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Background: The Greulich and Pyle (GP) method is the most commonly used manual bone
age assessment method but it is associated with interrater variability. The BoneXpert method
is fully automated, eliminates interrater variability and has been validated for use in various
populations.

Objectives: To compare the manual GP method with the automated BoneXpert method
in performing bone age assessment of children with various paediatric endocrinology
diagnoses.

Method: Three manual readers performed manual bone age assessment, and BoneXpert
software performed automated bone age assessment on 260 left hand-wrist radiographs.
Images where the average of three manual readers (Manual BA) deviated from BoneXpert BA
by > 1.5 years, were re-read by an external reader, producing a Reference BA. Manual BA was
compared to Carpal BA that was produced by the software. A composite bone age (Comp BA)
for the software was defined to estimate the weighting on carpal and tubular bones to achieve
the best agreement with Manual BA.

Results: The interclass correlation (ICC) between each manual reader was > 0.9, indicating a
high positive correlation. The ICC between Manual BA and BoneXpert BA was 0.982. The
Comp BA for BoneXpert that would achieve the best fit with Manual BA, places a 50%
weighting on Carpal BA and 50% weighting on Tubular BA.

Conclusion: The BoneXpert method is efficient, well-validated and shows a positive
correlation with the manual GP method. An estimated weightage of 50% to carpal bones and
50% to tubular bones resulted in an automated Comp BA with the best agreement with
Manual BA.

Contribution: This original research article compares manual and automated bone age
assessment methods to evaluate the use of artificial intelligence tools in the South African
context.

Keywords: bone age assessment; Greulich and Pyle; BoneXpert; artificial intelligence; skeletal
maturity.

Introduction

Skeletal maturity is represented by the degree of ossification in bone and can be measured using
bone age assessment.! Every bone progresses through a relatively consistent sequence of changes
that can be observed radiologically. The most widely used method for assessing skeletal maturity
uses hand-wrist radiographs to determine bone age, which is correlated with the patient’s
chronological age.?

Bone age assessment is a routine task for general radiologists and paediatric radiologists. It is
requested by paediatricians and paediatric endocrinologists as part of the diagnostic work-up for
patients with diseases that cause tall or short stature. Serial measurements can be performed to
monitor response to treatment for these diseases.> Bone age determination can also be used to
estimate patients’ chronological ages with absent or unknown birth records. There are various
radiological methods available to calculate bone age.

Note: Additional supporting information may be found in the online version of this article as Online Appendix 1.
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Manual methods of bone age assessment

The most commonly used manual method is the Greulich and
Pyle (GP) Atlas, first published in 1950, displaying images of
left-hand and wrist radiographs for males and females of
different ages.* The patient’s hand and wrist x-ray is compared
to the images in the atlas to assign a bone age. By analysing the
carpals, metacarpals and phalanges, the most similar reference
image in the atlas becomes the patient’s bone age.

The Tanner—-Whitehouse (TW) method is the second most
commonly used method.® It involves assessing 20 individual
bones in the hand and wrist and assigning a numerical
score for each bone’s stage of development. The sum of
these scores correlates to a particular bone age. The TW
method is more accurate than the GP method, but more
time-consuming.!

The recently developed Gilsanz and Ratib Atlas is a digital
atlas featuring artificial images that are of better quality than
those in the GP Atlas.® The BonAge ultrasound device involves
sonographic examination of the distal radius and ulna
epiphysis to determine skeletal age using gender and ethnicity-
based algorithms.” This method is still in its initial stages
and requires further evaluation in more extensive sample
studies.® Bone age can also be determined by visualisation of
dental maturity.® Various atlases can be used to compare
mineralisation in teeth to reference orthopantomography.®

The clavicle is the last ossification centre to fuse at
approximately 22 years of age. Bone age for individuals 18-22
years old has been calculated using visualisation of the clavicle
on conventional radiographs, CT and MRI*® Other less
commonly used methods of bone age determination are
visualisation of the iliac crest apophysis (Risser sign) and
femoral epiphysis.®

For decades, bone age assessment has been conducted
manually using the GP or TW methods. Both methods
require considerable time and are subject to interrater
variability.” Furthermore, the GP skeletal maturity
standards are based on a single ethnic group of children
and may not apply to children of diverse ethnicities and
different socioeconomic backgrounds."

Automated methods for bone age assessment

Artificial intelligence (AI) can be defined as software that
automates a manual task." There has been tremendous
progress in applying Al principles to diagnostic radiology.
Tools in Al can be divided into three categories, namely, Al-
assist (assisting the radiologist), Al-replace (replacing the
radiologist) and Al-extend (Al that performs tasks beyond
what is humanly capable by the radiologist)."

To encourage the development of radiology Al tools, the
Radiology Society of North America (RSNA) conducted the
RSNA Pediatric Bone Age Machine Learning Challenge in
2017.22 Participants who registered for the challenge were
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provided with a data set of 14236 hand radiographs from
Stanford University and the University of Colorado.”
BoneXpert software ranked fourth among the top five best
submissions.?

The BoneXpert software was first introduced in April 2008 by
the company Visiana, Horsholm, Denmark." As of April 2022,
the software is being utilised by more than 200 radiology
departments, predominantly in Europe.* BoneXpert was
initially intended to be an Al-replace tool.** According to a
survey conducted in 20202021 across 149 radiology
departments within the European Union, most radiologists
use BoneXpert as an Al-assist tool."* An additional Al-assist
(and potentially Al-extend) function is the BoneXpert Adult
height prediction method. This replaces the manual Bayley
and Pinneau method.

Research methods and design

This study was designed as a retrospective, multicentre,
comparative study. All left hand and wrist radiographs
performed for bone age assessment between 01 June 2020
and 31 May 2023 were included in the study. The relevant
patients were identified using records from the paediatric
endocrinology clinics and radiology departments of Chris
Hani Baragwanath Academic Hospital (CHBAH), Charlotte
Maxeke Johannesburg Academic Hospital (CMJAH) and
Rahima Moosa Mother and Child Hospital (RMMCH).
Permission was granted by the heads of the radiology
departments and hospital Chief Executive Officers (CEOs) at
all three hospitals.

