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Abstract Nowadays, due to the global increase in migra-
tion movements, forensic age estimation of living young
adults has become an important focus of interest. Minors
often have no identification documents providing their cor-
rect birth dates. Establishing the age of majority is therefore
fundamental in order to determine whether juvenile penal
systems or penal systems in force for adults are to be
applied. Radiological examination of the clavicles is one
of the methods recommended by the Study Group on Fo-
rensic Age Diagnostics. In this retrospective study, a sample
of chest radiographs of 274 subjects, aged between 12 and
25 years, was studied according to Schmeling’s method in
order to examine the ossification of both medial clavicular
epiphyses. All stage classifications were evaluated by five
examiners. Intra- and inter-examiner reliability was

analysed by Cohen’s K statistic. Intra-examiner agreement
was insufficient for two of the experts. Inter-examiner agree-
ment, among the other three operators, was moderate (K0
0.509). Study of reliability highlighted difficulties in inter-
pretation, the need to select qualified personnel and choice
of the best radiographic image in order to reduce any ana-
tomic overlaps. Although ossification of the medial clavic-
ular epiphyses is recommended to assess whether an
individual has already reached the age of majority or not,
these results suggested that it is very difficult to clearly
identify the five stages of ossification by using conventional
chest radiography.

Keywords Forensic sciences .Age estimation . Schmeling’s
method . Medial clavicular epiphyses . Italy

Introduction

Forensic Age Estimation constitutes a field of expertise in
forensic medicine which aims at defining as accurately as
possible the chronological age of unidentified individuals
involved in legal proceedings [1, 2]. In the last two decades,
Europe has received a flood of immigrants from countries
which are not members of the European Union (EU). In
many cases, these non-EU citizens have no documents
which indicate their chronological age, or there are doubts
regarding the correctness of the alleged chronological age.
The situation is made even more complex in cases when
immigrants are presumed to be minors. European legislation
and international treaties ensure special treatment of unac-
companied minor immigrants because they are considered
to be under the protection of European authorities [1]. This
special treatment must also be ensured in cases of criminal
proceedings in which minors have special protection as
victims or as those responsible for criminal activities. In
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all these cases, the various courts of law and public
institutions require expert reports from medical forensic
specialists [1–4].

Although numerous age estimation techniques have been
developed in the fields of forensic anthropology and foren-
sic odontology, there is still no consensus in European
countries on which methods should be applied when the
age of a presumed minor is to be estimated [1, 5]. In most
countries, age assessment includes an interview in some
form. In some cases, this is no more than a brief interview,
and a visual evaluation of the person’s age is made by a
police or migration officer at the port of entry. In other cases,
the interview is part of a more elaborate process carried out
by trained personnel or social workers and may involve
behavioural observations. Some countries rely on medical
examinations, primarily in the form of radiographs of the
skeleton and/or teeth. Anthropometric measurement and
examination of sexual development are occasionally includ-
ed [2–4, 6]. The choice of a particular method depends on
the specific conditions of each case and mainly on the
accuracy achieved [5–8].

The two main anatomic aspects, which are traditionally
examined, are teeth [7–10] and the hand-wrist bones
[11–15]. In most situations, these techniques were devel-
oped for biological purposes, which means that their appli-
cability in the forensic field is relatively limited, both on
grounds common to all methodologies (biological variabil-
ity, characters of the selected sample, racial, social and
health differences, etc.) and due to the limited amount of
information at key ages. Particularly for the purpose of
assessing the 18th year of age, such features are either fully
developed, as is the case in both males and females for the
hand-wrist bones [15], and as regards teeth, only the third
molars are still developing. Although several studies have
reported that the third molar development is a reliable pre-
dictor for defining the age of majority [16–19], variability in
its development has been recognised, and its effect on
forensic age estimations has been investigated with variable
results [20]. In addition, as third molars are sometimes
missing for reasons of agenesis or extraction, estimating
the age of majority based on this tooth is impossible [1, 2,
9]. Therefore, and to confirm the dental evaluation, skeletal
parameters are also considered.

