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Abstract

The AGFAD (Arbeitsgemeinschaft fiir Forensische Alterdiagnostik, Study Group on Forensic Age Diagnostics) has pub-
lished several recommendations regarding both technical aspects of computed tomography (CT) of the medial clavicular
epiphysis (MCE) and the process of reading and interpreting the CT images for forensic age estimations (FAE). There are,
however, no published recommendations regarding CT scan protocols and no dose reference values for CT of the MCE. The
objective of this analysis was to assess adherence to AGFAD recommendations among practitioners of FAE and analyse
reported dose-relevant CT scan parameters with the objective of helping to establish evidence-based dose reference values for
FAE. A systematic literature search was conducted in PubMed and in Google Scholar with specific MeSH terms to identify
original research articles on FAE with CT of the MCE from 1997 to 2022. A total of 48 studies were included. Adherence
to AGFAD recommendations among practitioners of FAE is high regarding the use of Schmeling main stages (93%), bone
window (79%), <1 mm CT slices (67%), axial/coronal CT images (65%), and Kellinghaus sub-stages (59%). The reporting
of CT technique and CT dose-relevant scan parameters is heterogeneous and often incomplete in the current literature. Con-
sidering the success achieved by the AGFAD in creating standards of practice of FAE in living subjects, there is potential
for the AGFAD to establish standards for radiation protection in FAE as well.
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Introduction respectively, as well as computed tomography (CT) of the

medial clavicular epiphysis (MCE) in individuals who have

The AGFAD (Arbeitsgemeinschaft fiir Forensische Alter-
diagnostik, Study Group on Forensic Age Diagnostics)
provides guidance on forensic age estimation (FAE) of the
living: for FAE in young, potentially minor individuals of
uncertified age, radiologic evaluation includes x-ray images
of the left hand and teeth to estimate bone and dental age,
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reached skeletal maturity of the hand [1-5].

The AGFAD recommends using the Schmeling and Kel-
linghaus classification systems to evaluate the main stage
and sub-stage of MCE ossification on CT scans, and advises
that two experts should provide age estimates using mutli-
planar reformatted (MPR) axial and coronal images with
a slice thickness of 1 mm or less and CT window settings
optimized for bone viewing [6—16].

The AGFAD also recommends applying the minimum
age concept in the assessment of age estimations to ensure
that the age of the person being assessed is not overestimated
[3, 5]. This practice also addresses the issue of age mimicry
highlighted by Ding [17].

A recent systematic review by Buckley has found that
CT currently represents the preferred imaging modality for
FAE for many practitioners [18]: CT is more accessible and
cost-effective compared to MRI and exhibits lower reader-
dependency compared to x-ray and ultrasound. Additionally,
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CT provides a substantial pool of international reference
data on the evolution of MCE [6, 18]. The primary limita-
tion of CT imaging is its use of ionizing radiation.

Therefore, radiation protection is a crucial aspect of CT
imaging, particularly in the context of FAE where CT is
performed for non-medical reasons on a young population,
and limiting the scan length to the recommended 4 cm [3, 9,
11, 20-22]) is one way to reduce radiation exposure in FAE
[9, 16,23, 24]. According to the literature, the effective dose
values for CT of the MCE, as estimated and calculated, tend
to be low, typically below 1 millisievert (mSv), but can vary
from 0.2 to 4.6 mSv depending on the scan protocol [11,
15, 16, 21, 22, 24]. There are currently no established dose
reference values and no generally accepted scan settings for
CT of the MCE for FAE [15, 16].

The objective of this systematic literature review is to
(1) assess adherence to AGAFD recommendations among
practitioners of FAE and (2) analyse reported dose-relevant
CT scan parameters of CT of the MCE for FAE with the
objective of helping to establish evidence-based dose refer-
ence values for CT of the MCE for FAE.