Radiographs were acquired on Shimadzu UD150V-40 X-ray
units at both CHBAH and CMJAH, and a Philips
DigitalDiagnost X-ray unit at RMMCH. All radiographs
were digital. A good quality hand radiograph for bone age
assessment should include the distal forearm and fingertips.
The hand should be positioned with the palm down flat,
fingers flat and separated. No flexion of any joints or rotation
of the hand should be observed.

All radiographs were anonymised, assigned a numerical
identifier and stored in JPEG format. For clinical use,
BoneXpert’s intended image format is DICOM image files.
However, for research purposes, additional supported image
file formats supported include JPEG, PNG and BMP files. In
this study, the images were analysed in “unknown resolution’
and only the gender was entered for each uploaded image. If
no resolution is provided, BoneXpert assigns an inferred
resolution, which is derived by comparing the detected hand
size in the image with expected hand dimensions that are built
into its model.

Manual bone age assessment

Manual bone age assessment of all the radiographs in the
data set was performed independently by three manual
readers using the GP atlas : a general radiologist, Reader 1,
a paediatric endocrinologist, Reader 2 and a paediatric
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radiologist, Reader 3. For cases where the bone age was
assessed to lie between two standards, an average of the
two values was assigned as the bone age. The manual
readers also observed other incidental findings on the
radiographs.

Automated bone age assessment

Automated bone age assessment was performed using
BoneXpert Standalone Version 3.2.2 (Visiana, Holte,
Denmark, www.boneXpert.com). BoneXpert analysed 28
bones — 19 short bones, radius, ulna and seven carpal
bones. The analysis produces a GP bone age, TW bone age,
carpal bone age and bone health index. The GP bone age
produced by the software is based on the 21 tubular bones
(BoneXpert BA). The carpal bone age based on seven carpal
bones is produced as a separate reading (Carpal BA)
(Figure 1). Carpal bone age is computed by the software up
to a carpal bone age of 11 years in boys and 9 years in girls.

The image processing is divided into three layers:"> Layer A
locates each bone, outlines the bone borders and validates
the bone borders. At this stage, bones with abnormal
morphology may be rejected; Layer B calculates the bone age
for each bone based on shape, bone density and texture,
formulating an average bone age. Any bone with a bone age
that differs more than 2.4 years from the average bone age, is
rejected; Layer C converts the intrinsic bone age into GP or
TW bone ages®

Images with a discrepancy of >1.5 years between the average
of the manual bone age readings (Manual BA) and automated
readings (BoneXpert BA) were re-read by an external reader,
producing a reference bone age reading (Reference BA). The
differences between Reference BA and Manual BA, Reference
BA and BoneXpert BA, and Manual BA and Carpal BA were
calculated.

Results:
Bone age (GP) 1.60 years

Bone age SDS

Percent Adult Height

Metacarpal Index 0.34

MCI Standard Deviation
Score (SDS) (Afr)

This report was generated
automatically by BoneXpert.

Note: The algorithm has located each bone, reconstructed the bone borders and assigned a
GP bone age to each bone. The average bone age for the 21 tubular bones is reported as the
GP bone age of 1.6 years. A separate carpal bone age is calculated. In the current study,
chronological age was not entered into the software.

GP, Greulich and Pyle; TW, Tanner—Whitehouse; MCI, Metacarpal Index.

FIGURE 1: Dorso-palmar left hand and wrist radiograph of a 2-year 1-month-old
girl, assessed by BoneXpert.
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Manual readers report one bone age from the hand and
wrist radiograph and there is no standard for the weighting
placed on the carpals and tubular bones during this
assessment. Therefore, nine different composite bone ages
(Comp BA) for BoneXpert were calculated, with 10%, 20%,
30% etc. up to 90% weighting on the carpals. The following
formulae were used to calculate the composite bone ages,
where factors (f-values) of 0.1 up to 0.9 were used to
compute different composite bone ages: Comp BA = (f)
Carpal BA + (1-f) Tubular BA and Comp BA = Tubular BA
(in cases where Carpal BA was not computed). All nine
Comp BA (f = 0.1 up to f = 0.9) were compared and the best
fit with Manual BA was determined (Online Appendix 1).

Data analysis and statistics

Results were recorded in an Excel spreadsheet. Statistical
analysis was performed using IBM SPSS statistics version
29. Patients’” demographic information and clinical
indications were reported in counts and percentages (for
categorical variables) and in means with standard deviation
(for continuous variables). The level of agreement between
each manual reader was assessed using the intraclass
correlation. The average manual bone age of the three
readers (Manual BA) was compared to the automated bone
age readings (BoneXpert BA). Manual BA was then
compared to Comp BA (for different f/ values /" = 0.1 up to
f =0.9). This was performed through Bland—Altman plots to
visualise the mean differences in the Manual BA versus
BoneXpert BA and Manual BA versus Comp BA and
scatterplots produced the coefficient of determination (R?).
The root mean square error (RMSE) was also computed to
show the average differences between Manual BA and
Comp BA. For all the statistical analyses p < 0.05 indicated
statistical significance.

Ethical considerations

The University of Witwatersrand’s Human Research Ethics
Committee granted ethical clearance to conduct this study
(clearance certificate no. M230930).

Results

A total of 260 left-hand and wrist radiographs from 152 males
and 108 females were collected. The chronological age range
was 0.2-18.9 years for males (mean age of 9 years) and
0.4-18.3 years for females (mean age of 9.2 years). The study
population consisted of South African children of different
ethnicities. The clinical indications for performing bone age
assessment are listed in Table 1.

BoneXpert analysed 254 images and rejected six images,
resulting in an efficiency of 97.7%. The reasons for the six
rejected images were: insufficient bones (n = 2), bone in an
incorrect pose (n = 2) and foreign object superimposed on the
bone image (n = 2). (Figure 2).

