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Abstract

Background: Despite its pivotal role, the use of bone age is lim-
ited due to a lack of physician expertise, time, and access. 

Objective: To develop and validate a mobile application-based 
bone age assessment tool.  

Study Design: The study involved the selection of standardized 
images (from 307 radiographs), delineation (90 radiographs), evalu-
ation (200 radiographs) and incorporation of regions of interest on 
the application, and validation against the Tanner-Whitehouse 3 
method by an expert (252 radiographs) and non-expert users (110 
radiographs). 

Results: The application-based assessment by expert users had 
an absolute standardized difference of 4.7 months (95% confidence 
interval; 4.2-5.2 months), a relative standardized difference devia-
tion of 4.4% (3.9-4.9%), and similar intraindividual [2.8 (1.9-3.7) 
months versus 3.6 (2.8-4.5) months] and interindividual variation 
[4.2 (3.3-5.0) versus 4.2 (3.3-5.2) months] compared to the TW3 
method. Non-expert user assessment had an absolute standardized 
difference of 6.7 months (5.6-7.7 months) and a relative standard-
ized difference deviation of 5.8% (4.7-6.9%). The mean test time 
was lower for application than TW3 for both expert [1.3 (0.2) versus 
3.1 (1.0) minutes, p<0.001] and non-expert users [2.8 (1.0) versus 
5.0 (1.4) minutes, p<0.001].   

Discussion: Our study confirms the accuracy of mobile applica-
tion-based bone age assessment. This, along with good precision, 
reduced complexity, and lower time requirement, suggests a poten-
tial for its widespread implementation. 
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Bone age assessment is integral to Pediatric Endocrine evalu-
ation [1]. Despite its significance, the use of bone age is limited 
in pediatric practice due to a lack of physician expertise, time, 
and accessibility. Bone age assessment methods use automated 
(BoneXpert) or manual comparison of the entire non-dominant 
hand (Greulich-Pyle) or specific regions of interest (Tanner-
Whitehouse III method) with age and gender-specific standards 
[2-4]. 

Manual bone age assessment methods compare the whole 
radiograph (holistic approach; GP atlas) or a combination of 
regions of interest (analytical approach; TW3) to age and gen-
der standards. The epiphyseal maturation of regions of inter-

est varies in an individual making the perfect match between 
radiographs challenging. The analytical approach has higher 
precision than the holistic approach, as indicated by lower intra-
observer variability for the TW method than the GP atlas [5]. 

These methods are complicated by the need for multiple 
sites that increase procedure time and variability. The need 
for morphological grading of each region of interest makes 
the TW3 method challenging for physicians with limited expo-
sure to bone age assessment. Inconsistent interpretations of 
the capitate, hamate, the first distal, and fifth middle phalanx, 
part of the TW3 RUS method, have been reported [6]. Includ-
ing epiphysis from similar regions contributes little to the diag-
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nostic accuracy of a method while increasing its complexity. A 
higher number of regions of interest increases the test time and 
complexity of the method; making a reduction in the number 
of sites desirable. This highlights the need for an accessible tool 
allowing rapid bone age assessment with reduced complexity. 

The availability of smart mobile phones provides an oppor-
tunity to allow point-of-care bone age assessment. We have 
developed mobile application tools guiding the evaluation and 
management of children with short stature and diabetic ketoac-
idosis [7,8]. We, therefore, aimed to develop a mobile applica-
tion-based tool with a reduced number of regions of interest to 
allow simplified, reproducible, and valid bone age assessment.

Material and Methods

The study involved the selection of age and gender-specific 
standard images, delineation, evaluation, and incorporation of 
regions of interest on the mobile application, development of 
the regression equation for bone age interpretation, validation 
against the gold standard, and comparison with the automated 
method of bone age assessment (Bone Xpert) (Figure 1).

The anonymized radiographs of the left hand and wrist of 
children and adolescents presenting to the Pediatric Endocrine 
Clinic of our hospital were accessed after approval from the 
Institutional Ethics Committee. Radiographs with poor quality, 
improper hand orientation, and bone anomalies (skeletal dys-
plasia or metabolic bone disease) were excluded. Pediatric En-
docrinologists with experience in bone age assessments (Expert 
users) selected and validated the images.