Method
Literature search

A systematic literature search was conducted in MEDLINE
(PubMed) and GoogleScholar. The aim was to identify origi-
nal research articles on age estimation with CT of the medi-
cal clavicular epiphysis. For this purpose, a search equation
with the following Medical Subject Headings (MeSH) terms
was created for PubMed: ((age estimation OR age deter-
mination) AND (clavicular OR clavicle OR medial clav-
icular epiphysis OR sternoclavicular joints) AND (CT OR
CT scan OR computed tomography OR scanner NOT MRI
OR magnetic resonance imaging)), filtered by publication
date 1997/01/01-2022/11/01. In addition, Pubmed citation
searches were conducted for publications citing the follow-
ing four FAE landmark articles by Kreitner [20], Schmeling
[1], and Kellinghaus [8, 27].

Two independent reviewers performed the literature
search. The reference lists of all articles assessed for eligi-
bility were searched for additional publications.

Data extraction and analysis

For each of the included studies, the following six categories
of information were extracted:

1. Publication information (authors and affiliations, date

of (online) publication, journal name, and category, and
geographic origin)
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2. Indication of CT scans (clinical query, post-mortem
investigation, age estimation)

3. Reported CT technique (scanned body region, scan
length, position of arms during scan).

4. Reported CT scan parameters (kilovolt (kVp), milli-
ampere-seconds (mAs), use of automatic tube current
modulation).

5. Reported radiation dose information (CT dose index
(CTDI), dose length product (DLP), and effective dose).

6. Adherence to AGFAD recommendations (use of
Schmeling main stages, use Kellinghaus sub-stages,
use <1 mm CT slices, use of bone window, use of axial/
coronal multiplanar reformats (MPR)).

All parameters were exported for quantitative analy-
sis. Categorical variables and qualitative parameters are
expressed as frequencies and percentage (%). Excel (Micro-
soft Excel, 2010 Microsoft Corporation, Redmond, WA,
USA) was used to calculate descriptive statistics.

Results
Literature search

The process of literature identification, screening, eligibil-
ity, and inclusion is visualized in the flow diagram below
(Fig. 1). The PubMed literature search and the citation search
identified 184 and 387 articles, respectively (n=571), with
62 citations for Kreitner’s article [20], 169 for Schmeling’s
article [1], and 79 and 77 citations for the two Kellinghaus
articles [8, 27]. The GoogleScholar search identified 978 arti-
cles (n=978). After elimination of duplicates, the remaining
802 articles were screened and 56 were included for full-text
analysis. Of these, 48 studies were included in the systematic
review [7, 8, 10-16, 19, 20, 24-60].

Publication information

Only 7 of all 48 studies (15%) were published during the
first half of the study period from 1997 to 2009. Most
articles (41/48, 85%) were published between 2010
and 2022. In 32/48 (67%) publications both forensic
pathologists and radiologists are involved as co-authors.
In 12/48 (25%) and 4/48 (8%) publications there is no
affiliation with a radiologic institute or forensic institute,
respectively. An overwhelming majority of articles (42/48,
88%) were published in forensic sciences/legal medicine
journals. 4/48 articles were published in radiologic
journals (8%), 1/48 in a forensic imaging journal (2%).
Most publications originated from Europe (26/48, 54%),
followed by Asia (16/48, 33%), Australia (4/48, 8%), and
Africa (2/48, 4%) (Table 1).
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Indication of CT scans

The indications of CT scans fall into three main catego-
ries: clinical query, post-mortem investigation, and age esti-
mation. Clinical CT scans of individuals with known age
(26/48, 54%) as well as post-mortem CT (PMCT) scans of
individuals with known age (11/48, 23%) were used to estab-
lish reference values for age estimation. 11/48 studies (23%)
analyzed CT data of individuals that had been scanned for
the purpose of FAE in the living (Table 2).