Manual readers noted other radiological findings in 22 of 260
images (8.5%). They were as follows: lunato-triquetral carpal
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coalition (n = 7), flexion deformities (n = 3), brachydactyly
(n = 3), dense metaphyseal bands (n = 3), polydactyly (n = 2),
sclerotic bones and acro-osteolysis (n = 1), cartilage-capped
exostoses of the radius (n = 1), old fracture (n = 1) and negative
ulna variance (n = 1).

TABLE 1: The clinical indications for bone age assessment.

Indication n %o
Short stature 116 44.6
Idiopathic short stature 33 12.7
Growth Hormone Deficiency 63 24.2
Short stature secondary to chronic illness 13 5.0
Hypothyroidism 7 2.7
Tall stature 44 16.9
Precocious puberty 32 12.3
Increased body mass index 11 4.2
Hyperthyroidism 2 0.8
Growth monitoring 63 24.2
Syndromes 21 8.1
Hypogonadism 19 7.3
Congenital adrenal hyperplasia 16 6.2
Addison’s disease 4 1.5
Turner syndrome 3 1.2
Brain tumours 28 10.8
Craniopharyngioma 14 5.4
Pituitary microadenoma 7 2.7
Hypothalamic harmatoma 2 0.8
Pituitary cyst 1 0.4
Suprasellar cyst 1 0.4
Suprasella PNET 1 0.4
Germocystic astrocytoma 1 0.4
Medulloblastoma 1 0.4
Other 9 3.5
Skeletal dysplasia 3 1.2
Intellectual disability 3 1.2
Dysmorphism 2 0.8
Rheumatological disorders 1 0.4
Total 260 100.0
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Agreement between manual readers and
between Manual BA and BoneXpert BA

The ICC between Reader 1 and Reader 2 was 0.986 (95% CI =
0.982-0.989, p < 0.001); between Reader 1 and Reader 3 was 0.989
(95% CI = 0.986-0.991, p < 0.001); and between Reader 2 and
Reader 3 was 0.984 (95% CI = 0.980-0.988, p < 0.001) (Figure 3).

The ICC between Manual BA and BoneXpert BA was 0.982
(95% CI =0.977-0.986, p < 0.001) (Figure 4). The mean difference
between Manual BA and BoneXpert BA was —0.43 years
(standard deviation of 0.91 years). The Bland-Altman plot
demonstrates the relationship between the Manual BA and
BoneXpert BA (Figure 5).

Analysis of the outliers

Of the 260 images, 31 images had a bone age discrepancy
of > 1.5 years between the Manual BA and the BoneXpert BA.
These 31 images were re-read by an external reader,
producing Reference BA (Table 2). In 23 of 31 images,
Reference BA was closer to Manual BA. In eight of 31 images,
Reference BA was closer to BoneXpert BA.

The Carpal BA was computed for 24 of the 31 cases. In 20 of
24 cases, the Carpal BA was closer to manual BA than
BoneXpert BA and in 4 of 24 cases, the Carpal BA deviated
from the manual BA by > 1.5 years.

Composite bone age

A Comp BAwith an f-value of 0.5 achieved the best agreement
with Manual BA. The ICC between Comp BA (f = 0.5) and
Manual BA was 0.993 (95% CI = 0.991-0.994, p < 0.001)
(Figure 6 and Figure 7). The R? between CompBA (f = 0.5)
and Manual BA was 0.972, indicating a good fit. The RMSE
between Comp BA (f'= 0.5) and Manual BA was 0.84 years.

Note: The parent or radiographer’s hands were overlying the patient’s bones.

FIGURE 2: Rejected images: (a) Rejected because of insufficient bones; in this case only the wrist was imaged (b) Rejected because of abnormal pose of the bones, there
were flexion deformities of the distal interphalangeal joints (c) Rejected because of foreign object superimposed on the bones.
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FIGURE 3: Scatter plots demonstrating the positive correlation between manual
bone age Reader 1 and Reader 2, Reader 1 and Reader 3, and Reader 2 and
Reader 3.

Discussion

BoneXpert software has been validated for some but not
all ethnicities.>!¢171819202122 Tt has also been validated for
use in children with short stature,” congenital adrenal
hyperplasia,® precocious puberty,® increased body mass
index® and diabetes mellitus.?® The Johannesburg Birth to
Twenty cohort of 363 healthy South African children was
used in the development of an African Model for the Adult
Height Prediction function of the BoneXpert software in
2021. The current study assessed the bone age assessment
function of BoneXpert in a clinical setting in South African
children.

The GP atlas was derived from 572 left-hand radiographs of
healthy boys and girls in Cleveland, Ohio, United States of
America, between 1931 and 1942.* It is well known that the
tempo of skeletal maturation differs among populations and
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Note: R? liner = 0.965.
BA, bone age.

FIGURE 4: Scatter plot demonstrating the positive correlation between
BoneXpert BA and Manual BA.

Manual BA - BoneXpert BA

-4 T T T 1
0 5 10 15 20

Mean of Manual BA and BoneXpert BA

Note: The dotted red lines show the range of discrepancy of < 1.5 years. Thirty-one images
differed by > 1.5 years. Mean =—0.43.

BA, bone age.

FIGURE 5: Bland—Altman plot that demonstrates the relationship between the
average of the manual bone age readings (Manual BA) and the automated bone
age readings (BoneXpert BA).

ethnicities.!’**% Because of racial diversity, racial mixing and
a large immigrant population in South Africa, GP standards
for bone age assessment must be used with reservation.
Manual bone age assessment using the GP method is
subjective® and there is often no perfect match. The GP atlas
also categorises bone ages in fixed six-monthly intervals,
whereas BoneXpert software assesses bone age as a continuous
variable. BoneXpert is therefore a more appropriate measure
of the continuous linear process of skeletal maturation and
provides a better assessment of response to treatment (e.g.,
during growth hormone treatment).™*

This study performed manual and automated bone age
assessments on images of typical quality in paediatric
radiology practice and in children with paediatric endocrine
pathologies. BoneXpert was designed as a clinical tool in
paediatric radiology and multiple previous studies have
already examined its use in healthy children.>'*??%* The
population of this study was children who attended the
paediatric endocrinology clinic and required bone age
assessment radiographs for various clinical indications,
thus utilising BoneXpert in the clinical setting for which it
was intended.
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TABLE 2: Thirty-one images with a discrepancy of > 1.5 years between Manual BA and BoneXpert BA were reread to produce a Reference BA.

