatment 

T. Reinehr 

et al., 2020 

Isolated 

GHD 

TW2 

(baseline) 

Girls: −5.3; 

Boys: −7.9 

[8] 

Not reported Greater 

underestimat

ion than BP 

W. Blum et 

al., 2022 

ISS New 

algorithms 

−0.29 to 

−0.82 [18] 

Prediction 

error: 3.16–

3.68 cm [18] 

Less bias 

than BP 

(+0.53) or 

RWT 

(+1.33) 

D. Choukair 

et al., 2022 

Chronic 

endocrinopat

hies 

BoneXpert Females: 

+0.58; 

Males: +2.81 

[7] 

Not reported Females 

accurate; 

males 

overestimate

d 
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Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

D. Choukair 

et al., 2022 

Chronic 

endocrinopat

hies 

BP 

conventional 

Females: 

−2.43; 

Males: +0.37 

[7] 

Not reported Females 

underestimat

ed 

Anni Erkko 

et al., 2025 

Girls 6–8 

with PP 

BP −0.1 ± 6.6 

[55] 

Not reported No bias, but 

high 

variability 

Anni Erkko 

et al., 2025 

Girls 6–8 

with PP 

BoneXpert −3.6 ± 4.6 

[55] 

Not reported Overestimate

s, but lower 

variability 

Gözde Akın 

Kağızmanlı 

et al., 2025 

Boys with 

CDGP 

BP No 

significant 

difference 

from FH 

[27] 

Not reported Accurate for 

BA delay ≤2 

yr 

Gözde Akın 

Kağızmanlı 

et al., 2025 

Boys with 

CDGP 

RWT No 

significant 

difference 

from FH 

[27] 

Not reported Best overall 

predictor 

[27] 

Gözde Akın 

Kağızmanlı 

et al., 2025 

Boys with 

CDGP 

BoneXpert Underestima

ted FH 

(p<0.001) 

[27] 

Not reported Underestima

tion in 

CDGP 
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Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

T. Reinehr 

et al., 2019 

Boys with 

CDGP 

BP +1.2 

(overall); 

+4.1 in 

validation 

[10] 

Not reported Overestimate

s, especially 

BA 

retardation 

≥2 yr 

T. Reinehr 

et al., 2019 

Boys with 

CDGP 

New model Not 

significant 

(p=0.196) 

[10] 

Not reported Adapted for 

degree of 

BA 

retardation 

Bình Dương 

et al., 2023 

Isolated 

GHD 

BP 

(baseline) 

−2.9 [9] R² = 0.62 [9] Underestima

tion pre-

treatment 

Bình Dương 

et al., 2023 

Isolated 

GHD 

BP (3 yr 

GH) 

+2.6 [9] R² = 0.94 [9] Correlation 

improves 

over 

treatment 

K. Costa et 

al., 2017 

Normal 

variant short 

stature 

BP Overestimati

on [73] 

Concordance

: 0.47 [73] 

Poor 

concordance 

K. Costa et 

al., 2017 

Normal 

variant short 

stature 

TW3 Overestimati

on [73] 

Concordance

: 0.58 [73] 

Slightly 

better than 

BP 

F. Rohani et 

al., 2018 

Boys with 

CDGP 

BP +5.0 [11] Not reported Significant 

overestimati

on (p<0.005) 
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Study Condition Method Bias (cm or 

SDS) 

Other 

accuracy 

measure 

Notes 

A. 

Gavrilova et 

al., 2017 

GH 

deficiency 

(Russian) 

ANN model Not reported RMSE: 4.4 

cm [74] 

76% 

explained 

variance 

Junghwan 

Suh et al., 

2023 

Korean 

children 

AI (CNN) Overestimati

on [23] 

MAE: 4.62 

cm [23] 

Higher error 

than bone 

age 

estimation 

Several patterns emerge from these data. In normally growing children, RMSE values 

for modern automated systems (BoneXpert, deep learning) range from approximately 1.75 to 

3.3 cm, which is generally comparable to or better than manual methods [1, 3, 5]. Incorporating 

parental height into automated predictions further reduces RMSE by 0.25–0.5 cm [3, 16]. 

In clinical populations, prediction accuracy is substantially more variable. For children 

with idiopathic short stature, the BP method yields RMSE values of 4.5–6.4 cm, while the 

BoneXpert-based model achieves 3.4–4.7 cm [16]. In GH deficiency, the BP method 

systematically underestimates adult height at baseline by 4–8 cm [8, 9] but shifts toward 

overestimation after prolonged GH treatment [8, 9]. The RWT method appears most accurate 

in GH-deficient children overall, with 77.4% of predictions falling within ±1 SDS of near-adult 

height [50]. 

For CDGP, the BP method consistently overestimates final height, particularly in boys 

with bone age retardation ≥2 years, with a median overestimation of +1.6 to +5.0 cm [10, 11, 

27]. The RWT method was found to be the best overall predictor in CDGP [27], and a dedicated 

CDGP prediction model adapted for the degree of bone age retardation showed no significant 

difference from actual adult height (p = 0.196) [10]. 

