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A B S T R A C T

The age estimation of the hand bones by means of X-ray examination is a pillar of the forensic age
estimation. Since the associated radiation exposure is controversial, the search for ionizing radiation-free
alternatives such as MRI is part of forensic research. The aim of the current study was to use the Greulich-
Pyle (GP) atlas on MR images of the hand and wrist to provide reference values for assessing the age of the
hand bones. 3T hand MR images of 238 male participants between the ages of 13 and 21 were acquired
using 3D gradient echo sequences (VIBE, DESS). Two readers rated the images using the X-ray-based GP
atlas method. A descriptive analysis and a transitional analysis were used for the statistical processing of
the data. The agreement between and within the raters was assessed. In addition, a comparison was made
with the chronological age and with X-ray studies. The descriptive analysis and the transition analysis
showed similar results. Both evaluations showed good agreement with X-ray studies. The comparison
with the chronological age showed a difference of 0.37 and 0.54 years for the two readers. The age
estimate based on the cross-validated transition analysis showed a mean error of �0.28 years. Inter- and
intra-rater agreement were good. In summary, it can be concluded that age estimation of hand bones
with MR images is routinely applicable with the GP atlas as an alternative without ionizing radiation.
However, in order to reduce the estimation error, a multi-factorial assessment based on examinations of
several body regions is still recommended.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bone age assessment of the hand by means of X-ray
examination represents an important pillar both for clinical
purposes [1] and for forensic age estimation [2]. The recommen-
dations of the Study Group on Forensic Age Diagnostics (AGFAD)
for forensic age estimation suggest a holistic approach including a
physical examination, an X-ray of the left hand, a dental
examination including an X-ray examination of the teeth and,
depending on the hand bone development, an X-ray or CT
examination of the medial end of the clavicles [2]. This article
focuses on the hand bone age assessment. There are several

methods to perform hand bone age estimation. Among others [3–
7] the atlas of Greulich and Pyle (GP) [8] is one of the most used
methods in the clinical as well as in the forensic context [9,10].
However, the associated exposure to ionizing radiation is still
subject to a controversial discussion. In forensics, the use of
ionizing radiation is questionable as legal proceedings lack a
medical indication. Therefore, the search for radiation-free
alternatives such as MRI is a focus of many research groups.
Recently, several MRI studies [11–23] have been published using
different approaches for age estimation of the hand. However, only
two pilot studies [11,20] have previously investigated if the X-ray
based atlas method of Greulich and Pyle [8] is applicable to MR
hand images. Both studies stated that the use of the GP atlas
method is feasible, however, both lack a sufficient sample size. The
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escriptive statistics with mean and standard deviation values are,
owever, influenced by the size, age range and distribution of the
ample examined. This could cause an effect known as age mimicry
24]. A possibility to get rid of these influences is transition analysis
25,26]. Therefore, reference values obtained through transition
nalysis are provided as well.

. Materials and methods

.1. Subjects

238 male volunteers from 13 to 20 years participated in the
tudy (age range: 13.01 – 20.99 years, median: 17.39 years). All
ubjects were young Caucasian, healthy men with documented
irth date. The study focused exclusively on males as the practice
f age estimation shows that more than 90% of the examined
ersons are male. Their distribution of chronological age can be
een in Table 1. The upper age range limit was chosen to calculate
ccurate means and prediction intervals for the higher male GP
tandards [27]. Inclusion criteria were age from 13 to 20 years,
nformed consent, no medical history of developmental disorders
anamnestically raised) and no severe underweight. Exclusion
riteria included MRI contraindications and non-compliance
uring the examination.

