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ABSTRACT

Purpose The determination of bone age (BA) based on the
hand and wrist, using the 70-year-old Greulich and Pyle
(G&P) atlas, remains a widely employed practice in various in-
stitutions today. However, a more recent approach utilizing
artificial intelligence (Al) enables automated BA estimation
based on the G&P atlas. Nevertheless, Al-based methods en-
counter limitations when dealing with images that deviate
from the standard hand and wrist projections. Generally, the
extent to which BA, as determined by the G&P atlas, corre-
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sponds to the chronological age (CA) of a contemporary
German population remains a subject of continued discourse.
This study aims to address two main objectives. Firstly, it
seeks to investigate whether the G&P atlas, as applied by the
Al software, is still relevant for healthy children in Germany
today. Secondly, the study aims to assess the performance of
the Al software in handling non-strict posterior-anterior (p. a.)
projections of the hand and wrist.

Materials and Methods The Al software retrospectively esti-
mated the BA in children who had undergone radiographs of a
single hand using posterior-anterior and oblique planes. The
primary purpose was to rule out any osseous injuries. The pre-
diction error of BA in relation to CA was calculated for each
plane and between the two planes.

Results A total of 1253 patients (aged 3 to 16 years, median
age 10.8 years, 55.7 % male) were included in the study. The
average error of BA in posterior-anterior projections compar-
ed to CA was 3.0 (x 13.7) months for boys and 1.7 (+13.7)
months for girls. Interestingly, the deviation from CA tended
to be even slightly lower in oblique projections than in poster-
ior-anterior projections. The mean error in the posterior-
anterior projection plane was 2.5 (£ 13.7) months, while in
the oblique plane it was 1.8 (£ 13.9) months (p=0.01).
Conclusion The Al software for BA generally corresponds to
the age of the contemporary German population under study,
although there is a noticeable prediction error, particularly in
younger children. Notably, the software demonstrates robust
performance in oblique projections.

Key Points

1. Bone age, as determined by artificial intelligence, aligns
with the chronological age of the contemporary German
cohort under study.

2. As determined by artificial intelligence, bone age is
remarkably robust, even when utilizing oblique X-ray
projections.
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ZUSAMMENFASSUNG

Ziel Die Bestimmung des Knochenalters (BA) anhand der
Hand und des Handgelenks unter Verwendung des 70 Jahre
alten Atlas von Greulich und Pyle (G&P) ist auch heute noch
eine weit verbreitete Praxis in verschiedenen Einrichtungen.
Ein neuerer Ansatz, basierend auf dem Einsatz kiinstlicher In-
telligenz (KI), ermdglicht eine automatische BA-Schatzung auf
der Grundlage des G&P-Atlas. Allerdings stoRen Kl-basierte
Methoden an ihre Grenzen, wenn es um Bilder geht, die von
den Standardprojektionen der Hand und des Handgelenks ab-
weichen. Nach wie vor ist umstritten, inwieweit das mit dem
G&P-Atlas ermittelte BA dem chronologischen Alter (CA) der
heutigen deutschen Bevdlkerung entspricht. Mit dieser Studie
werden zwei Hauptziele verfolgt. Erstens soll untersucht wer-
den, ob der G&P-Atlas, wie er von der Kl-Software angewen-
det wird, flir gesunde Kinder in Deutschland heute noch rele-
vant ist. Zweitens zielt die Studie darauf ab, die Leistung der
KI-Software bei der Handhabung nicht-strikter posterior-
anteriorer (p. a.) Projektionen der Hand und des Handgelenks
zu bewerten.

Materialien und Methoden Die Al-Software schatzte retro-
spektiv die BA bei Kindern, die sich Rontgenaufnahmen einer
einzelnen Hand unter Verwendung von posterior-anterioren
und schrdgen Ebenen unterzogen hatten. Der Hauptzweck
bestand darin, kndcherne Verletzungen auszuschlieBen. Der
Vorhersagefehler des BA im Verhéltnis zum CA wurde fiir
jede Ebene und zwischen den beiden Ebenen berechnet.