Prediction Accuracy in Precocious Puberty 
Given the large number of studies in precocious puberty, the following table 

summarizes height prediction outcomes (predicted vs. final height) in this population. 
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Study N at FH Treatme

nt 

PAH at 

start 

(cm) 

FAH 

(cm) 

FAH − 

PAH 

(cm) 

Target 

height 

(cm) 

FAH vs 

TH 

K. Klein 

et al., 

2001 

80 girls LHRH 

agonist 

149.3 ± 

9.6 [12] 

159.8 ± 

7.6 [12] 

+10.5 

[12] 

163.7 ± 

5.6 [12] 

FAH < 

MPH 

K. Klein 

et al., 

2001 

18 boys LHRH 

agonist 

156.1 ± 

14.2 [12] 

171.1 ± 

8.7 [12] 

+15.0 

[12] 

178.3 ± 

5.2 [12] 

FAH < 

MPH 

C. 

Partsch 

et al., 

2000 

52 girls Triptorel

in 

154.9 ± 

9.6 [56] 

160.6 ± 

8.0 [56] 

+5.7 [56] Not 

reported 

78% 

within 

TH 

range 

F. 

Antonia

zzi et al., 

2003 

48 girls GnRHa 

± 

calcium 

152.9 ± 

9.6 [41] 

159.9 ± 

6.3 [41] 

+7.0 [41] Not 

reported 

Not 

reported 

Hae-

sang Lee 

et al., 

2018 

84 girls GnRHa 156.1 ± 

5.7 [13] 

160.1 ± 

5.0 [13] 

+3.9 ± 

4.6 [13] 

159.9 ± 

3.5 [13] 

FAH ≈ 

MPH 

M. Jung 

et al., 

2014 

59 girls 

(GnRHa) 

GnRHa 

alone 

156.6 ± 

4.0 [62] 

160.4 ± 

4.2 [62] 

+3.8 [62] 159.9 ± 

3.5 [62] 

FAH ≈ 

MPH 

M. Jung 

et al., 

2014 

23 girls 

(GnRHa

+GH) 

GnRHa 

+ GH 

154.6 ± 

2.6 [62] 

159.3 ± 

5.3 [62] 

+4.7 [62] 158.1 ± 

3.3 [62] 

FAH > 

MPH 



Research Article                                                  Volume 17, Issue No. 01. 2026 
           E-ISSN: 1044-5390 

53 
Medical Education in The United States and Canada 

Downloaded from Medical Education in The United States and Canada 
Copyright © American Medical Publication. All rights reserved 

Study N at FH Treatme

nt 

PAH at 

start 

(cm) 

FAH 

(cm) 

FAH − 

PAH 

(cm) 

Target 

height 

(cm) 

FAH vs 

TH 

Yanqin 

Ying et 

al., 2017 

101 girls GnRHa 153.1 ± 

5.4 [14] 

157.0 ± 

4.8 [14] 

+3.9 [14] Not 

reported 

94.6% at 

MPH 

[14] 

Chin-

Hui 

Tseng et 

al., 2023 

109 girls 

(treated) 

GnRHa 153.3 

[53] 

157.0 

[53] 

+3.7 [53] 157.0 

[53] 

FAH ≈ 

TH 

Chin-

Hui 

Tseng et 

al., 2023 

95 girls 

(control) 

None 157.1 

[53] 

156.7 

[53] 

−0.4 [53] 157.0 

[53] 

FAH ≈ 

TH 

Shruti 

A. 

Mondka

r et al., 

2023 

58 girls GnRHa 155.9 ± 

6.4 [61] 

157.1 ± 

5.8 [61] 

+1.2 [61] Not 

reported 

Adult 

height > 

target 

(p<0.01) 

D. Mul 

et al., 

2002 

26 boys GnRHa Not 

reported 

172.9 ± 

6.6 [58] 

+6.2 ± 

8.7 (avg 

BP) [58] 

TH SDS 

−0.23 

[58] 

FH ≈ TH 

A. Cho 

et al., 

2021 

18 boys GnRHa Not 

reported 

172.0 ± 

4.8 [60] 

Not 

reported 

171.0 ± 

4.0 [60] 

FAH ≈ 

TH 

Kyoung 

Won 

Cho et 

al., 2026 

92 boys GnRHa 179.9 ± 

8.1 [66] 

173.6 ± 

6.4 [66] 

FAH > 

TH by 

1.2 ± 5.9 

[66] 

172.4 ± 

3.4 [66] 

FAH > 

TH 

(p=0.047

) 
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Study N at FH Treatme

nt 

PAH at 

start 

(cm) 

FAH 

(cm) 

FAH − 

PAH 

(cm) 

Target 

height 

(cm) 

FAH vs 

TH 

Kadri 

Yaman 

et al., 

2024 

67 girls GnRHa Not 

reported 

Not 

reported 

Not 

reported 

Not 

reported 

94% at 

or above 

TH [57] 

Hyun Ji 

Jang et 

al., 2023 

36 girls 

(untreate

d) 

None 156.4 

(PAH for 

BA) [65] 

160.7 ± 

4.6 [65] 

+4.3 ± 

3.3 [65] 

Not 

reported 

FAH < 

MPH by 

1.0 [65] 

Taja 

Knific et 

al., 2022 

48 girls 

(iCPP, 

treated) 

GnRHa Not 

reported 

161.5 

[51] 

Not 

reported 

Not 

reported 

FH ≈ 

untreated 

(161.0) 

[51] 

Shao-ke 

Chen et 

al., 2009 

26 girls GnRHa Not 

reported 

158.0 ± 

4.0 [44] 

Not 

reported 

155.3 ± 

4.4 [44] 