.2. Imaging

All subjects underwent MRI of the left hand and wrist. The MRIs
ere performed with 3T MR scanners (Magnetom Trio, a TIM
ystem & Magnetom Skyra, Siemens Healthcare, Erlangen,
ermany). The volunteers were placed in prone position with
he left arm outstretched, the hand was fixed and the standard 20-
hannel head and neck coil was used. The following sequences
ere applied in coronal orientation: T1 weighted 3D VIBE WE and
2 weighted 3D DESS WE (2). The Field-of-View of the VIBE
equence included the whole hand and wrist, whereas the DESS
equence was focused solely on the wrist to particularly support
he evaluation of the higher GP standards. The total acquisition
ime of the two high-resolution sequences was 5:50 minutes. The
election of the VIBE was based on the studies of Urschler et al. [20]
nd Hojreh et al. [11]. The DESS sequence was selected as second
D sequence which gives additional aspects to the wrist region due
o the different weighting.

.3. Image evaluation

The MR images of all subjects were evaluated independently by
wo blinded readers (T.E., T.W., one with more than 10 years MR
eading experience and one with 20 years MR imaging experience)
ccording to the defined standards of the GP atlas [8]. Both used
pen-source DICOM viewer software (OsiriX 4.1, https://www.
sirix-viewer.com and Horos 3.3.5, https://horosproject.org). For
he intra-rater agreement, the experienced reader (T.E.) re-
valuated 10% of the cases (randomly selected) six months after
nishing the first evaluation.

2.4. Statistical analysis

All analyses were performed using the statistical software R
v3.6.0 (https://www.r-project.org) with the R-packages “BlandAlt-
manLeh” [28], “irr” [29], “pscl” [30], “MASS” [31] and “VGAM” [32])
and with modified R-scripts provided by Lyle Konigsberg [33]. The
age estimates of both readers were compared to chronological age
using Bland-Altman plots [34]. Inter-observer (all cases) and intra-
observer agreements were calculated using weighted Cohen's
Kappa [35,36] and a contingency table is provided showing the
agreement between the two observers. There was no consensus
reading, therefore, the results from the experienced reader (T.E.)
were used for descriptive statistics of the single data groups
(according to the assigned GP standard including mean, standard
deviation (SD), minimum (Min), maximum (Max), lower and upper
quartile (LQ, UQ) and the median).

Additionally, transition analysis [25] using a cumulative
probit model [37,38] with age on a log-scale was performed.
Transition analysis, in contrast to mean value statistics, does not
reflect the distribution of the reference sample in the results.
[39] For the probit model, the GP standards (GPS) have
been partly collapsed due to low counts (�GPS24, GPS25,
GPS26+27, GPS28, GPS29, GPS30 and GPS31). The “Goodness-of-
fit” was tested using a Lagrange multiplier test and by
calculating Cragg & Uhlers Pseudo-R2 following a study of
Konigsberg et al. [38]. Using “weight functions” (according to
Love and Müller [40]) and normalization, normed maximum
likelihood curves and 95% prediction intervals were calculated for
estimation of the most likely age and age range per GP standard.
[37]. A uniform prior distribution was assumed, thus the estimated
age equals the age value which meets the normed maximum
likelihood [26] (maximum likely age (MLAge)). The limits of the
95% prediction interval for the maximum likelihood estimation
(MLEst) were calculated as the minimum and maximum age
values, where the normed likelihood is greater than 0.1465001
[37].

To avoid overfitting and to validate the age prediction, a ten-fold
cross-validation was used. Mean error (chronological age minus
maximum likely age (MLAge)) and RMSE were calculated to show
the accuracy of the age prediction. These values were obtained by
averaging the results from the cross-validation.

A comparison of the averaged values gained by maximum
likelihood estimation (MLEst) and the values of the descriptive
statistics was performed. The prediction interval (95%) following
the descriptive statistics was computed considering the number of
subjects per group.

Normal distribution of the data was tested with a Shapiro-Wilk

test, thus the following formula was used: x � t0:975;n�1 � s �
ffiffiffiffiffiffiffiffiffiffiffi
1 þ 1

n

q
.