Ergebnisse Insgesamt wurden 1253 Patienten (im Alter von
3 bis 16 Jahren, medianes Alter 10,8 Jahre, 55,7 % ménnlich) in
die Studie aufgenommen. Die durchschnittliche Abweichung
des BA in posterior-anterioren Projektionen im Vergleich zum
CA betrug bei Jungen 3,0 (£13,7) Monate und 1,7 (x13,7)
Monate bei Madchen. Interessanterweise war die Abweichung
des BA vom CA in den schragen Projektionen tendenziell et-
was geringer als in den posterior-anterioren Projektionen.
Der mittlere Fehler in der posterior-anterioren Projektions-
ebene betrug 2,5 (+ 13,7) Monate, wédhrend er in der schragen
Ebene bei 1,8 (£ 13,9) Monaten lag (p=0,01).
Schlussfolgerung Das mittels KI-Software ermittelte BA ent-
spricht im Allgemeinen dem Alter der deutschen Untersu-
chungspopulation, obwohl es einen merklichen Vorhersage-
fehler gibt, insbesondere bei jiingeren Kindern. Insbesondere
bei schrdgen Projektionen zeigt die Software eine robuste
Leistung.

Kernaussagen

1. Das von der kiinstlichen Intelligenz ermittelte Knochen-
alter stimmt mit dem chronologischen Alter der unter-
suchten deutschen Alterskohorte tiberein.

2. Das durch kiinstliche Intelligenz ermittelte Knochenalter
ist bemerkenswert stabil, auch bei der Verwendung schra-
ger Rontgenprojektionen.

Introduction

Determining bone age (BA) holds significant importance in the
clinical evaluation of childhood growth and maturation [1]. In clin-
ical practice, BA is a standardized parameter for diagnosing and
monitoring pediatric endocrine diseases, metabolic conditions,
and growth disorders and is also used for legal and forensic age
determination [1-3]. The assessment of BA relies on the typical
sequence of ossification in the hand and wrist over time [1, 3].
The determination of hand BA predominantly depends on the
Greulich and Pyle (G&P) method [4, 5]. The technique compares
age-specific developmental markers on hand and wrist X-rays
with reference images from the G&P atlas, categorized by age
and gender [1, 4]. While the G&P method is easier to implement
and faster in clinical practice than alternatives like Tanner and
Whitehouse [6], it does exhibit susceptibility to significant inter
and intra-observer variability [1, 6, 7].

The G&P atlas originated from the analysis of bone ages in
North American children from 1931 to 1942 [4]. In recent dec-
ades, an emerging trend towards earlier skeletal maturation
among children has been attributed to improved socioeconomic
conditions and better healthcare and nutrition [8, 9]. Conse-
quently, questions have arisen regarding the applicability of the
G&P atlas to the skeletal maturation of modern children and its

suitability as a reference. Various studies have already noted
potential disparities between G&P-based BA and chronological
age (CA) [2, 10, 11], along with indications of variations across
genders and ethnicities [2, 9, 12]. However, many of these studies
had small sample sizes or other limitations [2, 9].

To enhance the precision and objectivity of BA assessment, the
integration of artificial intelligence (Al) has gained prominence in
clinical practice [13-15]. Numerous studies have demonstrated
the accuracy and efficiency of Al [14-17]. Remarkably, the fully
automated software IB Lab PANDA (IB Lab GmbH, Vienna, Austria)
has proven reliable in providing BA data. Notably, the accuracy of
IB Lab PANDA has shown no significant differences compared to
assessments conducted by experienced pediatric radiologists
[18]. Conventionally, strict p. a. projections of the hand and wrist
are used for BA determination [1]. However, Al-based software
encounters limitations when interpreting images that deviate
from the standard position or exhibit altered bone morphology
[19].

This study addresses whether the G&P atlas, as interpreted by
the Al software, remains applicable to contemporary healthy
children in Germany. Its secondary aim is to quantify the Al
software’s capability to handle non-strict p. a. projections of the
hand and wrist.
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Materials and methods

Patients

The retrospective study was conducted with patients who had un-
dergone a hand X-ray between 2012 and 2022 at an anonymous
hospital. Ethical approval for the retrospective evaluation of the
study was obtained from the local ethics committee. Patients
ranging from birth to 18 years old were identified using the hospi-
tal’s Picture Archiving and Communication System (PACS).