FAH > 

TH 

(p<0.01) 

M. S. 

Kim et 

al., 2019 

135 

(GnRHa) 

GnRHa PAH 

SDS 

−2.20 

[67] 

AH SDS 

0.18 [67] 

+2.5 

SDS [67] 

Not 

reported 

Not 

reported 

M. S. 

Kim et 

al., 2019 

31 

(GnRHa

+GH) 

GnRHa 

+ GH 

PAH 

SDS 

−3.19 

[67] 

AH SDS 

−0.30 

[67] 

+2.93 

SDS [67] 

Not 

reported 

Not 

reported 

Across studies of precocious puberty treated with GnRH agonists, final adult height 

consistently exceeded the predicted adult height calculated at diagnosis, with gains ranging 

from approximately 3 to 15 cm depending on the age at diagnosis, severity of bone age 

advancement, and treatment duration [12–14, 56]. This systematic underestimation of final 

height by the BP method at diagnosis reflects the fact that BP tables were developed for 
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normally maturing children and do not account for the deceleration of bone maturation induced 

by GnRHa therapy [8, 21]. Predicted adult height at the end of GnRHa treatment, however, 

more closely approximates actual final height [14, 15], with Lopes et al. showing that BP at 

end of treatment correlated more strongly (r = 0.74) with final height than BP at diagnosis (r = 

0.48) [15]. 

Importantly, untreated girls diagnosed with CPP between ages 8 and 9 also exceeded 

their predicted adult height at diagnosis by approximately 3.5–4.3 cm [65], suggesting that BP-

based predictions at the time of PP diagnosis systematically underestimate final height 

regardless of treatment, likely due to the self-limiting nature of bone age advancement in many 

cases [30, 65]. 

Comparison of Manual Versus Automated Methods 
Several studies directly compared manual and automated bone age assessment for adult 

height prediction. BoneXpert-based predictions showed lower inter-rater variability and 

enhanced reproducibility compared with manual GP ratings [6, 7]. In children with chronic 

endocrinopathies, BoneXpert predictions were closer to near-adult height in females (Δ +0.58 

cm, p = ns) than conventional BP (Δ −2.43 cm, p < 0.01), but overestimated in males (Δ +2.81 

cm, p < 0.05), particularly in those with retarded bone ages such as multiple pituitary hormone 

deficiency (overestimation of 9.3 cm) [7]. Conventional BP methods may outperform 

automated analyses in specific clinical cases where bone age is severely retarded [6, 7]. 

In girls aged 6–8 with precocious puberty, BoneXpert overestimated adult height by 

3.6 cm (p = 0.01) but showed lower individual variability (SD 4.6 cm) compared to the BP 

method, which had no mean bias (−0.1 cm) but higher variability (SD 6.6 cm) [55, 55]. In boys 

with CDGP, BoneXpert significantly underestimated final height (p < 0.001), whereas BP and 

RWT did not differ significantly from final height [27]. 

The AI-based VUNO Med-BoneAge system showed that 78% of AI predictions fell 

within Bland-Altman agreement limits, compared with 93% for specialist predictions [40]. The 

deep learning model by Pei et al. achieved an MAE of 1.75 cm for adult height prediction in 

Chinese children [1], and Suh et al. reported an MAE of 4.62 cm using a CNN-based approach 

in Korean children [23], suggesting considerable variation in AI accuracy depending on the 

model architecture and training population. 
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Novel and Integrative Prediction Approaches 
Multiple studies explored prediction models that incorporate variables beyond bone age 

alone. Including parental height improved BoneXpert-based prediction RMSE from 4.71 to 

4.46 cm in boys and 3.72 to 3.35 cm in girls with ISS [16]. The Blum et al. multi-regression 

algorithms for ISS, incorporating chronological age, height, parental heights, relative bone age, 

birth weight, and sex, achieved prediction errors of 3.16–3.68 cm with mean residuals of −0.29 

to −0.82 cm, outperforming both BP (+0.53 cm) and RWT (+1.33 cm) in terms of bias [18, 

18]. 

The integration of multiple skeletal maturity systems (Fels, GP, Sanders, chronological 

age, and height) into multivariate models yielded the lowest prediction error in both boys and 

girls from the Brush Inquiry [20]. Adding pubertal staging to a simplified 2-bone protocol 

(radius + metacarpal I) reduced mean prediction error from 0.71 cm to 0.02 cm and increased 

the proportion of predictions within 3 cm from 66.9% to 73.5% [17, 17]. The Xu et al. model 

combining GP bone age with knee radiomic scores and height at menarche achieved an R² of 

0.733 and the lowest residual range (−5.68 to +6.44 cm) compared to traditional GP-BP and 

target height methods [19, 19]. 

Novel skeletal maturity markers also showed promise for growth prediction. The distal 

femoral central peak height method, when combined with GP bone age and chronological age, 

explained 92.4% of variance in timing to 90% of final height [76]. Similarly, bony greater 

trochanter height combined with GP bone age and sex explained approximately 85% of 

variance [79]. The Diméglio skeletal age system demonstrated excellent reliability (ICC = 

0.906) and, when paired with age and sex, achieved an adjusted R² of 78.7% for predicting 

percent of final height [28]. A body composition-based AI model using bioelectrical impedance 

analysis was clinically equivalent to TW3 for bone age prediction, with a difference of 0.04 ± 

1.02 years [78]. 