Case ID Gender Manual BA BoneXpert BA Reference BA Reference BA Reference BA Carpal BA Carpal BA -
—Manual BA — BoneXpert BA Manual BA
010 M 9.7 11.2 10.0 0.3 -1.2 9.9 0.2
012 M 6.0 7.6 7.0 1.0 -0.6% 80 2.0
028 M 2.6 4.8 2.3 -0.3 -2.5 2.1 -0.5F
030 M 8.0 10.7 7.0 -1.0 -3.7 9.5 1.5
032 M 6.8 9.1 7.0 0.2 -2.1 8.8 2.0
063 M 4.2 6.2 4.0 -0.2 -2.2 4.2 0.07
101 F 2.3 3.9 21 -0.3 -1.8 2.3 0.0
105 M 8.0 9.6 8.8 0.8 -0.9 9.2 1.2%
123 F 5.7 8.6 4.7 -1.0 -4.0 - -
127 M 10.2 11.9 11.0 0.8 -0.9 - -
129 F 12.0 10.4 9.4 -2.6 -1.0% = =
135 M 7.7 10.6 7.5 -0.2 -3.1 7.8 0.17
171 M 4.2 5.8 4.5 0.3 -1.3 4.5 0.3
186 M 11.2 13.1 11.0 -0.2 -2.1 - -
187 M 5.5 7.4 6.7 1.2 -0.8% 4.6 -0.9F
191 M 3.6 3.7 35 -0.1 -0.2 3.7 0.27
199 F 5.8 7.5 6.8 1.0 -0.8% 6.5 0.7
210 M 7.8 10.6 7.0 -0.8 -3.6 12.2 4.4
213 F 7.0 9.3 6.8 -0.2 -2.5 8.2 1.2F
214 M 2.3 3.9 2.0 -0.3 -1.9 1.4 -0.9f
224 M 6.2 7.9 6.0 -0.2 -1.9 5.8 -0.41
227 F 9.1 7.4 7.5 -1.6 0.1% 8.5 -0.6F
233 M 43 6.2 4.0 -0.3 -2.2 4.2 -0.1}
234 M 6.2 8.3 7.7 1.5 -0.6% 7.0 0.8
238 F 17.2 15.5 15.0 -2.2 -0.5% - -
239 M 12.8 15.2 15.0 2.2 -0.2% - -
267 M 6.0 9.8 6.4 0.4 -3.4 6.2 0.2
269 M 2.1 5.0 1.9 -0.2 -3.1 1.7 -0.4%
271 M 15.0 17.1 15.0 0.0 -2.1 - -
274 M 8.5 10.4 8.8 0.3 -1.6 8.8 0.37
305 M 3.4 6.2 4.5 1.1 -1.7 4.1 0.71
BA, bone age; M, male; F, female; ID, identity.
T, cases where Carpal BA is closer to Manual BA than BoneXpert BA; §, cases where Reference BA are closer to BoneXpert BA than to Manual BA.
20.0 4 95.00% Agreement limit = Mean difference - - - - Reference line at 0.
150 - . 2.0
S p
; 10.0 - ;5' 1.0+
g- 50 4 2 00+
8 § -1.0
0.0 . . . . . ;IF ’
0.0 5.0 10.0 15.0 20.0 = 201
Manual BA §
S -3.04 °
Note: R? linear = 0.972; y = 0.28+0.99%x. °
BA, bone age; Comp, composite. -4.0 T T T T T T T
FIGURE 6: Scatter plot demonstrating the relationship between Manual BA and 0 0.0 5.0 100 15.0 20.0 25.0
Comp BA (f'= 0.5) with 50% weighting on carpal bones and 50% weighting on Mean of Manual BA and Comp BA (f'=0.5)
tubular bones.

BoneXpert achieved an efficiency of 97.7%, rejecting only a
small percentage of images. This is comparable to other
studies, where BoneXpert’'s efficiency was 98.7%,%2%
99.8% 99.5%."72 The reasons for rejections in this study
were acceptable with four images of poor quality (foreign
objects superimposed on the radiograph and insufficient
bones imaged) and two images related to bone pathology
(flexion deformities).

http://www.sajr.org.za . Open Access

BA, bone age; Comp, composite.

FIGURE 7: Bland-Altman plot that demonstrates the agreement between
average of the manual bone age readings (Manual BA) and composite automated
bone age with 50% weighting on carpal bones and 50% weighting on tubular
bones (Comp BA [f'=0.5]).

Other incidental radiological findings were identified in
8.5% of images. The findings were chronic musculoskeletal
pathology (e.g. flexion deformities) and old fractures
that would not necessarily influence immediate patient
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management but are important signs of disease that could
have medicolegal implications if missed. A drawback of
artificial intelligence tools is that through mathematical
algorithms, the software can perform only specific tasks.
On the other hand, the human radiologist, through
experience and understanding of clinical disease, can
holistically analyse images and detect signs of multiple
pathologies simultaneously. Only 2 of the 22 images with
other radiological findings were rejected by the software.
A concern might be that the software accepts too many
images and only rejects significantly abnormal images.
Subtle abnormalities of bone morphology or texture may
be missed because detecting these changes is beyond the
scope of the software." Therefore, although BoneXpert
was designed as an Al-replace tool, most radiologists
using the software still review the images for signs of
disease,' suggesting more of an Al-assist role.

Manual bone age assessment methods are associated with
interobserver variability, which renders it less clinically
useful. In this study, three manual readers from different
specialities read all the images in the data set. There was no
significant interobserver variability between the three
manual readers, with an ICC of > 0.9, indicating a high
positive correlation. Similarly, Bowden et al. reported a
significant concordance of 0.98 between two manual
readers.?’ Studies performed by Koc et al.*® and Kaplowitz
et al.,* also indicated a good correlation between manual
readers of different specialities. An important caveat in the
current study is that the participating manual readers
perform regular bone age assessments and therefore, the
interobserver agreement may not be generalisable to all
manual readers in daily practice. Furthermore, the images in
the data set were read continuously in a batch, so readers
became proficient while performing the task repeatedly. The
manual readers were also blinded to the subjects’
chronological age and clinical condition, eliminating any
bias. However, in a PACS-based environment, it is impossible
to blind readers to chronological age. Manual readers are
also biased by knowledge of the previous bone age readings
and the patient’s clinical history.