Reported CT technique

The scanned body region was limited to the sterno-
clavicular joints (SCJ) in 18/48 studies (38%). Among
these were all 11 studies of living individuals scanned
for FAE, 6 post-mortem studies with PMCTs of excised
sternoclavicular joints, and 1 study with clinical CT data,
where only “patients undergoing a CT scan of the clavi-
cle” were included. The remaining 25/26 studies with
clinical CT data included: chest CT (9/25), multiple
trauma CT (4/25), multiple body regions (12/25). Finally,

5/11 post-mortem studies used whole-body PMCT data
(Table 2).

Arm position during the CT and scan length were reported
in 2/48 (one arms-down, one arms-down vs. arms-up) and 5/48
studies respectively (range: 4-8.5 cm) (Table 4).

Reported CT scan parameter and radiation dose

Reporting of CT scan parameters was heterogeneous: 36/48
(75%) reported kVp, 30/48 (63%) reported mAs (including
reporting of mA, reference mAs, and effective mAs), and
15/48 (31%) reported use of automatic tube current modula-
tion. Information regarding CT dose was scarce. Only 5/48
studies report dose parameters [11, 15, 16, 24, 29]. Of these,
3 studies report complete dose information (CTDI, DLP, and
effective dose [mSv]) [15, 16, 24], while 2 studies report
partial dose information (CTDI and effective dose, respec-
tively) [11, 29]. 12/48 provided no information regarding
the CT scan parameters and radiation dose. See Table 3 for
an overview of results related to CT scan and dose param-
eters. See Table 4 for a sub-analysis of the 11 studies with
published data on FAE of the living.
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Table 1 Overview of

C . Continent n Country n Affiliation FM & RX Affiliation FM Affiliation RX
publication information
Europe 26 Germany 17 [71, [81, [11], [12], [13], [34] [10], [24]*
[14], [15], [16], [19]%,
[20]%, [25], [27], 28],
[41]
Austria 4 [53], [56], [57] [40]
France 3 [60] [46], [47]
Denmark 1 3371
Serbia 1 [37]
Asia 16 Turkey 6 [39], [44], [48], [51], [49]*
[52]
India 4 [29], [54], [58] [41]
China 2 [38], [43]
Japan 1 [55]
Sri Lanka 2 [59] [50]
Thailand 1 [26]
Australia 4 Australia 4 [30], [31], [32],
[41]
Africa 2 Egypt 2 [35], [44]

n number of publications for each category, FM & RX publications with author affiliations to both institutes
of forensic medicine and radiology, FP publications with author affiliations to institutes of forensic medi-
cine pathology (but not radiology), RX publications with author affiliations to institutes of radiology (but
not forensic medicine), *published in radiology journals, *published in forensic radiology journal. Articles
without * or * were published in forensic sciences/legal medicine journals

Adherence to AGFAD recommendations

The Schmeling and Kellinghaus classification systems were
used in 42/48 (88%) and 22/18, (46%) of all studies, respec-
tively. This translates to 93% of the 45 studies published
after Schmeling’s article in 2004 and 59% of the 37 studies
published after Kellinghaus’ article in 2010.

Adherence to recommendations regarding the use of <1 mm
CT slices and axial/coronal reformats has grown in parallel to
the evolution of CT technology. Overall, <1 mm CT were used
32/48 (67%) of studies (of which 28 were published in the last
decade) while axial/coronal reformats were used in 31/48, (65%)
of studies (26 in the last decade). The use of bone window

Table2 Overview of CT indication and scanned body region

settings to review CT images of the MCE was documented in
38/48 publications (79%). 10/48 publications [12, 31, 38, 40,
46, 48, 51, 52, 58, 60] provide no information regarding CT
image windowing (note that some authors may have viewed
images using MPR and bone window, but did not report it in
the study) (Table 5).