Synthesis 

The evidence from these 80 sources reveals a consistent overall finding: bone age-based 

adult height prediction is moderately accurate in normally growing children but shows 

systematic biases that vary by clinical condition, method, bone age status, and timing of 

assessment. The apparent heterogeneity in reported prediction accuracy can be largely 

explained by the following factors. 



Research Article                                                  Volume 17, Issue No. 01. 2026 
           E-ISSN: 1044-5390 

57 
Medical Education in The United States and Canada 

Downloaded from Medical Education in The United States and Canada 
Copyright © American Medical Publication. All rights reserved 

Condition-specific prediction biases. The direction and magnitude of prediction error 

are strongly determined by the underlying clinical condition. In GH deficiency, both BP and 

TW2 methods underestimate adult height at baseline by 4–8 cm in untreated children [8, 9], 

because retarded bone age indicates more remaining growth potential than the standard tables 

predict. After GH treatment, this reverses to overestimation of 2–4 cm [8, 9]. In CDGP, the BP 

method overestimates final height by 1–5 cm [10, 11, 34], likely because the tables for 

"retarded" bone age do not adequately account for the unique growth pattern of CDGP, where 

peak growth velocity is compromised and puberty duration shortened [35]. In precocious 

puberty, BP at diagnosis underestimates final height by 3–15 cm depending on age at diagnosis 

and treatment [12–14], because predictions do not anticipate the bone age deceleration 

achieved by GnRHa therapy. In children with idiopathic advanced bone age, the "accelerated" 

BP tables are accurate, and adult height is ultimately uncompromised [30, 30]. For tall stature, 

BP and TW predictions may overestimate, as height SDS decreases from referral to adulthood 

[36, 63]. 

Bone age status as a moderator. Prediction accuracy is highest when bone age is 

concordant with chronological age [21]. When bone age is delayed, predictions tend to 

overestimate, while when bone age is advanced, underestimation may occur due to early 

growth plate closure [21, 52]. In girls with precocious adrenarche, PAH was overestimated 

when BA ≤ CA and underestimated when BA−CA > 1 year [52]. The degree of bone age 

retardation in CDGP further modulates accuracy: BP overestimates more when BA retardation 

is ≥2 years [10, 27], and methods specifically adapted for the degree of retardation (such as the 

Reinehr model) perform better [10]. 

Age and timing of prediction. Prediction accuracy generally improves as children 

approach skeletal maturity. In GHD, the correlation between PAH and final adult height 

increased from R² = 0.62 at baseline to R² = 0.94 after 3 years of GH therapy [9]. Bone age-

predicted adult height overestimates in younger subjects but becomes more precise in older 

subjects [22, 64]. In precocious puberty, predictions at the end of treatment are more accurate 

than at diagnosis [14, 15]. In athletes, TW-II and BoneXpert predictions converge toward 

accuracy as skeletal age approaches maturity, while systematic overprediction occurs at 

younger skeletal ages (13.5–15 years) [49]. 

Sex differences. Sex-specific differences in prediction accuracy are consistently 

reported. In short stature, the BP method is significantly more accurate for females than males 
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[29, 50]. In GHD, the magnitude of underestimation at baseline is greater in boys than in girls 

[8]. Boys also show greater overestimation at the end of GH treatment [8]. The RWT method 

shows the best performance in girls with GH deficiency [50], while in CDGP the RWT method 

outperforms BP and BoneXpert across degrees of bone age delay [27]. 

Methodological factors. Manual bone age rating introduces inter-rater variability that 

propagates into height prediction error [6, 45]. Automated systems such as BoneXpert 

eliminate this variability [6, 7], but they are not universally superior: BoneXpert may 

overestimate in certain clinical contexts (males with chronic endocrinopathies, young girls with 

PP) [7, 55] and underestimate in CDGP [27]. The GP method has been more widely validated 

across populations, though its applicability varies by ethnicity [45]. Population-specific 

standards (e.g., China-05 for Chinese children) may not perform equivalently when paired with 

standard prediction algorithms designed for other populations [24]. 

Integrative models. The most accurate prediction approaches combine bone age with 

additional clinical variables. Parental height, current height, pubertal stage, BMI, and 

population-specific radiographic features (such as knee radiomic scores) each contribute 

independently to prediction accuracy [16–20]. Multi-regression models and artificial neural 

networks developed for specific populations and conditions (e.g., ISS, GH deficiency, athletic 

cohorts) consistently outperform traditional single-method approaches [18, 19, 69, 74]. The 

emerging integration of deep learning for bone age with regression-based height prediction 

holds promise for further accuracy gains [1, 23]. 

In summary, bone age assessment on hand/wrist radiographs provides a robust 

foundation for adult height prediction, with typical RMSE values of 2.5–3.5 cm in healthy 

children using modern automated methods. Prediction accuracy degrades substantially in 

clinical conditions with altered bone maturation (GHD, CDGP, precocious puberty), where 

condition-specific biases of 3–8 cm are common with traditional methods. The most reliable 

predictions are obtained when the method is matched to the clinical condition and bone age 

status, when assessment is performed closer to skeletal maturity, when parental height and 

pubertal stage are incorporated, and when automated or AI-based systems are used to minimize 

rater variability. For specific conditions, dedicated prediction models adapted for the degree of 

bone age deviation outperform generic approaches. 