In the formula x equals the mean, s is the standard deviation, n is
the group size and t was calculated as the 97.5 quantile of the
Student's t-distribution with n-1 degrees of freedom [27]. For the
comparison of MLAge and the mean values, a one-sample t-test
using the MLAge as hypothesized mean was done. Statistical values
of X-ray studies [27,41,42] were also compared to the current study
and possible significant differences were investigated for [27] with
one and two sample t-tests [43]. The limit of significance was set at
p < 0:05.

2.5. Ethical considerations
able 1
hronological age distribution of subjects in groups with a bin size of one year, e.g.,

in 14 contains subjects �14.00 and �14.99 years.

Age (years) Total (n)
13 14 15 16 17 18 19 20

n 27 19 27 35 38 26 30 36 238

2

The local ethics committee granted ethical clearance for the
study. All participants gave written informed consent prior to
study participation, with consent given by legal guardians for
minors.

https://www.osirix-viewer.com
https://www.osirix-viewer.com
https://horosproject.org
https://www.r-project.org
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3. Results

The study population consisted of 238 male subjects. The
experienced reader judged the overall image quality as good. In
some cases, less fat suppression was seen in the VIBE sequence.
This occurred mainly in the fingers and made the GP standard
allocation sometimes more difficult. Nevertheless, all hand MRIs
were evaluable. Fig. 1 shows an example of MR images of the hand
and wrist of a 15 years old male.

Descriptive statistics were calculated for the GP standards
found (Table 3).

Fig. 2 displays the distribution of the GP-Standards per one-year
age group. Here, the variability of GP standards is particularly
evident in individuals under 17 years of age. No subject under 15
years has reached GP standard 30. At the age of 15 and 17 years, at
least GP standard 24 and 28 is achieved, respectively.

For the comparison of the results of the two readers, a
contingency table is given showing good agreement (Table 4). The

Table 2
MRI sequence parameters.

Sequence FOV (mm) Readout Matrix Slice thickness (mm) TR (ms) TE (ms) Flip angle (�) Acquisition time (min:sec)

T1w 3D
VIBE WE

230 512i 0.9 14 4.08 15 3:46

T2w 3D
DESS WE

100 512i 0.8 14.28 5.18 30 2:04

FOV field-of-view, i interpolated, TR repetition time, TE echo time
Fig. 1. MR images of the left hand and wrist of a 15 years old boy (GP standard 26). The T1w 3D VIBE WE sequence images showing the whole hand (a), the base of the first
metacarpal bone (b) and the wrist (c). The T2w 3D DESS WE sequence image (d) shows the wrist on the same position as image (c).

3
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ean difference between reader 1 and 2 was almost zero
dmean ¼ 0:16yÞ. The inter- and intra-rater agreement were very
ood with kw ¼ 0:85 and kw ¼ 0:88, respectively, according to the
nterpretation scheme by Altman [44].

The comparison to the chronological age was done separately
or the two readers with Bland-Altman-like plots (Fig. 3). Both
lots show no major deviation, the diagonal line pattern is
xplained by the assignment to the discrete GP standards. The
ean difference between estimated and chronological age for the

wo readers was 0.37 and 0.54 years, respectively, which showed a
light underestimation. The limits of agreement were �1.90 and
1.58 years for the lower limit and for 2.65 and 2.66 years the
pper limit, respectively.
Transition curves were calculated for the GP standards 24 - 31

ith the help of a cumulative probit approach (Fig. 4). Normed

maximum likelihood curves for the single GP standards were
obtained within the age range 13.00 – 21.00 years (Fig. 5). The age
values of maximum likelihood estimation and the corresponding
prediction intervals as well as a comparison to the mean and 95%
prediction interval of the descriptive statistics can be found in
Table 5. For reasons of comparability, the GP standard groups have
been equated and descriptive statistic values have been averaged.

The comparison between transition analysis and descriptive
statistics showed mainly younger ages in the MLAge and similar
prediction intervals. However, significant differences between
MLAge values and mean values were found only for the first and
the last GP standard group.