One of the most extensively studied bones is the
clavicle which, of all long bones in the human skele-
ton, has the slowest and most prolonged development
[21–28]. From the embryological point of view, the
clavicle consists of laminated bone [21]. The first
mesenchymal differentiation centres arise between the
7th and 12th weeks of embryogenesis, followed by
lateral and medial bone apposition via chondral ossifi-
cation. However, bony fusion only occurs during early
adulthood [22, 23].

Several studies have been conducted on the time frame
for ossification of the medial clavicular epiphyseal cartilage
in the age group of concern for forensic age diagnostics.
One group of studies adopted an anatomical perspective,
assessing ossification by means of autopsy or direct skeletal
inspection [24–30]; the other group took a radiological
approach. Radiological methods allow the medial clavicular
epiphysis in living individuals to be examined and consist of
conventional radiography [31–36] and computed tomogra-
phy (CT) [37–41], as well as new approaches with magnetic
resonance (MR) imaging [42, 43] and ultrasound [44, 45].

Both the Study Group on Forensic Age Diagnostics
(AGFAD) and Forensic Anthropology Society of Europe,
a subsection of the International Academy of Legal Medi-
cine, have also introduced in their guidelines for forensic
age estimation the possibility of recourse to X-rays, CT
scans or MR imaging of the clavicle to establish the thresh-
old of the age of majority [2, 6, 46–48]. The latest version of
these recommendations can be found on the AGFAD
website at http://agfad.uni-muenster.de/german/start.htm.

From biological and forensic standpoints, studies relying
on CT and MR have proved to be extremely helpful in
estimating age in subjects still undergoing the process of
growth. CT scan, especially multislice acquisition, signifi-
cantly improves spatial definition [41]. Progress in comput-
er technology offers two- and three-dimensional
reconstructions of high quality, with no spatial deformation
of the features studied [41, 46]. Several studies have con-
firmed the value of CT scan for the assessment of changes in
the medial epiphysis of the clavicle in relation to the chro-
nological age of the subjects examined [49]. The disadvan-
tages of CT scans may be, in some cases, use of contrast dye
injections, like low osmolar contrast material and a dispro-
portionately higher radiation dose than other diagnostic X-
rays methods [50, 51]. In addition, in CT examination of the
medial clavicular epiphysis, it has been noted that, if slice
thickness is increased above a certain maximum value, this
might lead to errors when assessing ossification status [52].
On the other hand, the MR examination can considerably
decrease the radiation exposure using the necessary imaging
procedures [42, 43, 50]. However, MR scanning may be
expensive and uses contrast materials, like gadolinium, and
its closed-in structure may create a claustrophobic sensation
for some persons [50]. In addition, the real availability of
such significant sample out of hospital environment is often
slightly probable. Questions also exist regarding reliability
and reproducibility, together with the same concerns over
the effects of ethnicity, coupled with the range of normality
for bone fusion. Unfortunately, to date, there is no good
information on the application of these techniques to age
assessment of asylum seekers [1–3].

In several cases, the need to estimate the age of majority
is not limited to subjects involved in criminal proceedings
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but extends to individuals waiving their right to asylum or
non-deportation [1, 5, 46]. The prohibition against sending,
expelling, returning or, otherwise, transferring (refoulement)
a refugee to “territories where his life or freedom would be
threatened on account of his race, religion, nationality or
membership of a particular social group” is recognised in
Article 33 of the 1951 UN Convention on the Status of
Refugees and its 1967 protocol and is enshrined in the texts
of many other treaties [1, 4, 53–55].