Image selection

Patients with a known bone age were excluded. Only cases with
both p. a. and oblique views of the hand were considered. These
radiographs were primarily taken to assess trauma sequelae. If
multiple X-rays were available for a patient at different times,
only one was included. While both the right and left hands were
eligible, the image of the left hand was selected if both hands
were X-rayed during the same visit. Exclusion criteria included
traumatic injuries (fractures and dislocations), deformities
(polydactyly and syndactyly), and technically suboptimal image
quality, such as incomplete hand depiction due to overlays, e.qg.,
overlying dressing material, or only one radiographic projection,
p.a. or oblique, was available. Images showing pathological
changes, such as abnormal bone texture or masses, were also
excluded. The exact number of subjects included and excluded is
shown in » Fig. 1. Radiographs were screened by two radiologists
(blinded) with 15 and 3 years of experience in pediatric radiology,
respectively. A total of 1703 patients with two radiographs (p. a.
and oblique) devoid of pathological findings were identified.

Al model for automated bone age assessment

The BA for p. a. and oblique images was automatically determined
separately using the Conformité Européene CE-marked commer-
cial software 1B Lab PANDA software (version 1.06), designed to
assess hand radiographs according to the G&P method. IB Lab
PANDA is intended for girls aged 36 to 192 months and
boys aged 36 to 204 months, based on CA at the time of radio-
graph acquisition. The software generates a graphical display of
the BA rounded to the nearest month, among other outputs. A
secondary capture of the input radiograph designates the region
analyzed by the software and is used for visual inspection.

Automated Al analysis of the radiographic images was per-
formed through an internal clinical pipeline by the installation of
the containerization software Docker (Docker Inc., Palo Alto, CA)
containing IB Lab ZOO v.1.13.21 on a dedicated standalone PC
configured as a PACS sending and receiving node.

Statistics

The test for normal distribution of the residuals was performed
using a Shapiro-Wilk test and visual QQ plot analysis. The mean
error, mean absolute error (MAE), and standard deviation of the
prediction error were calculated to measure the discrepancies be-
tween BA in p. a. and oblique views and CA. The statistical signifi-
cance level was set at 0.05. RStudio 2022.07.2 (PBC, Boston, MA)
was used for statistical analysis.

» Fig. 1 Inclusion and exclusion criteria with the respective abso-
lute number of patients.

» Abb. 1 Ein- und Ausschlusskriterien mit Angabe der jeweiligen
absoluten Patient*innenanzahl.

Results

Patient cohort

A total of 1703 patients with two radiographs (p. a. and oblique)
free from pathological findings were initially identified (> Fig. 2).
Patients younger than 36 months were excluded due to the Al
software’s usage restrictions. The recommended upper threshold
for applying the Al software (204 months for boys and 192 months
for girls) was adjusted based on the plotted distribution to
192 months for boys and 175 months for girls.

As a result, 1253 patients with a median age of 130 months
(IQR 100-155, 55.7 % male) were retained for subsequent analysis
(> Fig. 3).

Deviation of bone age from chronological age

The Al software exhibited a mean prediction error of (3.0+13.7)
(standard deviation of the prediction error) months in boys and
(1.7 £13.7) (standard deviation of the prediction error) months in
girls. The CA of patients tended to be underestimated by the Al
software in boys below eight years of age and overestimated above
that age. For girls, the age cutoff was approximately ten years
(» Fig. 4). The residuals between BA and CA displayed a normal
distribution for males and females (Supplementary Material 1).
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» Fig.2 IB Lab PANDA bone age related to chronological age in males (a) and females (b). According to IB Lab PANDA’s intended use population
and distribution of data, gender-specific upper and lower limits were set (dashed lines). a There is no more correlation between BA and CA in boys
after age 16. b In girls, the correlation between BA and CA already ends at about 14.5 years.

» Abb.2 Knochenalter nach IBLab PANDA im Vergleich zum chronologischen Alter bei Jungen (a) und Méddchen (b). Entsprechend der Zulassung
von IBLab PANDA und der Altersverteilung der Daten wurden geschlechtsspezifische Ober- und Untergrenzen festgelegt (gestrichelte Linien).
a Bei Jungen besteht nach dem 16. Lebensjahr keine Korrelation zwischen BA und CA. b Bei Mddchen endet die Korrelation zwischen BA und CA bei

etwa 14,5 Jahren.