Discussion
This systematic review on standards of practice in

forensic age estimation with CT of the medial clavicu-
lar epiphysis has two principal findings: first, there is a

Origin of CT data n Age n Body region References
Clinical query 26 Known 9 Chest [24], [37], [42], [46], [48], [49], [51],
[52], [58]
12 Multiple body regions [101, [19], [20], [26], [29], [36], [38],
[39], [44], [47], [541, [59]
4 Multiple trauma (71, [8], [27], [35]
1 SCI [43]
Post mortem investigation 11 Known 6 SCJ [12], [13], [14], [25], [34], [41]
5 Whole body [301, [31], [32], [33], [55]
Forensic age estimation 11 Unknown 10 SCJ [11], [15], [16], [28], [40], [50], [53].
[56], [57], [60]
Known 1 SCI [45]

n refers to number of studies per category, Age age of individuals in whom age estimation was performed, SCJ sternoclavicular joint
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Table 3 Reported CT scan parameters and dose parameters

kVp

mAs

automatic mA modulation

radiation dose information

none reported

Tozakidou [15]*, Tozakidou [16]*, Gassenmaier [24]

Kellinghaus [8], Kellinghaus [27], EI-Gerby [35], Zhang [43], Gurses [48], Gurses [51],
Uysal [52]

Schulz [7], Schulze [10], Wittschieber [12], Wittschieber
[13], Scharte [14], Vieth [25], Schulz [28]*, Tangmose
[33], Gonsior [34], Gakhar [36], Hua [38], Ekizoglu [39],
Wittschieber [41], Ekizoglu [44], Ufuk [49], Torimitsu [55],

Shedge [58], Lossois [60]*

Mhler [11]%, Kaur [29]

Mhler [11]%, Kaur [29]

Milenkovic [37], Rudolf
[40]*, Rudolf [53]*, Rudolf
[56]*, Rudolf [57]*

Houpert [46]

Milenkovic [37], Rudolf
[40]*, Rudolf [53]*, Rudolf
[56]*, Rudolf [57]*

Kreitner [19], Kreitner [20],
Pattamapaspong [26],
Bassed [30], Bassed [31],
Bassed [32], Franklin [42],
El Morsi [45]*, Houpert [47],
Gunawardena [50]*, Patil
[54], Pranavan [59]

kVp kilovolt peak (tube potential); mAs milliampere-second (tube current - time product); mA milliampere (tube current); * studies on age esti-
mation in the living. Reading example: Studies [15] and [16] reported kVp, mAs, use of DMS, and Dose parameters, while [11] reported kVp,

mAs, Dose parameters, but not if DMS was used

considerable level of international standardization in the
practice of FAE with CT of the MCE due to high adher-
ence to AGFAD recommendations, and second, reporting
of CT technique and CT dose-relevant scan parameters
is heterogeneous and often incomplete in the current

literature.

These results are relevant because they show how the
AGFAD could contribute to the creation of new practice
standards regarding dose optimisation for CT of the MCE.

A key finding of this analysis is that reporting of CT tech-
nique and scan parameters is incomplete in many studies on

CT of clavicles for FAE. The primary reason for this is that

Table 4 Reported CT scan parameters and dose parameters of FAE studies

Author Published CT scanner Arm Scan lenght kVp mA/mAs Automatic Effective dose DLP
(online) position [cm] mA [mSv] [mGy*cm]
modulation
Miihler [11] 2005 1-slice Not rep 4 120 130 mA Not rep 0.5% Not rep
Schulz [28] 2007 1-slice Not rep 4 120 130 mA Not rep Not rep Not rep
El Morsi [45] 2015 “Multi-slice CT” Not rep Not rep np  Notrep Not rep Not rep Not rep
Gunawardena [50] 2016 64-slice Not rep Not rep np  Notrep Not rep Not rep Not rep
Rudolf [40] 2014 16-slice Not rep Not rep 130 Not rep Used Not rep Not rep
Rudolf [53] 2017 16-slice Not rep Not rep 130 Not rep Used Not rep Not rep
Rudolf [56] 2019 16-slice Not rep Not rep 130 Not rep Used Not rep Not rep
Rudolf [57] 2019 16-slice Not rep Not rep 130 Notrep Used Not rep Not rep
Tozakidou [15] 2019 256-slice Down 6.2+2.1 140 70 mAsref Used 0.95+0.38 69.5+27.6
Tozakidou [16] 2021 256-slice Down 6.2+2.1 140 70 mAsref Used 0.95+0.38 69.5+27.6
Up 8.5+3.4 140 70 mAsref  Used 0.79+£0.32 57.5+23.4
Lossois [60] 2022 64-slice Not rep 4 120 200 mAseff Not rep Not rep Not rep