Traditional radiography has been used as a tool to esti-
mate the 21st year of age by Schmeling et al. in a study
published in IJLM in 2004 [34]. Whereas traditional classi-
fication systems differentiate four stages of clavicle ossifi-
cation (stage 1, ossification centre is not ossified; stage 2,
ossification centre is ossified, and epiphyseal plate is not
ossified; stage 3, epiphyseal plate is partly ossified; stage 4,
epiphyseal plate is fully ossified), Schmeling et al. [34]
divided the stage of total epiphyseal fusion into two addi-
tional stages (stage 4, epiphyseal plate is fully ossified, and
epiphyseal scar is visible; stage 5, epiphyseal plate is fully
ossified, and epiphyseal scar is no longer visible). The
results of their study indicate that stage 4 includes subjects
with a minimum age of 20 years in women and 21 years in
men. Stage 5 comprises ages which are very far from legally
relevant thresholds, as the minimum age is 26 for women
and 26.7 for men. Subsequently, when the existence of stage
5 development is verified, subjects may be considered of
legal age beyond reasonable doubt. This stage 5 is charac-
terised by total fusion of the epiphyseal cartilage and the
disappearance of the epiphyseal scar. As Schmeling et al.
[34] noted, forensic age assessment of living subjects can
assume that, when this stage is observed, the subject must
have attained the age of 21 at least 5 years prior to the
examination and the age of 18 at least 8 years prior to the
examination. This stage becomes therefore relevant in cases
where there is a period of several years between the crime
and the court proceedings.

The main aim of this work is twofold: first, to determine
the intra- and inter-observer agreement of clavicle X-rays in
blind trials in order to obtain data on the reliability of this
method; and second, to test the validity of Schmeling’s
method [34] in a sample of conventional radiographs in
order to assess the suitability of clavicular development in
discriminating whether or not an individual has reached the
age of 18 years.

Materials and methods

A sample of 300 conventional postero-anterior radiographs
of the chest was evaluated retrospectively to determine the
ossification stage of the medial clavicular epiphyses. All
images were taken at the Department of Radiology of

Macerata Hospital (Italy) between 2010 and 2011. Protocols
to collect radiographs for human subjects were approved by
the Ethics Committee for Research Involving Human Sub-
jects of the University of Macerata (Italy), and the study was
conducted in accordance with the ethical standards laid
down by the Declaration of Helsinki (Finland). The World
Medical Association developed the Declaration of Helsinki
as a statement of ethical principles for medical research
involving human subjects, including research on identifiable
human material and data.

The initial number of subjects recruited to the study was
300. All examinations regarding traumatologic or neoplastic
changes of the clavicles were not included in the sample,
although indications were not statistically evaluated. All
examinations with poor image quality were also excluded.
In 26 radiographs, reliable assessment of the degree of
ossification of the medial clavicular epiphyseal cartilage
on both sides proved impossible due to graphic overlaps or
superimposition effects by the lungs, first rib and/or verte-
brate column. The final number of study subjects was 274.
Table 1 shows sample size by age and sex group for all
subjects examined, 159 males and 115 females, aged be-
tween 12 and 25 years, in which reliable assessment of
ossification status was possible. The ossification stages of
the medial clavicular epiphyses were defined according to
the staging system proposed by Schmeling et al. [34], as
described above. If developmental differences between the
left and right side were observed, which was the case in 47
cases (15.6 %), the more advanced side is chosen to assess
the degree of ossification [40].

All stage classifications were analysed by five examiners:
two of them, specialised forensic anthropologists, had slight
experience in the radiological staging of clavicular ossifica-
tion, and the other three, two forensic odontologists and one

Table 1 Age and sex
distribution of studied
sample

Age Boys Girls

12 2 6

13 5 2

14 14 4

15 11 7

16 7 1

17 10 8

18 13 13

19 18 13

20 21 12

21 11 8

22 19 22

23 10 15

24 11 3

25 7 1

Total 159 115
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physician, are experienced in Schmeling’s method, and they
had also many years of education in the fields of radiology,
anatomy and forensic research.

All participants were given a brief explanation of the
purpose of the work, which was to assess intra- and inter-
examiner repeatability in scoring ossification of the medial
clavicular epiphyses. Each observer worked independently,
and throughout the comparison phase, the observers were
blinded to the identity of the subjects. Prior to and during
analysis of radiographic images, the age of the individuals
was not known to the examiners.

Statistical analysis

Statistical analyses were performed with the R statistical
program [56]. The significance threshold was set at 5 %.

In order to evaluate intra-examiner reliability (repeatability),
five examiners made randomly repeated measures of 63 plain
chest radiographs after an interval of 3 weeks. Repeatability
was studied with the weighted Cohen’s K statistic [57].
Disagreements were weighted according to their squared dis-
tance from perfect agreement, i.e. quadratic weights were
proportional to the square of the number of categories apart.