This study found a high positive correlation between the
manual GP method and BoneXpert method, with an ICC
of 0.982. Similarly, a study in a North American population
reported a correlation coefficient of 0.98 between the two
methods.?’ In the Brazilian and Chilean populations, the
ICC between the two methods was > 0.9 and 0.91-0.93,
respectively. (Table 3).171#

The mean difference between the average of the manual
readings and automated readings was -0.43 years.
Alshamrani et al. observed a mean difference of 3 months
in boys and 1 month in girls between the two methods."”
A much smaller mean difference of 0.19 years between the
two methods was reported by both Martin et al. and Pose
Lepe et al.”®
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The first validation study performed in healthy Dutch
children reported a RMSE of 0.65 and 0.76 years in boys
and girls.? Thodberg’s study in healthy American children
from four ethnicities showed a similar accuracy of 0.74
years, whereas Oza et al. reported an even higher accuracy
of 0.39 years in healthy Indian children.?’* Multiple
studies have also compared the manual TW method to
BoneXpert, achieving similar results.!??222630

In 31 images, there was a discrepancy of > 1.5 years between
the average of the manual readings and the automated
reading. The Bland-Altman analysis found the largest
difference between the two methods in patients with a
mean chronological age of 9.2 years. This is in keeping with
other studies where the greatest differences between the
two methods were found at the peri-pubertal age.”® These
31 images were re-read by an external reader, producing a
Reference BA, which was closer to BoneXpert BA in 8 of 31
images and closer to Manual BA in 23 of 31 images. The
discrepancies between manual bone age and automated
bone age could be related to the method by which BoneXpert
calculates bone age; it uses 21 tubular bones, namely the
radius, ulna and short bones (RUS). The carpal bones are
evaluated separately to produce a carpal bone age. Carpal
BA was computed in 24 of these 31 images and is compared
to Manual BA in Table 2. Carpal BA was closer to Manual
BA in 20 of 24 images, suggesting that manual readers put
more weighting on carpal bones for bone age assessment.

Manual BA readings in this study were lower than
BoneXpert BA. Previous studies by Oza et al.** and by Lee
et al., found that assigning a higher weightage to carpals,
results in underestimation of bone age. In an attempt to
establish backward compatibility with the Manual BA in
the current study, a composite bone with variable
weightage on carpal bone age (i.e. 10%, 20%, 30% etc.) was
defined and the best agreement between Manual BA and
Comp BA was obtained with a 50% carpal bone weighting.
Placing 50% weighting on carpals and 50% weighting on
tubular bones resulted in an intraclass correlation of 0.993,
R? of 0.972 and RMSE of 0.83 years between manual bone
age and composite bone age. Similarly, Oza et al. analysed
various composite bone ages and found that the best
agreement between manual bone age and BoneXpert was
obtained by placing 50% weighting on the carpals.?! Hence,
BoneXpert’s bone age based solely on tubular bones may
overestimate bone age in pre-pubertal children. When
using BoneXpert as a clinical tool, in cases where the carpal
and tubular bone ages are reported separately, a composite
bone age should be calculated using a 50% weighting on
carpal bones and 50% weighting on tubular bones.

Alimitation of this study is that the sample was from a single
city. However, the population living in Johannesburg is very
diverse, and therefore, a representative sample of the country.
Further areas for potential research are examining the Bone
Health Index and Adult Height Prediction functions of
BoneXpert.
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TABLE 3: Manual bone age assessment versus BoneXpert in other studies in various populations.

Author and year Region Clinical condition Number of Chronological Manual BA method Relation between manual BA
of study population radiographs age (years) method and BX
Van Rijn et al. (2009)* Netherlands Healthy children 531 3.8-20.1 GP method e Manual GP vs BX
e RMSE: 0.65 years (boys)
0.76 years (girls)
Martin et al. (2009)% Germany Various diagnoses of short 1097 2-17 (boys) GP method e Manual GP vs BX
stature 1.5-17 (girls) « RMSE: 0.7 years (boys)
0.74 years (girls)
Thodberg et al. (2010)* United States Healthy children 1100 2.5-17 (boys) GP method e Manual GP vs BX
2715 (girls) e RMSE: 0.61 years
Martin et al. (2010)* Japan Healthy children and 284 4-21 (boys and girls) TW Japan system e Manual TW Japan system
children treated with GH or vs BX
GnRHa e s.d.:0.72 years
Martin et al. (2011)* Germany Precocious puberty or early 741 0.3-14.8 GP method e Manual GP vs BX
puberty (boys and girls) e Mean difference: -0.19
years (s.d.: 0.72 years)
Zhang et al. (2013)*° China Healthy children 6026 2-20 (boys) TW3 method e Manual TW3 vs BX
2-19 (girls) e RMSE: 0.64 years (boys)
0.68 years (girls)
Martin et al. (2013)* Germany Congenital adrenal 892 0-17 (boys and girls) GP method e Manual GP vs BX
hyperplasia e Mean absolute
difference: 0.54 years
e s.d.:0.4vyears
Pose Lepe et al. (2018)" Chile Children presenting for 1493 < 16 (boys and girls) GP method e Manual GP vs BX
bone age assessment .
e Intraclass correlation:
0.91-0.93
e Average difference: 0.19
years
Artioli et al. (2010)*® Brazil Eutrophic, overweight and 515 5-17 (boys and girls) GP method e Manual GP vs BX
obese .
e Intraclass correlation: >0.9
e RMSE: +/- 1 year
Alshamrani et al. Saudi Arabia Children presenting for 420 1-18 (boys and girls) GP and e Manual GP vs BX
(2019)* possible bone fracture TW3 method . .
e Average difference:
¢ 3 months (boys) 1 month
(girls)
e Manual TW3 vs BX
e Average difference: 1
month (boys and girls)
Bowden et al. (2022)*®  United States Children presenting for 614 1.8-18.7 GP method e Manual GP vs BX
bone age assessment .
e Intraclass correlation: 0.98
e RMSE: 0.75 years
Oza et al. (2022)* India Healthy children 920 2-19 (boys and girls) GP, TW2 and TW3 e Manual GP vs BX
method e RMSE: 0.39 years
e Manual TW2 vs BX
e RMSE: 0.41 years
e Manual TW3 vs BX
e RMSE: 0.36 years
Maratova et al. (2023)22 Czech Republic Children presenting for 1285 5-16 (boys) GP and TW3 method e Manual GP vs BX version 2
bone age assessment 5-15 (girls) «  RMSE: 0.55 (boys) 0.59
(girls)
e Manual GP vs BX version 3
e 0.68 (boys) 0.52 (girls)
e Manual TW3 vs BX
version 2
e RMSE: 0.57 (boys) 0.72
(girls)
e Manual TW3 vs BX
version 3
e RMSE: 0.51 (boys) 0.49
(girls)
Oza et al. (2024)%* India Type 1 diabetes mellitus 1272 2-17 (boys and girls) TW3 method e Manual TW3 vs BX

