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Abstract Age assessment in children and young adults is a
relevant forensic issue. It is requested not only in evaluating
criminal responsibility in youths without proper identification
documents, often in relation to age thresholds, but also for
release of a residency permit, and asylum seckers of minors.
The analysis of the Risser sign and the iliac crest ossification
process has been proposed as a useful tool for forensic age
estimation. We evaluated the applicability of three different
age estimation methods on a sample of 497 pelvic radiographs
of Italian individuals between 10 and 25 years of age. Each
method showed high reliability for both reproducibility and
repeatability. The staging technique inspired by Kreitner and
Kellinghaus methods (KK-MS) is easier than the Risser meth-
od in applicability, as it is not affected by the variations of
ossification. We observed that all subjects who attained stage
3c of KK-MS and 5 of Risser Fr were >14 years, suggesting
the benefits of these methods for that age threshold. The ap-
plicability of the area measurement method, inspired by
Cameriere’s approach, ranged between 12 and 20 years, but
the statistical analysis showed only a moderate correlation
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with age. In order to evaluate the possible use of this approach
it is therefore necessary to clarify and exclude external factors
influencing the parameter. In conclusion, the iliac crest ossifi-
cation is of interest in age estimation for forensic purposes.
The evaluation of the pelvis X-ray, in addition to the other
common dental and skeletal methods, could become a useful
supplementary tool in age estimation for the 14 year threshold
in order to fulfill forensic-level requirements.

Keywords Forensic age estimation - Iliac crest ossification -
Risser sign - Scheletric age

Introduction

Over the past decades, European countries have been coping
with a growing influx of immigrants, many of whom lack
appropriate identification documents [1]. Applications for
asylum by unaccompanied minors have also risen [2], as well
as the number of crimes committed by minors [3—5]. The
demand for forensic age estimation in adolescents and young
adults therefore has increased (in German-speaking countries,
for example, the requests for forensic expert age evaluations
rose 270%, from 185 in 1996 to 500 in 2001 [6], and accord-
ing to recent data from Berlin, 157 cases were requested in
2014, more than double the 73 cases requested in 2004 [7]).

Consequently, there have been a number of studies which
focus on designing accurate and precise procedures [8] and
methods for age estimation in order to find new approaches
suitable for forensic purposes.

The study of the pelvis in cadavers has long been used for
forensic purposes [9-20]. In the living, the analysis of the
process of ossification and fusion of pelvic bones has mainly
focused on the iliac crest. Following the theory of Risser [21],
the pelvis has been studied extensively for clinical purposes,
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especially in assessing skeletal maturation in subjects affected
by scoliosis.

Lately, the analysis of the Risser sign and the iliac crest
ossification process has been suggested as a useful tool for
forensic age estimation. However, it is not employed for fo-
rensic use due to the lack of a consistent number of studies.

Wittschieber et al. [22] were the first to study the applica-
bility of the Risser method in both the USA (US) and French
(Fr) [23] version for forensic purposes, in subjects between 10
and 30 years.

Despite the discrepancies of certain stages of ossification
from Risser’s theory, the authors conclude that both methods
are acceptable for age estimation for forensic purposes. This is
especially true for the age threshold of 14 years, and the Fr
method extended to 16 years.

In 2013, Wittschieber et al. [24] published a study where
they evaluated the functionality of iliac crest ossification in
forensic age estimation, testing a new method, inspired by the
classification in stages of Kreitner [25] and Kellinghaus [26]
for the clavicle. The new staging system for the iliac crest
demonstrated the possibility of a valid diagnosis in both age
thresholds of 14 and 16 years.

Wittschieber et al. [27] presented an innovative approach
for the evaluation of the ossification of the iliac crest, inspired
by the Cameriere’s method. Unlike the other staging methods,
this new suggested approach is not based on a subdivision in
stages but on measurements and ratios of certain areas. The
ratio between the area of the iliac crest apophysis and the iliac
wing was calculated and used for linear regression analyses.
The study showed an R? (coefficient of determination) ranging
between 0.20 and 0.38 (depending on sex and pelvic side),
with a standard error of estimate, between 1.91 and 2.00 years.

The present study, therefore, aims to verify these results
from a sample of Italian individuals. The authors test the reli-
ability and applicability of three methods based on the study
of conventional X-rays for forensic purposes. Given the lim-
itations of using ionizing radiation on the pelvis for non-
clinical purposes, this study might provide useful age estima-
tion whenever a pelvic radiograph is available. Furthermore,
the study may offer additional information in evaluating the
existence of useful biological evidence for age estimating on
the pelvis, that could be investigated using future methods
based on radiation-free techniques.