kVp kilovolt peak (tube potential), mA milliampere (tube current), mAs milliampere-second (tube current—time product), *calculated dose for a

patient of 70 kg
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Table 5 Adherence to AGFAD recommendations

use of Schmeling main
stages

use of Kellinghaus sub-
stages

use of <1 mm CT slices

ax/cor MPR' bone window?

Wittschieber [13], Scharte [14], Tozakidou [15]*, Tozakidou [16]*, Gassenmaier [25], Pattamapaspong [26], Houpert [47], Gunawardena [50]*, Rudolf
[53]*, Torimitsu [55], Rudolf [57]*

Wittschieber [12], Rudolf [40]*, Houpert [46], Gurses [48], Gurses [51], Uysal [52], Lossois [60]*

Wittschieber [41], Ekizoglu [44], Shedge [58]

Schulze [10], Kreitner [19],
Kreitner [20], Wittschieber
[41], Ekizoglu [44]

Kellinghaus [8]

Kellinghaus [27], Bassed
[30], Bassed [32], Milenkovic
[371, Franklin [42], Ufuk [49]

Kellinghaus [8]

Kellinghaus [27], Bassed [30], Bassed [32], Milenkovic [37],
Franklin [42], Ufuk [49]

Tangmose [33], Zhang [43],
Patil [54]

Tangmose [33], Gonsior [34], Zhang [43], Patil [54], Rudolf [56]*

Schulz [7], Muhler [11]*,
Vieth [25], Schulz [28]*, Kaur
[29], Bassed [31], EI-Gerby
[35], Gakhar [36], Ekizoglu
[39], El Morsi [45]*,
Pranavan [59]

Muhler [11]*, Vieth [23],
Schulz [28]*, Kaur [29], Hua
[38], Ekizoglu [39]

Schulz [7], Muhler [11]%,
Vieth [25], Schulz [28]*, Kaur
[29], El-Gerby [35], Gakhar
[36], Ekizoglu [39], El Morsi
[45]

Bassed [31]

Luse axial and coronal MPR images reported in study; 2 use of bone window in study; * studies on age estimation in the living. Note: some
authors may have viewed images using MPR and bone window, but did not report it in the study. Reading example: [41] used both Schmeling
main and Kellinghaus sub-stages, and viewed CT images of < 1 mm thickness in a bone window, but they did not report the use of axial and

coronal MPR image. [10] used bone window for viewing images

more than half of the publications on this topic are reference
studies that rely on clinical CT scans of mixed body regions,
mixed scan lengths, and therefore mixed CT settings [7, 8,
10, 19, 20, 24, 26, 27, 29, 35-39, 42, 44, 46-49, 51, 52, 54,
58, 59]. Extracting radiation exposure parameters that are
meaningful to dedicated CT examinations of the MCE from
these data is very challenging. CT scan parameters from
post-mortem reference studies are also difficult to transfer
to FAE in the living. Although PMCT protocols do not use
unreasonable high radiation doses, radiation protection is
not a concern in PMCT.

Therefore, the most relevant source of information for
guidance on CT technique and scan parameters is those 11
studies that used CT data from CTs of the MCE for actual
FAE.

Nine of these do report dose-relevant parameters in their
material and methods (two do not) and the specified CT
parameters are a good starting point for future work in this
field. It is, however, important to keep in mind that of these
nine studies, two [11, 28] are more than 15 years old, which
is a long time in CT technology. Of the remaining seven
studies, four were authored by Rudolf et al. [40, 53, 56, 57],
two by Tozakidou et al. [15, 16], and one by Lossois et al.
[60]. This means that the available, up-to-date data on CT
scan parameters of the MCE for FAE is based on the work
of 3 authors only, of which only 1 author had a focus on
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dose optimisation [15, 16]. These data are insufficient for
proposing evidence-based dose reference values for CT of
the MCE for FAE.