The same 63 plain chest radiographs scored above were
compared between all the examiners. Inter-examiner reli-
ability (reproducibility) was studied with Light’s K statistic
[58]. The 95 % confidence intervals of K values were based
on 1,000 bootstrap replicates.

After analysis of intra- and inter-examiner agreement,
sensitivity and specificity were used to analyse the validity
of the data generated by the examiners [56]. Sensitivity, also
called the true positive fraction (TPF), was defined as the
proportion of correct estimates of age as 18 years or older.
Specificity was the proportion of cases correctly classified
as younger than 18 years of age. The false positive fraction
(FPF), i.e. the proportion of cases incorrectly classified as
older than 18 years, was the complement of specificity (1−

specificity). The examiner’s responses were expressed as the
degree to which the observer believes the case to be a person
aged more than 18 years as judged from ossification of the
medial clavicular epiphysis, and each degree was used as a
cutoff point to create an array of TPF/FPF pairs. Although it
is a fundamental requirement of forensic identification that a
test yield extremely high true positive and true negative
decisions, it is also important that the test does not produce
a high proportion of false positive identifications. False
negatives are the less critical error since there is an oppor-
tunity to retest or use alternative methods to lead to a correct
identification.

Taking into account, only the examiners’ ratings showed
very good repeatability (i.e. examiners whose K values were
higher than 0.8), and three tests were therefore performed to
discriminate between individuals who were or were not
aged 18 years or more, considering clavicular ossification
stages 2, 3 or 4 as cutoffs. As a result, the subjects were
classified according to whether they were older or younger
than 18 and their clavicular ossification stage. In addition,
for each test, sensitivity (Se), specificity (Sp) and correct
classification (accuracy of the test, i.e. the proportion of all
correct results), E, were evaluated.

Results

Table 2 lists the mean age distribution (in years) and stan-
dard deviation at each developmental stage according to
each examiner, for both sexes, in the study sample. Mean
age gradually increased with each stage of ossification and
also varied between boys and girls, but the differences were
not significant. A statistically significant difference in mean
age was recorded between stages when compared with the
previous stage (P<0.05) for the five examiners, excluding
examiner III, who found a non-significant difference
between stages 3 and 4 (Fig. 1).

Table 2 Descriptive statistics
for age by sex and ossification
stage for each rater

SD standard deviation

Stage Sex Rater (mean ± SD)

I II III IV V

1 Girls 12.8 (1.8) 13.7 (2.3) 14.1 (2.2) 13.1 (1.8) 15.1 (3.2)

Boys 13.6 (0.8) 14.7 (1.6) 15.4 (3.1) 13.9 (0.9) 16.1 (3.1)

2 Girls 17.3 (2.4) 18.5 (2.3) 18.7 (2.8) 17.4 (2.0) 18.6 (3.2)

Boys 16.5 (2.6) 17.8 (3.2) 18.4 (2.2) 16.9 (2.2) 18.5 (3.8)

3 Girls 20.8 (2.0) 20.2 (2.7) 20.6 (2.5) 20.6 (1.8) 19.8 (2.5)

Boys 20.4 (2.2) 20.4 (2.5) 20.3 (3.1) 20.2 (2.1) 19.9 (2.4)

4 Girls 22.4 (0.8) 22.0 (1.2) 21.1 (4.0) 22.4 (1.4) 22.2 (1.4)

Boys 23.9 (1.0) 22.4 (2.2) 20.8 (4.7) 23.1 (1.5) 21.6 (3.0)

5 Girls – – – 24 (−) 22.3 (0.5)

Boys – – 24 (−) 24.5 (0.6) 22.3 (2.5)
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For intra-examiner repeatability of Schmeling’ stages of
clavicular ossification, good agreement was obtained be-
tween the two measurements made by the examiner “II”
using the K statistic (95 % confidence interval), K00.898
(0.823, 0.950), but moderate agreement between the two
measurements made by the examiner “V”, with K00.523
(0.240, 0.734), was also observed.