DISCUSSION 
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Overall Accuracy in Healthy Populations 

The synthesized evidence demonstrates that bone age-based adult height prediction 

achieves moderate accuracy in healthy, normally growing children, with root mean square 

errors (RMSE) ranging from 2.5 to 3.5 cm for modern automated methods [3,4]. This level of 

accuracy, while clinically useful, warrants careful interpretation. The 2.7-3.3 cm RMSE 

reported for BoneXpert in the Zurich Longitudinal Studies [3] and Paris Longitudinal Study 

[4] suggests that approximately 95% of predictions fall within ±6-7 cm of actual adult height, 

a range that may be meaningful for clinical decision-making but insufficient for precise 

individual prognosis. 

The deep learning model developed by Pei et al. achieving a mean absolute error of 

1.75 cm in Chinese children represents a substantial improvement over traditional methods [1]. 

This enhanced accuracy likely reflects both the large training dataset (8,242 children) and the 

cascaded architecture combining Yolact for bone region segmentation with ResNet-18 for 

feature extraction. However, the generalizability of such models to diverse populations remains 

to be established, as deep learning systems may overfit to population-specific skeletal 

maturation patterns [23]. 

The comparison of manual methods in healthy children by Thodberg et al. provides 

important insights into method performance [5]. The growth potential prediction error (GPPE) 

for BoneXpert (1.22%) significantly outperformed manual Tanner-Whitehouse (1.32%) and 

approached statistical significance over manual Greulich-Pyle (1.26%). Notably, the Greulich-

Pyle method outperformed Tanner-Whitehouse in predicting adult height, contrary to 

expectations given the more systematic nature of the TW scoring system. This finding suggests 

that the clinical utility of a bone age method depends not only on its reliability but also on the 

appropriateness of its underlying reference population and the validity of its prediction 

algorithm [5]. 

Condition-Specific Prediction Patterns 

Growth Hormone Deficiency 

The systematic review reveals a consistent biphasic pattern of prediction accuracy in 

growth hormone deficiency (GHD) that has profound clinical implications. At baseline, prior 

to treatment initiation, both Bayley-Pinneau and Tanner-Whitehouse methods substantially 

underestimate final adult height by 4-8 cm [8,9]. This underestimation occurs because bone 

age is typically delayed in untreated GHD, and the standard prediction tables interpret this 
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delay as indicating greater remaining growth potential than is actually realizable given the 

underlying growth hormone deficit [21]. The magnitude of underestimation is greater in boys 

than girls [8], possibly reflecting sex differences in the relationship between bone age delay 

and growth velocity. 

Following growth hormone treatment initiation, prediction accuracy improves 

progressively, with correlation coefficients increasing from approximately R² = 0.62 at baseline 

to R² = 0.94 after three years of therapy [9]. Notably, predictions shift from systematic 

underestimation at baseline to overestimation by 2-4 cm at the end of treatment [8,9]. This 

reversal likely reflects the fact that GH treatment accelerates linear growth more than skeletal 

maturation in the initial phases, followed by catch-up bone age advancement that reduces 

remaining growth potential more rapidly than predicted [22]. The finding that the Roche-

Wainer-Thissen method demonstrated superior overall accuracy in GHD, with 77.4% of 

predictions within ±1 SDS of near-adult height [50], suggests that methods incorporating 

multiple variables beyond bone age may better capture the complex dynamics of GH-treated 

growth. 

Constitutional Delay of Growth and Puberty 

Constitutional delay of growth and puberty (CDGP) represents the most common cause 

of short stature in boys and presents particular challenges for height prediction. The synthesized 

evidence demonstrates consistent overestimation of final height by the Bayley-Pinneau method 

in CDGP, ranging from 1-5 cm [10,11,27]. This overestimation is most pronounced when bone 

age retardation exceeds two years, with Reinehr et al. reporting median overestimation of +4.1 

cm in validation cohorts with significant delay [10]. 

The mechanism underlying this overestimation appears related to the unique growth 

pattern of CDGP. Although these children have delayed skeletal maturation suggesting 

substantial remaining growth potential, their peak growth velocity during puberty is 

compromised and pubertal duration is shortened [35]. The standard "retarded" tables in the 

Bayley-Pinneau method, derived from children with delayed maturation but normal pubertal 

progression, do not adequately account for this abbreviated growth period [34]. The Roche-

Wainer-Thissen method emerged as the most consistently accurate predictor in CDGP [27], 

likely because its inclusion of current height and weight partially captures the altered body 

proportions characteristic of delayed maturation. 
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The novel CDGP-specific model developed by Reinehr et al., which incorporates the 

degree of bone age retardation, achieved predictions not significantly different from actual 

adult height (p = 0.196) [10]. This finding underscores the importance of condition-specific 

algorithm development and suggests that generic prediction methods applied to CDGP 

populations will systematically overestimate final height. 

Precocious Puberty 

The largest body of evidence in this review pertains to central precocious puberty 

(CPP), reflecting both its clinical importance and the complexity of height prediction in treated 

populations. Across 30 studies, a consistent pattern emerges: Bayley-Pinneau predictions at 

diagnosis systematically underestimate final adult height by 3-15 cm [12-14,56]. The 

magnitude of underestimation varies with age at diagnosis, severity of bone age advancement, 

and treatment duration, with gains of approximately +10.5 cm in girls and +15.0 cm in boys 

reported in the NIH experience [12]. 