Image Selection

Three Expert users (AB, CD, RP) selected six-monthly age and 
gender-specific images of thirteen TW3 RUS regions of interest 
(metacarpal, proximal, middle, and distal phalangeal epiphy-
sis of middle and little fingers; distal, proximal phalangeal, and 
metacarpal epiphysis of thumb; radial and ulnar epiphysis) from 
307 radiographs [152 boys; age 10.9 (3.1) years, 2-18 years]. 

Site Selection

Two Expert users (CD, RP) assessed the bone age of addi-
tional 90 radiographs [52 boys; age 9.8 (3.4) years, 2-18 years] 
for each region of interest and TW3 method. The predictive ac-
curacy of individual regions of interest for TW3 measurements 
was assessed using Root Mean Square Error (RMSE) and linear 
regression. The combined predictive value of the regions of in-
terest found significant on linear regression was compared to 
that of all sites for six-monthly and annual images. 

All regions of interest showed reasonable predictive accu-
racy for the TW3 method (RMSE 1.1 to 2.2, Table 1). Five sites 
(middle and proximal phalanx of middle finger, proximal pha-
lanx of thumb, radius, and ulna) had significant predictive value 
on linear regression. The predictive accuracy of the combina-
tion of these five sites for the gold standard was similar to that 
for all 13 sites (RMSE 0.68 as against 1.32; R2 96.1% as against 
96.4%). Annualized images had better diagnostic accuracy than 
six-monthly images (RMSE 0.9 as against 1.5, p 0.04). Therefore, 
annualized images of these five regions of interest were includ-
ed for further analysis.

Development of Equation

The equation for bone age computation from these regions 
was developed using linear regression for TW3 assessment in 
an additional set of 200 radiographs [97 boys; 9.9 (3.2) years, 
2-18 years] by two expert users (RP, SM). The five regions of 
interest explained 96.1% variation in the TW3 results for 200 
distinct images on linear regression. The regression equation 
was used to compute mobile application-based bone age.

Development of the Mobile Application 

The panel of gender-specific annualized images of the five 
selected regions of interest was loaded on the mobile applica-
tion platform. The mobile application displays unlabeled annu-
alized images of these regions of interest after entering gender 
and date of birth. The user selects the image closest to the test 
radiograph. The application provides instantaneous bone age 
readings (2-15 years in girls and 2-16.5 years in boys) based on 
the image selection and the pre-loaded regression equation 
(Figures 2A & 2B).

Validation 

Three expert users (RP, CD, SM) validated the results of the 
mobile application against the gold standard TW3 method on 
252 novel sets of radiographs (143 boys; 10.1 (3.4), 2-16 years 

Table 1: Predictive accuracy of most appropriate sites predicting TW3 
bone age.

Region of interest RMSE
Standardized  

coefficient (Beta)
p-value

Proximal phalanx of the middle 
finger

1.1 0.24 <0.001

Radius 0.9 0.22 <0.001

Ulna 2.2 0.22 <0.001

Proximal phalanx of thumb 1.1 0.21 <0.001

Middle phalanx of the middle 
finger

1.2 0.13 0.028

Distal phalanx of the little finger 1.4 0.233 0.086

Distal phalanx of the middle finger 1.3 -0.126 0.283

Metacarpal of thumb 1.3 0.033 0.530

Distal phalanx of thumb 1.4 0.081 0.354

Middle phalanx of the little finger 1.5 0.015 0.890

Proximal phalanx of the little 
finger

1.2 0.093 0.462

Metacarpal of the middle finger 1.2 0.117 0.357

Metacarpal of the little finger 1.3 0.043 0.678

Top 5 sites 0.68 1.09 <0.001

All 13 sites 1.32 1.41 <0.001

Figure 1: Flow diagram demonstrating study design.
RMSE: Root mean square error, TW3: Tanner Whitehouse 3  
methods
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of age). The precision and accuracy were assessed using abso-
lute and relative standardized differences and Bland Altman 
Plot. Intraindividual variation was measured in 80 radiographs 
assessed twice by the same user, while the interindividual varia-
tion was studied on 120 radiographs reported by two expert 
users. The experts were blinded for the radiographs and were 
provided images for assessment on different days. The gender 
of the individual was the only information disclosed to the rat-
ers with no disclosure about chronological age or diagnosis. 

Validation in Non-Expert Users

The diagnostic accuracy of the application amongst non-
expert users was determined on 110 radiographs [50 boys, 9.9 
(2.1), 2-18 years] assessed by two physicians with no prior ex-
posure to bone age assessment. Their bone age assessments by 
mobile application and TW3 method were compared with TW3 
bone age readings of expert users.