The inter-examiner reproducibility of Schmeling’s stages
was not good with Light’s K statistic (95 % confidence
interval), K00.482 (0.434, 0.520), indicating a moderate
degree of homogeneity of evaluation among operators
(Table 3). Also, when inter-examiner reproducibility was
evaluated by excluding examiners who did not show very
good repeatability (i.e. examiners V and I, with K values
lower than 0.8), the K statistic persisted in being moderate at
K00.509 (0.451, 0.578).

The results of these three tests obtained considering clavic-
ular ossification stages 2, 3 or 4 as cutoffs and performed to
discriminate between individuals, who were or were not adult,
are listed in Table 4, in which the sensitivity, specificity and
overall accuracy of the observers were recorded. Observers II,
III and IV are the forensic odontologists and the physician
experienced in Schmeling’s method and with several years of
education and practice in radiology and anatomy.

The highest values of the hypothetical probability of
chance agreement, E, were obtained at stage 2 (minors
judged correctly), although the differences between stages
2 and 3 were not significant when examiners II and IV made
the calculations (Table 4). When stage 3 was chosen as
cutoff, their performance measures showed high variability,
as sensitivity and specificity ranged from 63 to 86 % and
from 61 to 90 %, respectively. In addition, as for forensic

purposes, it is important for the test to show a low propor-
tion of individuals younger than 18 whose test is positive
(i.e. a high specificity level), and it seemed appropriate to
pay more attention to the chance of a false positive than to
that of a false negative. The choice of stage 2 to characterise
adult age always yielded specificity lower than that obtained
when stage 3 was chosen (Table 4). Finally, in case of
choosing stage 4 as cutoff, the specificity increased up to a
maximum of 100 %, but the overall sensitivity decreased (as
judged subjects of age and older).

Discussion

In several countries, the need to ascertain 18 years of age is
crucial in determining the procedures to be followed in cases
of persons without definite identification. This problem is
associated in particular with the rights of hospitality and
with asylum seekers from non-EU countries [1, 5].

Fig. 1 Age distribution of girls (upper row) and boys (lower row) vs stages, evaluated for each observer

Table 3 Weighted Cohen’s K and its bootstrapped 95 % confidence
interval evaluated for each examiner

Examiner K value 95 % confidence interval

Lower Upper

I 0.711 0.569 0.807

II 0.898 0.823 0.950

III 0.815 0.662 0.910

IV 0.859 0.766 0.924

V 0.523 0.240 0.734
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The number of unaccompanied children seeking asylum
in Europe has increased in recent years. According to United
Nations High Commissioner for Refugees (UNHCR) statis-
tics for 2009, 15,100 unaccompanied children sought asy-
lum in Europe in that year [1]. The increase was particularly
high in Italy and Spain, which together received one third of
all unaccompanied minors in Europe in 2009 [1, 4, 5].
Worldwide, UNICEF [61–63] estimates that about one third
of all children are not registered with their countries’ au-
thorities before their fifth birthday. The great majority of
unaccompanied children currently seeking asylum in
Europe come from places (e.g. Africa, Eastern Europe)
where the basic services of the state, such as birth registra-
tion, have not been functioning for many years. This makes
it impossible for many unaccompanied minors to prove their
age with official documents [1, 61–66]. The UNHCR has
also produced documents which provide guidance on the
use of age assessment processes for refugee and migrant
children [64–66].

“Objective” methods to estimate the age of unaccompa-
nied children and adolescents were therefore required, and
in many countries, the medical profession has been asked to
assist in this. A great variety of methods for age assessment
has thus been integrated into immigration procedures
across Europe, sometimes involving medical professionals
[3, 4, 54, 55].