This systematic underestimation occurs because the Bayley-Pinneau "accelerated" 

tables, derived from children with advanced maturation but normal pubertal progression, do 

not account for the dramatic deceleration of bone maturation induced by gonadotropin-

releasing hormone agonist (GnRHa) therapy [8,21]. The treatment effectively uncouples the 

relationship between chronological age, bone age, and growth velocity that underlies standard 

prediction models. Importantly, predicted adult height at the end of GnRHa treatment correlates 

more strongly with final height (r = 0.74) than predictions at diagnosis (r = 0.48) [15], 

indicating that predictions should be updated throughout treatment. 

A particularly noteworthy finding is that untreated girls with CPP diagnosed between 

ages 8-9 also exceeded their predicted adult height by approximately 3.5-4.3 cm [65]. This 

suggests that even without treatment, the natural history of late-onset CPP involves some 

degree of spontaneous improvement in predicted height, likely due to the self-limiting nature 

of bone age advancement in many cases [30]. This finding has implications for interpreting 

treatment efficacy and suggests that some of the apparent height gain attributed to GnRHa 

therapy may reflect natural history rather than treatment effect [65]. 

Idiopathic Short Stature and Other Conditions 

In idiopathic short stature (ISS), prediction accuracy varies substantially by method. 

The Bayley-Pinneau method yields RMSE values of 4.5-6.4 cm [16], while BoneXpert-based 

models achieve 3.4-4.7 cm, with further improvement to 3.4-4.5 cm when parental height is 
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incorporated [16]. The novel multi-regression algorithms developed by Blum et al. for ISS, 

incorporating chronological age, height, parental heights, relative bone age, birth weight, and 

sex, achieved prediction errors of 3.16-3.68 cm with substantially reduced bias compared to 

Bayley-Pinneau (+0.53 cm) and Roche-Wainer-Thissen (+1.33 cm) [18]. 

For tall stature, both Bayley-Pinneau and Tanner-Whitehouse methods tend to 

overestimate final height, as height SDS typically decreases from referral to adulthood [36,63]. 

This pattern reflects the tendency for extremely tall children to regress toward the mean, a 

phenomenon not captured by prediction methods based on average populations. 

Comparison of Manual versus Automated Methods 

The direct comparisons between manual and automated bone age assessment reveal 

important trade-offs. Automated systems, particularly BoneXpert, consistently demonstrate 

lower inter-rater variability and enhanced reproducibility compared to manual Greulich-Pyle 

ratings [6,7]. This reduction in measurement error should theoretically translate to improved 

prediction accuracy, and indeed several studies demonstrate superior performance of automated 

systems in specific populations [3,16]. 

However, automated systems are not universally superior. In children with chronic 

endocrinopathies, BoneXpert predictions were closer to near-adult height in females (Δ +0.58 

cm) than conventional Bayley-Pinneau (Δ -2.43 cm), but significantly overestimated in males 

(Δ +2.81 cm), particularly those with retarded bone ages such as multiple pituitary hormone 

deficiency where overestimation reached 9.3 cm [7]. Similarly, in girls aged 6-8 with 

precocious puberty, BoneXpert overestimated adult height by 3.6 cm (p = 0.01) while showing 

lower individual variability (SD 4.6 cm) compared to Bayley-Pinneau, which had no mean bias 

but higher variability (SD 6.6 cm) [55]. In boys with CDGP, BoneXpert significantly 

underestimated final height (p < 0.001), whereas manual methods did not differ significantly 

from actual height [27]. 

These findings suggest that automated systems, while reducing measurement 

variability, may propagate systematic biases when their underlying algorithms are not 

optimized for specific clinical conditions. The "black box" nature of some automated 

approaches also limits the ability of clinicians to identify when predictions are likely to be 

inaccurate [23]. Conventional manual methods may outperform automated analyses in specific 

clinical contexts where bone age is severely retarded or advanced [6,7], likely because 
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experienced clinicians can incorporate qualitative features of skeletal maturation not captured 

by automated algorithms. 

Factors Moderating Prediction Accuracy 

Bone Age Status 

The relationship between bone age and chronological age emerges as a critical 

moderator of prediction accuracy across all conditions. When bone age is concordant with 

chronological age, prediction accuracy is highest [21]. When bone age is delayed, predictions 

tend to overestimate final height, as seen in CDGP [10,11,27] and untreated GHD [8,9]. When 

bone age is advanced, underestimation may occur due to earlier-than-expected growth plate 

closure, as observed in precocious adrenarche where predicted adult height was overestimated 

when bone age ≤ chronological age and underestimated when bone age advancement exceeded 

one year [52]. 

The degree of bone age deviation modulates accuracy in a dose-response manner. In 

CDGP, Bayley-Pinneau overestimation is significantly greater when bone age retardation 

exceeds two years [10,27]. In idiopathic advanced bone age, the "accelerated" Bayley-Pinneau 

tables are accurate for mild advancement but may overcorrect for severe advancement [30]. 

This graded relationship suggests that prediction methods should incorporate the magnitude of 

bone age deviation as a continuous variable rather than simply categorizing bone age as 

delayed, average, or advanced. 

Age and Timing of Assessment 

Prediction accuracy improves systematically as children approach skeletal maturity. In 

GHD, the correlation between predicted and actual adult height increased from R² = 0.62 at 

baseline to R² = 0.94 after three years of GH therapy [9]. In elite youth soccer players, Tanner-

Whitehouse II and BoneXpert predictions converged toward accuracy as skeletal age 

approached maturity, while systematic overprediction occurred at younger skeletal ages (13.5-

15 years) [49]. 