e Intraclass correlation:
0.983

e RMSE: 0.72 years (boys)
0.67 years (girls)

Note: Please see the full reference list of Minty R, Mahomed N, van Wyk NTC, Ranchod Al, Mndebele G, Lockhat ZI. Comparison of bone age assessment using manual Greulich and Pyle method

versus automated BoneXpert method in South African children. S Afr J Rad. 2025; 29(1), a3033. https://doi.org/10.4102/sajr.v29i1.3033 for more information.
BA, bone age; GP, Greulich and Pyle; TW, Tanner-Whitehouse; BX, BoneXpert; RMSE, root mean square error; s.d., standard deviation.
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Automated bone age assessment using BoneXpert eliminates
interrater variability and reduces the frequency of errors.
There is no bias from the chronological age, previous bone
age reading and clinical history. This method is time-saving,
performing a bone age analysis in less than 15 s. It is
advantageous that BoneXpert rejects certain images because,
in a busy clinical setting, it red flags images with poor quality
or pathology that require further human evaluation.™

Conclusion

On average, the automated BoneXpert method agrees with
the manual GP method for bone age assessment in South
African children with various paediatric endocrinology
diagnoses. 50% weighting on carpal bones and 50% weighting
on tubular bones establishes the best agreement between
manual bone age and automated bone age. BoneXpert can be
used as an Al-assist tool, where the software can accurately
and objectively provide bone age readings alongside the
radiologist, who can assess images for signs of underlying
disease.

Acknowledgements

The authors would like to thank Hans Henrik Thodberg,
Luis Laranjeiro and Izabela Blatancic of Visiana for
technical support in using BoneXpert software and
Promise Gumbo from Khumbula Consulting for the
statistical analysis. This article is partially based on the
author’s thesis entitled ‘Comparison of bone age
assessment using manual Greulich and Pyle method
versus automated BoneXpert method in South African
children’ towards the degree of Master of Medicine in the
Department of Diagnostic Radiology, University of the
Witwatersrand, South Africa, with supervisors Prof.
Nasreen Mahomed and Dr Nicole van Wyk.

Competing interests

The authors declare that they have no financial or personal
relationships that may have inappropriately influenced them
in writing this article. The authors, N.M. and Z.L., serve as
editorial board members of this journal. The peer review
process for this submission was handled independently, and
the authors had no involvement in the editorial decision-
making process for this manuscript. The authors have no
other competing interests to declare.

Authors’ contributions

R.M. was the principal investigator and was responsible for
the literature review, development of the study method, data
collection and analysis, and manuscript preparation. N.M.
was responsible for supervision and was involved in the
conceptualisation of the study. N.v.W. was responsible for
supervision and assisted with data retrieval, manual bone
agereadings, reviewing and editing. G.M. and Z.L. performed
bone age readings. A.R. was responsible for refining the
concept, manual bone age readings, reviewing and editing.

Page 9 of 10 . Original Research

http://www.sajr.org.za . Open Access

Funding information

This research did not receive a specific grant from any
funding agency in the public, commercial or not-for-profit
public sectors.

Data availability

The data supporting the findings presented in this article
are available from the corresponding author, R.M., upon
request.

Disclaimer

The views and opinions expressed in this article are those of
the authors and are the product of professional research. The
article does not reflect the official policy or position of any
affiliated institution, funder, agency or that of the publisher.
The authors are responsible for this article’s results, findings
and content.

References

1. Satoh M. Bone age: Assessment methods and clinical applications. Clin Pediatr
Endocrinol. 2015;24(4):143-152. https://doi.org/10.1297/cpe.24.143

2. Lee H, Tajmir S, Lee J, et al. Fully automated deep learning system for bone age
assessment. J Digit Imaging. 2017;30(4):427-441. https://doi.org/10.1007/
510278-017-9955-8

3. Van Rijn RR, Lequin MH, Thodberg HH. Automatic determination of Greulich and
Pyle bone age in healthy Dutch children. Pediatr Radiol. 2009;39(6):591-597.
https://doi.org/10.1007/s00247-008-1090-8

4. Greulich WW PS. Radiographic atlas of skeletal development of the hand and
wrist. 2nd ed. California: Stanford University Press; 1959.

5. Tanner JM, Whitehouse RH, Marshal WA, Healy MJR, Goldstein H. Assessment of
skeletal maturity and prediction of adult height (TW2 method). New York, NY:
Academic Press; 1975.