Statistical Analysis

The data was analyzed using IBM Statistical Package for So-
cial Sciences (SPSS version 25.0, SPSS, Inc., Chicago, IL, USA) for 
Macintosh. Data is expressed as mean (standard deviation) or 
mean (95% confidence interval). Accuracy and precision were 
assessed by root mean square error, absolute and relative stan-
dardized difference, and the Bland-Altman plot. Linear regres-
sion analysis was used to rank regions of interest in order of 
their predictive value and develop regression equations to cal-
culate the bone age. The time taken by both expert and non-
expert users in assessing bone age by the mobile application 
and the TW3 method was compared using the Student’s t-test.

Results

The mean mobile application assessed bone age by expert 

users on 252 novel radiographs was similar to that of the gold 
standard TW3 method [10.1 (2.9) as against 10.1 (3.1) years, 
p=0.517). The mobile application had an absolute standardized 
difference of 4.7 months (4.2-5.2 months) and a relative stan-
dardized difference deviation of 4.4 % (3.9-4.9%) compared to 
the TW3 method. The Bland-Altman plot showed agreement 
between the Mobile application and the gold standard results 
(Figure 3). The mobile application-based bone age assessment 
had similar intraindividual [2.8 (1.9-3.7) as against 3.6 (2.8-4.5) 
months, p=0.14] and interindividual variation [4.2 (3.3-5.0) ver-
sus 4.3 (3.3-5.2) months, p=0.87] compared to the TW3 meth-
od.  

The bone age application assessment by non-expert us-
ers (HM, PM) had an absolute standardized difference of 6.7 
months (5.6-7.7 months) and a relative standardized difference 
deviation of 5.8% (4.7-6.9%). Interindividual variability was 
similar for mobile application and TW3 methods [6.7 (5.7-7.6) 
versus 6.5 (5.4-7.6) months, p=0.84]. The mean time for bone 
age assessment was lower for mobile application than TW3 
method for both expert [1.3 (0.2) as against 3.1 (1.0) minutes, 
p<0.001], and non-expert users [2.8 (1.0) as against 5.0 (1.4) 
minutes, p<0.001].

Discussion

The findings of our study confirm the accuracy of mobile ap-
plication-based bone age assessment for both expert and non-
expert users. This, along with similar precision, lower time re-
quirement than the gold standard, and offline availability across 
mobile platforms, makes it ideal for widespread bone age as-
sessment across clinical settings. 

The absolute standardized difference for expert users in our 
mobile application (4.7 months) is lower than that reported 
with manual (GP and TW3, 5-10 months), automated (Bone 
Xpert, 8.4-8.5 months), and deep learning-based artificial intel-
ligence methods (TW3I, 6 months) indicating good diagnostic 
accuracy [5-6,9,10]. High intraindividual variation has been a 
cause of concern with manual methods (3-10 months) [5]. The 
intraindividual variation for our mobile application is lower than 
that reported for manual measures (TW3 and GP 2.9 months) 
and at par with automated methods (Bone Xpert, 2.1 months) 
[5,11]. The absolute standardized difference of 6.7 months for 
non-expert users aligns with automated measures and indicates 
a high potential for implementation in physicians with limited 
exposure to bone age assessment. 

Including epiphysis from similar regions contributes little to 
the diagnostic accuracy of a method while increasing its com-
plexity. Only five of the 13 regions included in the TW3 RUS 
method had significant predictive value in our study. These 
represent four distinct bone groups (thumb, radius, ulna, and 
middle finger). The reduction in the region of interest (from 13 
to five) lowered the test time by 60% compared to the TW3 
method without affecting precision. Inconsistent interpreta-
tions of the capitate, hamate, the first distal, and fifth middle 
phalanx, part of the TW3 RUS method, have been reported [6]. 
These sites did not achieve statistical significance in our study 
and were, therefore, not included in the application.  

The study's findings may not be applicable to general pedia-
tricians; good diagnostic accuracy in non-expert users, however, 
suggests its generalizability for the setting. Mobile application-
based bone age assessment represents a rapid, accurate, and 
precise tool that can be implemented across resource settings. 

Figure 2A & B: Input (A) and output field (B) for the mobile applica-
tion.

Figure 3: Bland Altman plot for mobile application in comparison 
to TW3 method.
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More studies across settings and comparisons with other meth-
ods are needed to confirm this potential.
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