» Fig. 3 Histogram illustrating the age of the 1253 patients classified by gender. The data does not adhere to normal distribution because it is not present.

» Abb.3 Histogramm der Altersverteilung der 1253 Patient*innen, getrennt nach Geschlecht. Eine Normalverteilung liegt nicht vor.

Impact of Oblique Projection on Al Bone Age

Concerning the prediction error regarding CA, the Al software’s
determination of BA using oblique images showed minimal
deviation from that derived from p. a. images (> Fig. 5). For the
entire cohort, the MAE was 11.1 months for p.a. images and
11.0 months for the oblique images (p<0.38, » Table 1). Notably,

oblique projections in girls demonstrated an even lower error
than p.a. projections (p<0.001, » Table 1). The variance of BA
between oblique and p. a. projections was less than that between
oblique BA and CA (Supplementary Material 2).
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» Fig.4 Gender-specific prediction error of the Al software bone age from chronological age. Solid lines: mean error, shaded area: 95 % confidence
interval. Under the age of 8, BA, as estimated by the Al software, tends to be lower than CA. BA is higher than CA from age 8 to 10.

> Abb.4 Geschlechtsspezifischer Vorhersagefehler des Knochenalters nach der KI-Software zum chronologischen Alter. Die Linien entsprechen
dem mittleren Fehler, die schattierte Flaiche dem 95 %-Konfidenzintervall. Im Alter von unter 8 |Jahren ist das von der KI-Software bestimmte BA
tendenziell niedriger als das CA. Im Alter von 8 bis 10 Jahren ist das BA hoher als das CA.

» Table 1 Variation of residuals (given in months) between the Al software bone age and chronological age, each based on either a p. a. scan or an
oblique scan. Comparison between variation of p. a. and oblique, significance level was set at p<0.05. In girls, the mean error and mean absolute
error are significantly lower for oblique projections than for p. a. projections.

» Tab.1 Abweichung der Residuen zwischen dem Kl-Software-Knochenalter und dem chronologischen Alter, jeweils basierend auf der
p. a.-Aufnahme und der Schragaufnahme. Vergleich der Abweichung von p. a. und oblique, signifikante Unterschiede bestanden bei p <0,05.
Der mittlere Fehler und der mittlere absolute Fehler sind bei schrager Projektion nicht hoher als bei p. a.-Projektion. Bei Mddchen sind diese

bei schrager Projektion signifikant geringer als bei p. a.-Projektion.

Overall

p.a. oblique p-value
Mean prediction error 2.5 1.8 0.01
Mean absolute prediction error 1.1 11.0 0.38
Standard deviation of the 13.7 13.9

prediction error

Discussion

This study assessed the applicability of a novel automated Al
interpretation of the G&P atlas to healthy children in present-day
Germany while also investigating the effect of oblique X-ray
projections on the estimated BA results.

Female Male

p.a. oblique p-value p.a. oblique p-value
1.7 0.3 <0.001 3.0 3.1 0.91
11.0 9.9 <0.001 11.2 11.8 0.08
13.7 12.9 13.7 14.6

The G&P atlas, introduced in the 19505, outlines skeletal
maturation stages in children from that era [4]. Multiple studies
have highlighted the continued utility of the G&P atlas for age de-
termination in modern times. Nevertheless, some studies have
shown that BA tends to be more advanced than CA, particularly
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» Fig.5 Difference (residuals) between bone age (each determined
in p. a. and oblique projection via Al software) and chronological
age, shown as a smoothed histogram of frequencies (density). The
agreement between oblique projection and chronological age is
not lower than that between p. a. projection and chronological age.

» Abb.5 Differenz (Residuals) zwischen Knochenalter (jeweils in p. a.
und schrager Projektion, bestimmt durch KI-Software) und chronolo-
gischem Alter, dargestellt als geglattetes Histogramm der Haufigkei-
ten (Density). Die Ubereinstimmung zwischen schriger Projektion
und chronologischem Alter ist nicht geringer als die Ubereinstim-
mung zwischen p. a. Projektion und chronologischem Alter.

in pubertal children [20, 21], due to accelerated skeletal matura-
tion [8, 22]. Schmidt et al. recommended the Thiemann-Nitz
method over the G&P method due to a possible age overestima-
tion [23].