Regarding the responsible use of X-rays in forensic age
estimations, it is indispensable not only to use dose-
lowering techniques but also to take the presumed age of
the person being examined into greater account [50]. Estab-
lished doses for X-ray examinations in forensic age estima-
tions vary from less than 0.1 mSv (left hand-wrist X-ray) to
more than 800 mSv (CT) per examination [50, 69, 70].
Ramsthaler et al. [50] referred to a publication by Jurik et
al. [71] who compared the exposure doses for spiral CT and
conventional tomography of sternoclavicular joints, the val-
ues being 0.6 and 0.8 mSv, respectively. As regards chest

radiography, the responsible use of X-rays demands critical
selection of methods which are suitable for the specific age
range. From this point of view, the use of conventional X-
rays is not appropriate for individuals under 18, and like the
collar bone CT, it should be recommended as a method only
to answer the question of whether the subject is over 18/
21 years [1, 4, 46, 50]. Article 3 of the European Council
Directive 97/43/Euratom states that, when exposing an in-
dividual to ionising radiation, the net benefit to the individ-
ual must outweigh the risks [50, 72, 73]. Nowadays, more
recent data [74, 75] are also available that compare radiation
exposure from medical X-rays with the hazards of everyday
living. Based on these studies, the resulting risks from using
X-rays in age estimation procedures (with the exception of
CT scan on sternoclavicular joints) is very low in compari-
son to other life risks [50]. However, the need for the
moment is to minimise all radiation as far as possible and
to evaluate risks from radiation when performing X-ray
examinations in age estimation procedures [50].

Some authors suggest that care should be taken not to
rely too much on the results of one single examiner, pointing
out the importance of obtaining a second opinion [67, 68].
The same is true of age estimation methods. Some methods
may not be as reliable as they are claimed to be, and the
conscientious forensic researcher should always use several
age estimation methods in order to check findings [67].
As regards the first aim of this study, to our knowledge,
no previous study has been performed to determine
intra- and inter-observer variations in analysis of the
ossification of medial clavicular epiphyses according to
Schmeling et al. [34].

The final results of this study showed that analysis of
radiographic images of the medial clavicular epiphysis is
neither simple nor easy to reproduce. The radiographs were
analysed by five different observers, each one with different
degrees of experience and education in assessing and inter-
preting chest X-rays. They had practised using the method

Table 4 Percentages of sensitivity, specificity and correct classification (95 % confidence interval) of test of adult age when stages 2, 3 and 4 of
clavicular ossification are used

Stage Sex Examiner

III II IV

Sea Spa E Sea Spa E Sea Spa E

2 M 92 (86–96) 37 (24–52) 75 (68–82) 96 (91–99) 40 (26–55) 79 (72–85) 97 (92–99) 45 (31–60) 81 (74–87)

F 99 (94–100) 38 (21–58) 84 (76–90) 97 (90–99) 50 (31–69) 85 (78–91) 98 (92–100) 48 (29–67) 86 (78–91)

3 M 64 (55–73) 61 (46–74) 63 (55–70) 73 (63–81) 82 (69–91) 75 (68–82) 86 (78–92) 86 (74–94) 86 (80–91)

F 63 (52–73) 76 (56–90) 66 (56–74) 70 (59–79) 82 (63–94) 73 (64–80) 83 (74–90) 90 (73–98) 85 (77–91)

4 M 12 (7–20) 90 (79–97) 36 (29–44) 21 (14–30) 96 (86–100) 44 (36–52) 26 (18–35) 96 (87–100) 48 (40–55)

F 11 (6–20) 93 (77–99) 32 (23–41) 36 (26–47) 100 (82–100) 51 (42–61) 26 (17–36) 97 (82–100) 43 (34–53)

a Results are expressed as means (minimum values–maximum values) at 95 % confidence intervals
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before they studied these radiographies. However, when
inter-observer reproducibility was evaluated, excluding
observers who showed not very good repeatability (i.e.
observers V and I, with K values lower than 0.8), the K
statistic persisted in being moderate at K00.509 (0.451,
0.578). This reveals considerable variation between observ-
ers, with moderate agreement. In inter-observer agreement
studies, varying experience of examiners might influence
the level of reproducibility [60]. In this work, the different
levels of experience could have influenced the results.