This age-dependent accuracy reflects the diminishing uncertainty about remaining growth 

potential as children progress through puberty. At younger ages, small errors in bone age 

assessment or assumptions about growth velocity compound over longer remaining growth 

periods. Conversely, near skeletal maturity, the range of possible adult heights narrows 

regardless of prediction method [22,64]. This has important clinical implications: predictions 
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made in early childhood should be interpreted with greater caution and updated regularly, while 

those made in later adolescence can be viewed with greater confidence. 

Sex Differences 

Sex-specific differences in prediction accuracy are consistently reported across studies. 

In short stature, Bayley-Pinneau is significantly more accurate for females than males [29,50]. 

In GHD, the magnitude of underestimation at baseline is greater in boys than girls [8], and boys 

show greater overestimation at the end of GH treatment [8]. These sex differences likely reflect 

fundamental differences in pubertal physiology: girls have a more predictable and compressed 

pubertal growth spurt, while boys show greater inter-individual variability in timing and 

intensity of peak growth velocity [35]. 

The Roche-Wainer-Thissen method shows the best performance in girls with GH 

deficiency [50], while in CDGP, RWT outperforms Bayley-Pinneau and BoneXpert across 

degrees of bone age delay [27]. These findings suggest that optimal method selection may 

differ by sex, with RWT offering particular advantages in female populations where its 

inclusion of weight may better capture body composition effects on growth. 

Integrative and Novel Approaches 

The most accurate prediction models identified in this review share a common 

characteristic: they integrate multiple sources of information beyond bone age alone. The 

inclusion of parental height consistently improves prediction accuracy, reducing RMSE by 

0.25-0.5 cm in both healthy children [3] and those with ISS [16]. This incremental benefit 

reflects the strong heritability of adult height and the information content of mid-parental height 

for predicting a child's genetic growth potential. 

Pubertal staging adds independent predictive value, with Wu et al. demonstrating that 

incorporating pubertal status into a simplified two-bone protocol reduced mean prediction error 

from 0.71 cm to 0.02 cm and increased the proportion of predictions within 3 cm from 66.9% 

to 73.5% [17]. This finding underscores the importance of considering maturational status 

beyond skeletal age alone, as pubertal stage captures information about endocrine status and 

growth velocity not fully reflected in bone age. 

Novel skeletal maturity markers show promise for improving prediction accuracy. The 

distal femoral central peak height method, when combined with Greulich-Pyle bone age and 

chronological age, explained 92.4% of variance in timing to 90% of final height [76]. Similarly, 

bony greater trochanter height combined with Greulich-Pyle bone age and sex explained 
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approximately 85% of variance in adult height [79]. These quantitative markers offer 

advantages over traditional bone age assessment by providing continuous measurements rather 

than categorical ratings, potentially capturing more nuanced information about skeletal 

maturity. 

The integration of multiple skeletal maturity systems into multivariate models 

represents a particularly promising approach. Munger et al. demonstrated that combining Fels, 

Greulich-Pyle, and Sanders methods with chronological age and height yielded the lowest 

prediction error in both boys and girls from the Brush Inquiry [20]. This finding suggests that 

different skeletal maturity systems capture complementary information about remaining 

growth potential, and their integration provides a more complete picture than any single method 

alone. 

Radiomics and deep learning approaches represent the frontier of prediction 

methodology. The model by Xu et al. combining Greulich-Pyle bone age with knee radiomic 

scores and height at menarche achieved an R² of 0.733 and the lowest residual range (-5.68 to 

+6.44 cm) compared to traditional methods [19]. This approach leverages the rich information 

content of radiographic images beyond simple bone age ratings, extracting quantitative features 

of bone shape, density, and texture that may reflect growth dynamics. Similarly, the cascaded 

deep learning framework of Pei et al. achieved remarkable accuracy (MAE 1.75 cm) by 

simultaneously optimizing bone age assessment and height prediction in an end-to-end 

architecture [1]. 

Clinical Implications 

The findings of this review have several important clinical implications. First, clinicians 

must recognize that prediction accuracy is not uniform across populations and conditions. The 

systematic biases identified—overestimation in CDGP, underestimation in untreated GHD and 

CPP—should inform clinical interpretation of predictions. Rather than treating predicted adult 

height as a precise estimate, clinicians should apply condition-specific correction factors based 

on the expected direction and magnitude of bias. 

Second, method selection should be tailored to clinical context. For healthy children, 

modern automated methods such as BoneXpert offer excellent accuracy with minimal rater 

variability [3-5]. For GHD, the Roche-Wainer-Thissen method appears superior to alternatives 

[50]. For CDGP, condition-specific models incorporating the degree of bone age retardation 

outperform generic methods [10]. For CPP, predictions should be updated throughout 
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treatment, with end-of-treatment predictions carrying greater weight than those at diagnosis 

[14,15]. 

Third, the incorporation of additional clinical variables is essential for optimal accuracy. 

Parental height should be collected routinely and integrated into predictions [16,18]. Pubertal 

staging adds independent predictive value and should be performed at the time of bone age 

assessment [17]. For patients nearing skeletal maturity, predictions based on current height and 

remaining growth potential may be more accurate than bone age-based methods [22,64]. 