The ten-fold cross-validation showed a mean error (chronolog-
ical age - MLA) of �0.28 years with a standard deviation of �0:53
years, which means a slight overestimation. The RMSE was 1.52
years showing the variability of the estimation. The average of the
pseudo R2 ðR2

Cragg&Uhlers ¼ 0:75Þ and the Lagrange Multiplier Test
ðp ¼ 0:26Þ give evidence of a good fit of the cumulative probit
model.

4. Discussion

The GP atlas is one of the most commonly used methods to
assess bone age on hand radiographs [9,10]. Recently, two pilot
studies [11,20] have shown the feasibility of applying the GP atlas
to MR hand images. Based on these two studies the current study
provides male reference values for assessing the bone age with
hand MRI. Due to the good image quality, no subject had to be
excluded. The acquisition time for the two MR sequences is rather

able 3
escriptive statistics for the single GP standards in years.

GP standard GP age N Mean SD Min LQ Median UQ Max

21 11.5 1 14.46 14.46 14.46 14.46 14.46 14.46
22 12.5 1 13.15 13.15 13.15 13.15 13.15 13.15
23 13 11 13.87 0.61 13.02 13.58 13.76 14.09 14.91
24 13.5 20 14.1 0.78 13.01 13.63 14.08 14.53 16.06
25 14 13 14.66 1.08 13.11 13.87 14.59 15.36 16.93
26 15 9 15.47 1.09 13.22 15 15.7 16.06 16.98
27 15.5 11 15.47 0.7 14.11 15.15 15.54 15.97 16.26
28 16 15 16.34 1.52 13.37 15.61 16.38 16.76 20.07
29 17 47 17.06 1.04 14.02 16.61 17.1 17.68 19.03
30 18 28 18.45 1.44 15.79 17.36 18.13 19.93 20.99
31 19 82 19.38 1.21 16.00 18.64 19.7 20.35 20.98

D standard deviation, Min minimum, Max maximum, LQ lower quartile, UQ upper quartile

Fig. 2. Distribution of the GP Standards per one-year age group.

able 4
umulative cross tabulation of frequencies of allocated GP ages by reader 1 compared with reader 2.

Reader 2

11 11.5 12.5 13 13.5 14 15 15.5 16 17 18 19 Total

Reader 1 11 0 0 0 0 0 0 0 0 0 0 0 0 0
11.5 0 1 0 0 0 0 0 0 0 0 0 0 1
12.5 0 1 0 0 0 0 0 0 0 0 0 0 1
13 1 0 2 5 3 0 0 0 0 0 0 0 11
13.5 0 0 2 3 3 12 0 0 0 0 0 0 20
14 0 0 1 1 1 7 3 0 0 0 0 0 13
15 0 0 0 0 0 2 7 0 0 0 0 0 9
15.5 0 0 0 0 0 0 5 5 1 0 0 0 11
16 0 0 0 0 0 0 0 4 7 4 0 0 15

17 0 0 0 0 0 0 0 0 13 33 1 0 47
18 0 0 0 0 0 0 0 0 0 16 6 6 28
19 0 0 0 0 0 0 0 0 1 2 8 71 82

Total 1 2 5 9 7 21 15 9 22 55 15 77 238

4
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motion and the high costs of the exam. However, the results of
Neumayer et al. have to be confirmed in a bigger cohort and as well
on different MR scanners and field strengths.

The inter- and intra-rater agreement showed that GP bone age
assessment from hand MRIs is reliable and reproducible. This is in
concordance with the two before mentioned pilot studies. The
good agreement of the two raters is also shown in the cross-
tabulation (Table 3). The mean difference of the two readers was
only 0.16 years. The mean relative disagreement (mean difference
of the non-matches) was less than half a year, which also confirms
the reliability of the method. However, it should be noted that the
reading experience of the observers related to the specific
sequences used may have contributed to the high inter-rater
agreement.