Therefore, these results indicate that, at the present time,
evaluation of conventional postero-anterior radiographs of
the chest for age assessment has to be carried out carefully
and/or by observers with ample specific experience and
practice. It is commonly held that almost any physician is
qualified to “read” X-rays, and that any dentist can evaluate
dental X-rays. Still, there is opinion that simply being a
physician does not in and of itself qualify one as a compe-
tent interpreter of a diagnostic imaging study. However, the
more highly qualified and specialised the expert, the more
weight his opinion will carry. Most juries will appreciate
that the diagnostic images must be interpreted and explained
to them by a competent expert familiar with both medical
and technical factors applicable to the evidence. A physical
anthropologist, for instance, may qualify as an expert to
testify on radiographs of the skeleton but, probably, will
be required to explain or document special training or ex-
perience in the use of this tool. Therefore, an expert in the
field of radiology should be preferred. One previous study
on experience level and its effect on radiological identifica-
tion have shown, as expected, that those with the most
medical and anatomy experience performed better than a
group with less experience [76]. Koot et al. [77], in their
study of hand radiographs, confirms the role of experience
and training in radiographic human identification.

Misinterpretation of recognised findings may be due to a
number of factors which can be grouped into several cate-
gories: e.g., technical, perception (search) and analysis
(judgement/cognition/decision) [78, 79]. Technical errors
are those related to the creation of the radiographic image
and include: number and type of radiographic views, patient
positioning, parameter selection, inappropriate use of colli-
mation and grids, processing errors and other image arte-
facts (such as fog, extraneous objects). Although some types
of technical error can be reduced with digital radiography,
they are not eliminated, and several errors may be inherent
in digital radiography. They include, among others, under-
exposure (insufficient X-ray exposure; quantum mottle or
“graininess”) and overexposure (excessive X-ray exposure;
saturation and planking). In addition, consideration must be
given to the medium on which the image is being viewed.
For digital images, a properly calibrated, high-luminance,
high-resolution grey-scale screen is essential. As regards

patient positioning, X-rays of each clavicle should be taken
separately. Care must be taken to ensure that the individual
being examined is bending the shoulder so that the X-ray
beams are perpendicular to the medial clavicle and the zone
of ossification.

Perception is defined as awareness of the content of a
radiographic image. For example, perception errors may
occur when a specific feature is being sought. They include
visual perception errors in the translation of a structure to
three dimensions and also summation, silhouetting, magni-
fication and distortion, and they often result in false positive
analysis. Search errors are common and most often result
from incomplete evaluation of radiographs [78, 79].

Probably, owing to the fact that the X-rays used in this
study were not made for the purpose of examining the
clavicle, in some of them, the (nearly fused) epiphyseal disc
was more difficult to explore than in others. Consequently,
this sometimes hindered correct classification of the clavi-
cle. In addition, the medial epiphysis of the clavicle, like
most epiphyses in the shoulder girdle region, is subjected to
pronounced morphological variation ranging in appearance
from small nuclei in fossa-like depressions to disk-shaped
structures [80]. Normal anatomy and certain abnormalities
are not well visualised on either overexposed or underex-
posed radiographs [80]. Therefore, a deficient knowledge of
normal morphological variants becomes crucial while dif-
ferentiating between normal and abnormal shape. The mor-
phology of attachment area of costo-clavicular ligament on
the clavicle, as well as the first rib, is a relatively neglected
district that could potentially cause diagnostic errors [80].

In view of this and taking into account the different levels
of experience of all five examiners, it is concluded that, even
with extensive experience, Schmeling’s protocol does not
perform well if good-quality chest radiographs are not used.
In addition, because of the ethical limitation in using X-rays,
the use of non-ionising radiation methods is intuitively
attractive. Future studies could show whether different im-
aging methods, such as computed tomography and MR, can
be applied as reliable methods in age estimation practice. To
our knowledge, both the thin-slice CT scans and the MR
examination would lead to a considerable improvement of
the diagnostic accuracy of age diagnosis [40–43]. However,
as Cunha et al. [46] noted, sometimes the best methods are
not those with the best published standard error, but those
which have been tested by many researchers on many dif-
ferent populations, which are suitable for a specific forensic
scenario, practical, user-friendly, relatively quick and eco-
nomical. Further studies must be done to validate the
MR and CT approaches to assessing age in normal
populations before considering their use as a routine
method for asylum seekers. Furthermore, the technology
demands expensive equipment and specialist expertise
limited to few locations.
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In the forensic field, as what interests judges is whether the
individuals in question have reached a specific threshold,
some borderline results may make decisions difficult for judg-
es [1, 2, 46]. For forensic practice purposes, their errors during
application may be classified into two types: technically un-
acceptable errors and ethically unacceptable ones. Errors due
to a forensic age estimate indicating that a subject actually
over 18 is in fact a minor fall into the first class. However,
errors indicating that a minor is over 18 may be classified as
ethically unacceptable, since they lead to a violation of
minors’ rights. If they are judged to be under 18, they will
be treated as children, with the full benefit of safeguarding
through being children in care; a child incorrectly judged to be
over 18 may be at risk of abuse or exploitation if placed with
adult migrants [1, 5, 59]. There are also financial consequen-
ces for local authorities in looking after children and practical
implications for deportation if an asylum claim is rejected
[63]. Consequently, in forensic age diagnosis, test methods
must reduce technically unacceptable errors to a minimum,
but it is even more important for ethically unacceptable errors
to disappear, especially in cases involving the possible crim-
inal responsibility of the presumed minor [1, 5, 77].