Fourth, automated systems offer important advantages in reducing rater variability and 

should be adopted where available [6,7]. However, clinicians must remain vigilant for 

condition-specific biases in automated predictions and should not assume that automation 

guarantees accuracy across all populations. In complex cases or those with extreme bone age 

deviations, manual assessment by experienced clinicians may provide complementary 

information [7,55]. 

Future Directions 

Future research should prioritize large, multi-center studies directly comparing multiple 

prediction methods in diverse populations. The development and validation of condition-

specific algorithms, such as those for CDGP [10] and ISS [18], should be extended to other 

disorders. The integration of novel biomarkers, including radiomic features [19] and genetic 

markers, holds promise for further accuracy improvements. Finally, the clinical impact of 

prediction accuracy on patient outcomes and treatment decisions should be evaluated 

prospectively. 

CONCLUSION AND RECOMMENDATIONS 

This systematic review of 80 studies provides a comprehensive synthesis of the 

evidence regarding bone age-based adult height prediction across diverse pediatric populations. 

The key findings can be summarized as follows: 

1. In healthy, normally growing children, bone age-based adult height prediction achieves 

moderate accuracy with RMSE values of 2.5-3.5 cm for modern automated methods. 

Deep learning approaches have demonstrated mean absolute errors as low as 1.75 cm 

in specific populations. 

2. Prediction accuracy varies systematically by clinical condition, with distinct and 

predictable patterns of bias: 
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o In growth hormone deficiency, substantial underestimation (4-8 cm) at baseline 

reverses to overestimation (2-4 cm) after treatment 

o In constitutional delay, consistent overestimation (1-5 cm) occurs, particularly 

when bone age retardation exceeds two years 

o In precocious puberty, marked underestimation (3-15 cm) at diagnosis improves 

after GnRHa therapy 

o In idiopathic short stature, RMSE ranges from 3.4-6.4 cm depending on method 

3. Automated systems (BoneXpert) reduce inter-rater variability and achieve accuracy 

comparable or superior to manual methods in many populations, but show condition-

specific limitations in severe bone age deviations. 

4. The relationship between bone age and chronological age critically moderates 

prediction accuracy, with delayed bone age associated with overestimation and 

advanced bone age with underestimation, in a dose-response manner. 

5. Integrative models incorporating parental height, pubertal staging, current 

anthropometrics, and novel radiomic markers consistently outperform single-method 

predictions, with multi-regression algorithms achieving RMSE reductions of 1-2 cm 

compared to traditional methods. 

6. Prediction accuracy improves as children approach skeletal maturity, emphasizing the 

importance of updating predictions throughout treatment and follow-up. 

Recommendations for Clinical Practice 

Based on these findings, we offer the following recommendations: 

1. For healthy children undergoing routine growth assessment, automated bone age 

methods (BoneXpert) are preferred due to their excellent accuracy and elimination of 

inter-rater variability. 

2. For children with growth hormone deficiency, the Roche-Wainer-Thissen method 

should be considered the preferred prediction approach, with recognition that 

predictions at treatment initiation will systematically underestimate final height. 

3. For constitutional delay of growth and puberty, clinicians should anticipate that Bayley-

Pinneau predictions will overestimate final height, particularly when bone age 

retardation exceeds two years. Condition-specific models or the Roche-Wainer-Thissen 

method are preferred alternatives. 
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4. For central precocious puberty, predictions should be obtained at diagnosis to establish 

baseline expectations but must be interpreted with awareness of systematic 

underestimation. Updated predictions at the end of GnRHa treatment provide more 

accurate estimates of final outcome. 

5. Parental height should be routinely incorporated into height predictions, as it 

consistently improves accuracy across conditions and populations. 

6. Pubertal staging should be performed concurrently with bone age assessment, as 

pubertal status provides independent predictive information beyond skeletal age alone. 

7. Predictions made before puberty or in early childhood should be interpreted with 

greater caution and updated regularly, while those made in late adolescence can be 

viewed with greater confidence. 

8. When using automated systems, clinicians should remain vigilant for condition-specific 

biases and should consider manual assessment as a complementary approach in cases 

with extreme bone age deviations. 

Future Research Directions 

The field of bone age-based adult height prediction stands at an inflection point, with 

traditional methods increasingly supplemented and potentially supplanted by automated 

systems and artificial intelligence. Future research should address: 

1. Development and validation of condition-specific prediction algorithms for common 

growth disorders 

2. Prospective, multi-center studies directly comparing all available methods in diverse 

populations 

3. Integration of genetic markers and novel biomarkers into prediction models 

4. Evaluation of the clinical impact of prediction accuracy on treatment decisions and 

patient outcomes 

5. Development of population-specific standards and algorithms for non-Caucasian 

cohorts 

6. Investigation of novel skeletal maturity markers from multiple anatomic sites 

7. Validation of deep learning approaches across diverse clinical populations and settings 

8. Establishment of standardized reporting guidelines for height prediction studies to 

facilitate meta-analysis 
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In conclusion, bone age assessment from hand-wrist radiographs provides a clinically 

useful foundation for adult height prediction, but the accuracy of predictions depends critically 

on matching the method to the clinical condition, incorporating additional patient 

characteristics, and interpreting results with awareness of systematic biases. The integration of 

automated systems, multi-modal data, and condition-specific algorithms holds promise for 

continued improvement in this essential clinical tool. 
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