The distribution of the GP standards shows a rather large
variation in subjects under 17 years of age. There is no specific cut-
off value for the 18-year threshold, although all subjects over 18
have at least a GP standard of 28. Due to the large deviation, age
estimation by hand only is not recommended in the forensic
context.

On average, a slight underestimation of about half a year was
seen for both readers in comparison to the chronological age. This
could be mainly explained by the last age category of 19 years and
the upper age range limit of the sample (20.99 years). However, in
the context of forensic age estimation, an underestimation is
always in favor of a person and therefore far more acceptable in
practice than an overestimation.

About twenty years ago, paleodemographers have introduced a
method called transition analysis to circumvent the problem of age
mimicry and small sample sizes in the age estimation of skeletal
samples [25]. Recently, scientists have introduced this method also
in the age estimation procedure of living adolescents
[21,26,38,46,47]. In the current study, a cumulative probit model
was used for fitting the transition curves. Tests showed that the
model was appropriate and the cross-validation resulted in a mean
error of about three months for the age estimation. The slight
overestimation might be mainly explained by the estimated age of
21 for the final GP standard.

A comparison of the mean and predictive values of the
transition analysis and the plain descriptive statistics showed no
significant differences with the exception of the study's end stages.
This is not surprising as the MLAge values of the first and last group
are methodologically conditioned on minimal and maximal value
of the age range of the transition analysis. Therefore, the transition
analysis seems not to be superior over plain statistics, which could
be expected due to the non-informative prior and the upper age
range value. If the investigated age range would have included
older individuals (� 21y), the age mimicry effect would have been
greater and the transition analysis would have shown its strength
better. However, the prediction intervals of MLEst are mostly
narrower and might correspond better to the real distribution,
considering the sample size.

A comparison with three recent European GP X-ray studies
[27,41,42] with at least similar or bigger cohorts showed the
following differences. The X-ray studies showed a mean differ-
ence of the chronological age to the estimated age of 1.6, 2.16 and
�1.45 months, respectively. In the current study, the mean
difference (descriptive analysis) was about six month, which is -
although higher - still in favor of an examined person. Urschler
et al. [20] also saw this underestimation of the MRI assessments

Fig. 3. Bland-Altman plots showing the comparison of the two readers with the
chronological age. Difference means chronological age minus estimated age. The
bold middle dashed line represents the mean difference; the two outer bold dashed
lines are the limits of agreement (corresponding to two standard deviations). All
lines are accompanied by their respective 95% confidence intervals (thin dotted
lines).

Fig. 4. Transition curves using the whole data set (GPS: Greulich-Pyle Standard).
The black vertical line shows the 18-year threshold.
long compared to the time it takes to make a radiograph of the
hand. However, recently a pilot study by Neumayer et al. [45]
showed a possible reduction of the acquisition time of the VIBE
sequence down to 15 seconds with promising results regarding age
estimation. Shorter sequences would eliminate two major short-
comings of long MRI acquisition times: possible artifacts due to
5

versus the X-ray assessments. Their explanation was the
possibility of superimpositions in the area of the epiphyseal
plate due to the projective nature of the X-ray images, which
might lead to an earlier upstaging, compared to the non-
superimposed MR images. In contrast, the mean error of our
transition model showed an overestimation of about 3 months,
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ig. 5. Normed maximum likelihood curves (whole data set). The solid vertical line represents the maximum likely age (MLAge), the dashed vertical line displays the age of
8. The horizontal line shows the likelihood of 0.1465001 indicating the 95% prediction interval.

able 5
omparison of the MLAge and the mean, and the prediction intervals gained through maximum likelihood estimation and descriptive statistics (in years).