In our study, no significant differences were observed between
the Al software BA and CA across the age range evaluated.
However, the Al software showed a tendency to underestimate
the patient’s age before puberty and overestimate it after. This
agrees with Hwang et al., who found that deep learning-based
software tended to estimate BA lower in younger children and
higher in older children [10]. The deviation of BA from CA, espe-
cially in older boys, might stem from the methodological effects
of the G&P atlas [9]. Notably, the atlas’s annual radiographs
conclude at 18 years for girls and 19 years for boys [4]. However,
as those ages do not mark the end of skeletal maturity, higher
BAs, no longer represented by the atlas with their stage of skeletal
maturity, are assigned to the last radiograph [9], potentially lead-
ing to lower BA estimations and homogeneity in older adolescents
[9]. This study, however, focused on the Al software’s intended
age range.

The mean error in our study was 2.5 months, which was well
below the natural standard deviation of the BA. This is already
higher at the age of 1.5 years and reaches up to 15.4 months in
adolescence [4]. However, for intra-individual prediction, the
MAE is more relevant than the mean error. The MAE between
Al-estimated BA and CA was 11.1 months in our patient cohort
and thus higher than the natural standard deviation in children
below ten years of age, implying clinical significance. However,
the Al software’s MAE is lower when compared to human expert
readers’ assessments. The software BoneXpert, as an example,

achieved an MAE of 4.1 months [14]; another BA algorithm (using
the Tanner-Whitehouse method instead of G&P) reached as low as
0.2 months [24].

In contrast, some studies show differences between BA and CA
in boys in Asia and girls in Africa [2, 9, 25]. It should be noted that
African studies are underrepresented in relation to countries with
a high socioeconomic status [9]. A large proportion of the
patients in the cohort of this study were of Caucasian descent. In
other ethnicities, such as Asian boys and African girls, discrepan-
cies between BA and CA were demonstrated [2, 12]. Overall, it is
still unclear to what extent ethnicity [25, 26] and socioeconomic
factors affect BA [2, 9, 27].

The impressive robustness of the automatic BA determination
against deviations from the strict p. a. hand projection is remark-
able. In fact, in some instances, the variation in BA compared to
CA was either on par or even slightly lower in the oblique projec-
tion than in the p.a. projection. This observation offers some
reassurance when dealing with slightly tilted images or instances
of less than fully extendable fingers.

A potential limitation of the Al software employed in this study
for bone age evaluation is its inability to distinguish between
appropriate and inappropriate input images. Striking a balance
between achieving the lowest possible rejection rate while mini-
mizing the risk of erroneous outcomes due to inadequate data is
a recognized challenge in Al-assisted diagnosis [28]. The input
verification of the software used in this study is limited to analyz-
ing DICOM headers, thus enabling us to analyze oblique hand
projections. This underscores the necessity of human validation
to confirm proper input data for a complete hand in p. a. projec-
tion since the downstream processing up to the output of the
bone age is not transparent, similar to a “black box” [29]. This
underlines the relevance of one of our results that an oblique
projection of the hand does not affect reliability compared to a
p.a. projection.

The study has several limitations due to its retrospective
nature. On the one hand, it cannot be ruled out that the study
population might also include patients with growth disorders.
Nevertheless, assuming a normal distribution of growth in the
cohort, it would affect approximately 62 out of the 1253 patients.
Additionally, it cannot be ensured that the ethnic distribution of
the collective is representative of Germany. It should be noted
that the size of our patient population is significantly larger than
in most previous studies [2, 23]. While the patients’ age distribu-
tion is not uniform, this factor should have minimal impact on the
current statistical evaluation given the substantial patient cohort.
Finally, it is essential to acknowledge that the BA estimated by the
Al software may show some variance compared to the “true” BA
of the G&P atlas.

In summary, according to the G&P atlas and as estimated by
the Al software, BA is very similar to a contemporary German
population on average. However, depending on age, the
individual prediction error may exceed the natural standard
deviation. Notably, the determination of BA by the Al software
demonstrates remarkable resilience to non-standard p. a. X-ray
projections.
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