In this study, after analysis of intra- and inter-examiner
reliabilities, the validity of the methods under study was
assessed by analysing the sensitivity and specificity values
and the likelihood ratios for positive and negative results,
according to different cutoff points. In fact, as Schmeling et
al. [2] noted, in the case of living persons, an age diagnosis
usually has to assess the probability that the examined subject
has reached a specific legally relevant age threshold. However,
the results of this study clearly showed that significant vari-
ability, showing fair agreement, existed between examiners.
Due to this kind of inter-observer agreement and the values of
sensitivity, specificity and accuracy (i.e. the proportion of all
correct classifications), the results of these tests did not allow
the authors to provide a cutoff statistically significant for
estimation of the legal threshold of 18 years in living people.

Conclusions

The present study is the first to analyse intra- and inter-
examiner agreement in order to eliminate technical incon-
sistencies and to standardise methods for assessing epiphy-
seal ossification. The major conclusion of this study is that,
at the present time, there is an evident lack of reliability in
assessing the medial epiphyseal ossification of the clavicle
by X-rays for the purposes of estimating chronological age.

The results clearly indicate the following:

1. According to the low-to-moderate level of agreement
for the final scoring of this sample, it is concluded that,
although the instructions for scoring morphological

traits and giving final scores may be clear [34], summa-
tion, silhouetting, magnification and distortion of the X-
rays images often result in false positive analysis.
Therefore, with standardisation of image acquisition
procedures, further improvement of performance may
be achieved. Instead of using conventional chest radi-
ography, an alternative approach could be the applica-
tion of thin-slice CT scans or MR imaging in order to try
to improve the reliability of Schmeling’s method. How-
ever, serious effort should be put also into research into
refining the “non-ionising methods” approach and doc-
umenting its day-to-day applicability in the context of
the enormous burden on immigration control caused by
soaring rate of influx of migration.

2. The professional background and the degree of ex-
perience of the examiner are very important in age
estimation in the living. In fact, the inter-observer
variability may have been largely influenced by the
differences in image acquisition or interpretation
during the procedure. It is therefore imperative in
the future to select qualified personnel with ample,
specific experience in providing and analising radio-
graphic images. Similarly, it would be desirable that
specialised radiologists were involved in the process
in order to generate accurate and less biased age
estimates. However, this depends on rigorous train-
ing and use of auditable protocols.

3. Although Schmeling’s stages of ossification [34] of
the medial clavicular epiphysis for age estimation
seem to produce results which can be used for
forensic purposes, further research efforts on specif-
ic problems, such as inter-observer agreement and
imaging methods, are required. Standardisation of
this technique remains problematic, especially with
regard to the correct evaluation of X-ray images.
Given the above, it would be most valuable if minimum
image quality requirements were to be drawn up for the
different radiographic procedures.

Even so, until more rigorous definitions of such elements
have been agreed upon, forensic researchers are recommended
to use the conventional radiographic technique with extreme
care or to perform it using high-quality images in order to
maximise the accuracy in the assessment of age of majority.
There is a real need for accurate education of staff in age
assessment in order to improve capacity, consistency and
competence.
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