GP standard N MLAge 95% prediction interval MLEst Mean age 95% prediction interval

� 24 33 13.00 13.00 – 15.44 13.89 12.38 – 15.40
25 13 14.50 13.00 – 16.76 14.66 12.22 – 17.10
26/27 20 15.19 13.13 – 17.57 15.47 13.56 – 17.38
28 15 15.87 13.74 – 18.33 16.34 12.97 – 19.71
29 47 16.88 14.50 – 19.64 17.06 14.94 – 19.18
30 28 18.08 15.63 – 20.89 18.45 15.44 – 21.46
31 82 21.00 17.12 – 21.00 19.38 16.96 – 21.80

LAge maximum likely age, MLEst maximum likelihood estimation
hich contradicts this explanation approach. However, the
LAge of the last stage, which might be mainly responsible for

he overestimation, has to be used with caution, as it is dependent
n the upper age range value. Therefore, the superimposition
xplanation might still be valid.
6

Comparing the descriptive statistic values and MLEst values
with the very recent X-ray study of Chaumoitre et al. [27], which
used a large French cohort, one can see that all descriptive mean
values of the current study are higher (0.06�0.72 years).
Significant differences could only be found for the GP standards
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24, 29 and 30. However, the values of the current study fit well to
the GP age categories. To be certain that there is no systematic
deviation between MRI and X-ray a comparative study with a
larger cohort would be beneficial. The MLAge values behaved
differently with differences between �0.41 and 0.36 years except
for GP 31 where the difference was 1.7 years. A significant
difference was found for GP standards 24, 29 and 31, but regarding
the study end stages, this must be interpreted with caution. For GP
standard 29 the higher group size (Chaumoitre) and therefore
lower standard deviation is one explanation for the significance,
because the values are quite similar (16.88y vs. 16.52y). The range
size of the prediction intervals of the two studies are on average
similar, but there are differences in the interval position. For the
lower limits of the current study (mean and std. deviation) the
differences are between �0.38 and 0.94 years (median: 0.02y), but
the upper limits are always higher than the one of the Chaumoitre
study (0.03–1.5 years, median: 0.39 years). The same can be seen
for the predicted lower limits of the current study's MLEst model
(0.01–1.56 years, median: 0.25 years). For the upper limits, there
are differences between �0.88 and 0.93 years (median: 0.21y).

The current findings propose the use of the X-ray based GP
method on hand MR images. However, there are some limitations
which need to be taken into account. First, the study focused on
male subjects only. The main reason was the fact that more than
90% of the persons who undergo a forensic age assessment in
practice are males, which leads to a higher urgency of optimising
age estimation methods in males than in females. The socioeco-
nomic aspect as a factor which could influence bone development
and growth was not taken into account as the general economic
level of the country of residence of the subjects was high. Also the
investigated age range starting at 13 years was chosen in view of
the practical forensic needs. However, even though no conclusions
can be drawn on females, this study showed that the applied
methodology, i.e., to use the GP method on MRI data, works in
principle well and can as such be rolled out to investigate other
cohorts, e.g., females, other ethnic groups and possibly also to
younger subjects. The sample size was limited due to limited
resources, and the sample distribution regarding age was not
evenly balanced. The inclusion of subjects in the younger age
groups turned out to be much more challenging than that of older
individuals. However, by using a transition analysis model, this
limitation was taken into account. The acquisition time of the MR
sequences can be a limitation when assessing younger children
and shorter sequences should be investigated. However, in the
current study we did not see severe motion artifacts due to longer
acquisition times. Additionally, it has to be mentioned that the
sequence-specific experience of the observers can have an
influence on the results. Since the applied sequences are not used
as standard in radiological practice, not all radiologists will be used
to them, which can affect the reading result.

In conclusion, the current study confirms that the X-ray based
GP method can be used with hand images acquired with MR. Both,
the plain descriptive statistics and transition model showed errors
and prediction intervals very similar to X-ray studies. For clinical
purposes, these values might be sufficient. However, in the forensic
context narrower prediction intervals would be welcomed. The
authors therefore recommend not to use the hand age estimation
as the only source for an age assessment, especially for the
forensically important 18-year threshold. A combination of
different regions such as hand, clavicle and wisdom teeth,

carefully and should only be applied when similar MRI parameters
are used.
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