6. Mughal AM, Hassan N, Ahmed A. Bone age assessment methods: A critical review.
Pak J Med Sci. 2014;30(1):211. https://doi.org/10.12669/pjms.301.4295

7. Mentzel H-J, Vilser C, Eulenstein M, et al. Assessment of skeletal age at the wrist
in children with a new ultrasound device. Pediatr Radiol. 2005;35:429-433.
https://doi.org/10.1007/s00247-004-1385-3

8. El Morsi DA, Abo El-Atta HM, EIMaadawy M, Tawfik AM, Batouty NM. Age
estimation from ossification of the medial clavicular epiphysis by computed
tomography. Int J Morphol. 2015;33(4), 1419-1426. https://doi.org/10.4067/
S0717-95022015000400038

9. Iglovikov VI, Rakhlin A, Kalinin AA, Shvets AA, editors. Paediatric bone age assessment
using deep convolutional neural networks. Deep learning in medical image analysis
and multimodal learning for clinical decision support: 4th international workshop,
DLMIA 2018, and 8th international workshop, ML-CDS 2018, held in conjunction with
MICCAI 2018, Proceedings 4; 2018 Sep 20; Granada, Spain: Springer.

10. Ontell FK, Ivanovic M, Ablin DS, Barlow TW. Bone age in children of diverse
ethnicity. AJR Am J Roentgenol. 1996;167(6):1395-1398. https://doi.org/10.2214/
ajr.167.6.8956565

11. Offiah AC. Current and emerging artificial intelligence applications for pediatric
musculoskeletal radiology. Pediatr Radiol. 2022;52(11):2149-2158. https://doi.
org/10.1007/s00247-021-05130-8

12. Halabi SS, Prevedello LM, Kalpathy-Cramer J, et al. The RSNA pediatric bone age
machine learning challenge. Radiology. 2019;290(2):498-503. https://doi.
org/10.1148/radiol.2018180736

13. Thodberg HH. An automated method for determination of bone age. J Clin
Endocrinol Metab. 2009;94(7):2239-2244. https://doi.org/10.1210/jc.2008-2474

14. Thodberg HH, Thodberg B, Ahlkvist J, Offiah AC. Autonomous artificial intelligence
in pediatric radiology: The use and perception of BoneXpert for bone age
assessment. Pediatr Radiol. 2022;52(7):1338-1346. https://doi.org/10.1007/
s00247-022-05295-w

15. Thodberg HH, Kreiborg S, Juul A, Pedersen KD. The BoneXpert method for
automated determination of skeletal maturity. IEEE Trans Med Imaging.
2008;28(1):52-66. https://doi.org/10.1109/TMI.2008.926067

16. Martin DD, Sato K, Sato M, Thodberg HH, Tanaka T. Validation of a new method for
automated determination of bone age in Japanese children. Horm Res Paediatr.
2010;73(5):398-404. https://doi.org/10.1159/000308174

17. Lepe GP, Villacrés F, Silva F C, Guiloff S. Correlation in radiological bone age
determination using the Greulich and Pyle method versus automated evaluation
using BoneXpert software. Revista chilena de pediatria: Santiago, Chile; 2018.



http://www.sajr.org.za
https://doi.org/10.1297/cpe.24.143
https://doi.org/10.1007/s10278-017-9955-8
https://doi.org/10.1007/s10278-017-9955-8
https://doi.org/10.1007/s00247-008-1090-8
https://doi.org/10.12669/pjms.301.4295
https://doi.org/10.1007/s00247-004-1385-3
https://doi.org/10.4067/S0717-95022015000400038
https://doi.org/10.4067/S0717-95022015000400038
https://doi.org/10.2214/ajr.167.6.8956565
https://doi.org/10.2214/ajr.167.6.8956565
https://doi.org/10.1007/s00247-021-05130-8
https://doi.org/10.1007/s00247-021-05130-8
https://doi.org/10.1148/radiol.2018180736
https://doi.org/10.1148/radiol.2018180736
https://doi.org/10.1210/jc.2008-2474
https://doi.org/10.1007/s00247-022-05295-w
https://doi.org/10.1007/s00247-022-05295-w
https://doi.org/10.1109/TMI.2008.926067
https://doi.org/10.1159/000308174

18.

19.

20.

21.

22.

23.

24.

25.

26.

Artioli TO, Alvares MA, Carvalho Macedo VS, et al. Bone age determination in
eutrophic, overweight and obese Brazilian children and adolescents: A comparison
between computerized BoneXpert and Greulich-Pyle methods. Pediatr Radiol.
2019;49:1185-1191. https://doi.org/10.1007/s00247-019-04435-z

Alshamrani K, Hewitt A, Offiah AC. Applicability of two bone age assessment
methods to children from Saudi Arabia. Clin Radiol. 2020;75(2):156. https://doi.
org/10.1016/j.crad.2019.08.029

Bowden JJ, Bowden SA, Ruess L, et al. Validation of automated bone age analysis
from hand radiographs in a north American pediatric population. Pediatr Radiol.
2022;52(7):1347-1355. https://doi.org/10.1007/s00247-022-05310-0

Oza C, Khadilkar AV, Mondkar S, et al. A comparison of bone age assessments
using automated and manual methods in children of Indian ethnicity. Pediatr
Radiol. 2022;52(11):2188-2196. https://doi.org/10.1007/s00247-022-05516-2

Maratova K, Zemkova D, Sedlak P, et al. A comprehensive validation study of the
latest version of BoneXpert on a large cohort of Caucasian children and adolescents.
Front Endocrinol. 2023;14:1130580. https://doi.org/10.3389/fendo.2023.1130580

Martin DD, Deusch D, Schweizer R, Binder G, Thodberg HH, Ranke MB. Clinical
application of automated Greulich-Pyle bone age determination in children with
short stature. Pediatr Radiol. 2009;39:598-607. https://doi.org/10.1007/s00247-
008-1114-4

Martin DD, Heil K, Heckmann C, et al. Validation of automatic bone age
determination in children with congenital adrenal hyperplasia. Pediatr Radiol.
2013;43:1615-1621. https://doi.org/10.1007/s00247-013-2744-8

Martin DD, Meister K, Schweizer R, Ranke MB, Thodberg HH, Binder G. Validation of
automatic bone age rating in children with precocious and early puberty. Journal of
Paediatric Endocrinology and Metabolism (JPEM): Tuibingen, Germany; 2011.