One important parameter in dose optimisation is arm
positioning during CT. According to Tozakidou et al., it is
common practice to perform CT of the MCE for FAE in
an arms-down position [16]. This systematic review was
unable to confirm or deny this practice, because only 2 of
all included studies had explicitly reported arm position
during CT [15, 16]. The presence of arms within the scan
range increases patient dose (more dose required to pen-
etrate humerus) and decreases image quality (more noise
from beam hardening artifacts). Clinical practice is therefore
to position patient arms outside of the scan range when-
ever possible, e.g., arms up for chest CT and arms down for
neck/c-spine CTs [61-64].

The practice of CT of the MCE with arms down may
represent a holdover from the time when age estimations
were performed with x-rays of the clavicle (taken in an
arms-down position) and should be revaluated in the cur-
rent era of CT. In this context, one must keep in mind that
many CT reference studies for FAE are based on clini-
cal CT scans, often the chest [24, 36, 37, 42, 46, 48, 49,
51, 52, 58]—scanned with arms raised—and therefore,
a change in practice to CT of the clavicle with arms-up
for age estimation is unlikely to have an effect on staging
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of MCE ossification. Recently, Tozakidou has already
demonstrated how CT of the MCE for FAE with arms up
has the potential to decrease effective dose and increases
image quality [16].

Finally, another key finding of this analysis is that
adherence to AGFAD recommendations is high among
practitioners of FAE. Today, the following 5 AGFAD rec-
ommendations for age estimation with CT of the clavi-
cles have become internationally recognized standards of
practice: (1) use Schmeling main stages (93% adherence
after 2004); (2) use of Kellinghaus sub-stages (59% adher-
ence after 2010); (3) use <1 mm CT images (88% adher-
ence after 2011); (4) use of axial/coronal reformats (80%
adherence since 2013); and (5) use of the bone window
(documented in 79% of studies).

The fact that the AGFAD has established internationally
recognized standards of practice regarding both technical
aspects of CT and the process of carrying out the forensic
age estimations underlines the potential the AGFAD has to
also introduce standards in radiation protection. The fact
that the vast majority of publications on FAE with CT of
MCE are collaborations between authors with a forensic
and authors with a radiologic background is also beneficial
to achieve this aim.

Over the past few years, three publications have demon-
strated how clinically established dose reduction strategies such
as iterative CT reconstruction, arm position outside the scan
field, and low dose CT can be transferred to FAE [15, 16, 21].

A recent cadaver study has tested how low CT dose
may be lowered while maintaining diagnostic image qual-
ity for age estimation [65]. The authors have managed to
reduce the dose to approximately 0.15 mSv (calculation
with conversion factor of 0.0137 [16]) (using both a fixed
parameters protocol at 100 kVp and 30 mAs and a pro-
tocol with 120 kVp and automatic dose modulation with
40 mAs reference. These preliminary results indicate that
the dose of CT of the MCE may be substantially lowered
while still maintaining diagnostic image quality.

Conclusions

Over the past 2 decades, the AGFAD has published several
recommendations regarding both technical aspects of CT
and the process of carrying out forensic age estimations
that have become internationally accepted standards of
practice.

The reporting of dose-relevant CT techniques and CT
scan parameters in the literature on FAE is heterogeneous
and often incomplete regarding data on dose-relevant CT
parameters. Based on the available information, it is not

possible yet to propose evidence-based reference values
for CT of the MCE for FAE.

In view of the success achieved by the AGFAD in stand-
ardizing the practice of FAE in the living, the AGFAD has
to potential to establish standards in radiation protection
for FAE as well, for example through publishing best prac-
tice recommendations for radiation dose optimization.
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