Oza C, Khadilkar A, Goel P, et al. Utility of BoneXpert in assessing bone age and
bone health in Indian children and youth with type 1 diabetes mellitus. Bone.
2024;178:116952. https://doi.org/10.1016/j.bone.2023.116952

Page 10 of 10 . Original Research

27.
28.
29.
30.
3L

32.

33.

34.

35.

Cavallo F, Mohn A, Chiarelli F, Giannini C. Evaluation of bone age in children: A mini-
review. Front Pediatr. 2021;9:580314. https://doi.org/10.3389/fped.2021.580314

Mora S, Boechat M, Pietka E, Huang H, Gilsanz V. Skeletal age determinations in
children of European and African descent: Applicability of the Greulich and Pyle
standards. Pediatr Res. 2001;50(5):624-628. https://doi.org/10.1203/00006450-
200111000-00015

Mansourvar M, Ismail MA, Raj RG, et al. The applicability of Greulich and Pyle
atlas to assess skeletal age for four ethnic groups. J Forensic Leg Med. 2014;22:26—
29. https://doi.org/10.1016/j.jlm.2013.11.011

Zhang S-Y, Liu G, Ma C-G, et al. Automated determination of bone age in a modern
Chinese population. Int Sch Res Notices. 2013;2013(1):874570. https://doi.
org/10.5402/2013/874570

Koc U, Taydas O, Bolu S, Elhan AH, Karakas SP. The Greulich-Pyle and Gilsanz-Ratib atlas
method versus automated estimation tool for bone age: A multi-observer agreement
study. Jpn J Radiol. 2021;39:267-272. https://doi.org/10.1007/s11604-020-01055-8

Kaplowitz P, Srinivasan S, He J, McCarter R, Hayeri MR, Sze R. Comparison of bone
age readings by pediatric endocrinologists and pediatric radiologists using two
bone age atlases. Pediatr Radiol. 2011;41:690-693. https://doi.org/10.1007/
s00247-010-1915-0

Thodberg HH, Savendahl L. Validation and reference values of automated bone
age determination for four ethnicities. Acad Radiol. 2010;17(11):1425-1432.
https://doi.org/10.1016/j.acra.2010.06.007

Oza C, Khadilkar AV, Goel P, et al. Standardization of weightage assigned to different
segments of the hand X-ray for assessment of bone age by the Greulich—Pyle
method. Indian J Endocrinol Metab. 2024;28(2):160-166. https://doi.org/10.4103/
ijem.ijjem_237_23

Lee MM. Maturation disparity between hand-wrist bones in Hong Kong Chinese
children. Am J Phys Anthropol. 1971;34(3):385-395. https://doi.org/10.1002/
ajpa.1330340308

http://www.sajr.org.za . Open Access



http://www.sajr.org.za
https://doi.org/10.1007/s00247-019-04435-z
https://doi.org/10.1016/j.crad.2019.08.029
https://doi.org/10.1016/j.crad.2019.08.029
https://doi.org/10.1007/s00247-022-05310-0
https://doi.org/10.1007/s00247-022-05516-2
https://doi.org/10.3389/fendo.2023.​1130580
https://doi.org/10.1007/s00247-008-1114-4
https://doi.org/10.1007/s00247-008-1114-4
https://doi.org/10.1007/s00247-013-2744-8
https://doi.org/10.1016/j.bone.2023.116952
https://doi.org/10.3389/fped.2021.580314
https://doi.org/10.1203/00006450-200111000-00015
https://doi.org/10.1203/00006450-200111000-00015
https://doi.org/10.1016/j.jflm.2013.11.011
https://doi.org/10.5402/2013/874570
https://doi.org/10.5402/2013/874570
https://doi.org/10.1007/s11604-020-01055-8
https://doi.org/10.1007/s00247-010-1915-0
https://doi.org/10.1007/s00247-010-1915-0
https://doi.org/10.1016/j.acra.2010.06.007
https://doi.org/10.4103/ijem.ijem_237_23
https://doi.org/10.4103/ijem.ijem_237_23
https://doi.org/10.1002/ajpa.1330340308
https://doi.org/10.1002/ajpa.1330340308

	Comparison of bone age assessment using manual Greulich and Pyle method versus automated BoneXpert methodin South African children
	Introduction
	Manual methods of bone age assessment
	Automated methods for bone age assessment

	Research methods and design
	Manual bone age assessment
	Automated bone age assessment
	Data analysis and statistics 
	Ethical considerations

	Results
	Agreement between manual readers and between Manual BA and BoneXpert BA
	Analysis of the outliers
	Composite bone age

	Discussion
	Conclusion
	Acknowledgements
	Competing interests
	Authors’ contributions
	Funding information
	Data availability
	Disclaimer

	References
	Figures
	FIGURE 1: Dorso-palmar left hand and wrist radiograph of a 2-year 1-month-old girl, assessed by Bon
	FIGURE 2: Rejected images. (a) Rejected because of insufficient bones; in this case only the wrist was imaged. (b) Rejected because of abnormal pose of the bones, there were flexion deformities of the distal interphalangeal joints. (c) Rejected because of
	FIGURE 3: Scatter plots demonstrating the positive correlation between manual bone age Reader 1 and 
	FIGURE 4: Scatter plot demonstrating the positive correlation between BoneXpert BA and Manual BA.
	FIGURE 5: Bland–Altman plot that demonstrates relationship between the average of the manual bone age readings (Manual BA) and the automated bone age readings (BoneXpert BA).
	FIGURE 6: Scatter ￼plot demonstrating the relationship between Manual BA and Comp BA (f = 0.5) with 50% weighting on carpal bones and 50% weighting on tubular bones.
	FIGURE 7: Bland–Altman plot that demonstrates the ￼agreement between average of the manual bone age readings (Manual BA) and composite automated bone age with 50% weighting on carpal bones and 50% weighting on tubular bones (Comp BA [f = 0.5]).

	Tables
	TABLE 1: The clinical indications for bone age assessment.
	TABLE 2: Thirty-one images with a discrepancy of > 1.5 years between Manual BA and BoneXpert BA were reread to produce a Reference BA.
	TABLE 3: Manual bone age assessment versus BoneXpert in other studies in various populations.