Materials and methods

The original sample was made up of 497 pelvis X-rays, be-
longing to Italian individuals of both sexes aged between 10
and 25 years who were admitted to the Orthopedic Trauma
Center of Careggi Hospital (Florence, Italy), from 1 January
2013 to 31 December 2014. The age range of the sample was
set according to previous scientific studies, which reports that

@ Springer

the iliac crest ossification process does not begin before age 12
and is completed by the maximum age of 24 [22, 24, 27-32].
Only digital X-rays in anteroposterior projection performed in
supine patients were included in the study. Images belonging
to subjects with a history of developmental bone disorders
were excluded. Radiographs with inadequate projections, ar-
tifacts, overlapping of foreign materials or bowel loops, frac-
tures involving the pelvis, or conditions such as scoliosis (ev-
ident from the X-ray but not self-reported in clinical history)
were also discarded.

Out 0f 497 images, 143 were excluded (115 due to defects
or artifacts that prevented adequate visualization of the pelvis,
28 because of bone disorders), resulting in a sample of 354
subjects, composed of 186 males and 168 females (Table 1).

Age estimation was assessed applying the following three
methods:

I- Risser sign staging method, in both the USA and
European (French) versions [22, 23] (Risser US and
Risser Fr methods).

Risser classification is based on the theory that during
ossification process, the development of the apophysis of
the iliac crest along the ilium begins from the
anteromedial margin, while the fusion of the apophysis
of the iliac crest with the ilium starts from the
posteromedial side.

In both Risser Us and Fr staging systems, the attribu-
tion of the ossification stage (in six stages from 0 to 5) is
based on the evaluation of the progression of the ossifi-
cation along the iliac crest.

In Risser US (R-US) classification, commonly used
for clinical purposes in the USA, the iliac crest is divided
into quarters, defining the next four stages (1-4). Stage 0
corresponds to the absence of ossification; stages 1-4 are
related to the progression of the ossification by the ap-
pearance to completion, while stage 5 corresponds to the
fusion of the apophysis of the iliac crest with the ilium,
from the beginning of the process (starting at the
posteromedial side) to its completion.

The Risser Fr (R-Fr) version, used for clinical pur-
poses especially in Europe, differs from the previous
one as it provides for the division of the iliac crest in three
parts (thirds), and the fusion of the apophysis of the iliac
crest with the ilium is divided in two stages (stage 4 = in-
complete fusion of the apophysis of the iliac crest with the
ilium; stage 5 = complete fusion of the apophysis of the
iliac crest with the ilium).

2- The Kreitner and Kellinghaus method was originally used
to provide age estimation based on clavicle ossification,
applying a staging system that included main stages (1-4)
and a subdivision of stages 2 and 3 in substages (a—c). The
method was modified by Wittschieber et al. [24] that ap-
plied it to iliac crest maturation. This modification of the
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Table 1 Composition of

the sample Age (years) Number of individuals
Females Males
10 7 3
11 6 0
12 10 8
13 7 9
14 6 15
15 6 14
16 13 17
17 10 13
18 17 13
19 9 18
20 11 14
21 7 8
22 17 15
23 17 14
24 10 12
25 15 13
Total 168 186

original Kreitner and Kellinghaus (KK) method for
iliac crest, which provided “main stages and sub-
stages,” is used here and is referred to in this paper
as Kreitner and Kellingaus main stages and substages
(KK-MS) system.

KK-MS classification describes eight stages and
substages (1, 2a, 2b, 2c¢, 3a, 3b, 3c, 4) evaluated ac-
cording to the progression of the ossification of the
apophyseal nucleus and of the fusion of the iliac
apophysis with the pelvic bone. In this classification,
it is assumed that both of the two processes may be-
gin at any point along the iliac crest without a precise
progression.

3- A method that provides a measurement of areas on X-rays
(method here named AM) [27] according to Cameriere’s
approach for age estimation in the living. This method
requires the measurement of the area of the ossification
center (s) of the iliac crest (ICA) and the area of the iliac
wing (IW); ICA/IW ratio is used for linear regression
analysis and the elaboration of a formula that allows an
estimation of age.

In agreement with previous studies, the evaluation of the
images, measurements, and manual segmentations was per-
formed at a computer workstation provided with standard pic-
ture archiving and communication system (PACS).

The following information was available per each X-ray:
date of birth, sex of the subject, and the date of the examination.

Each analysis method (R-Us, R-Fr, KK-MS, AM) was ap-
plied blindly and separately to both sides of the pelvis.

In order to apply the evaluation of area measurement meth-
od, the areas of the ossification centers of ICA and the area of
the IWs were measured [27]. Then, ICA/IW ratio was calcu-
lated, and statistical analysis was performed.

Statistical analysis

The results of the Risser (US and Fr) and the KK-MS methods
are reported as minimum, maximum, mean, standard devia-
tion, and median, upper, and lower quartiles. For these
methods, differences between males and females were ana-
lyzed using the Mann-Whitney U test, while comparison be-
tween the left and right sides was assessed using the Wilcoxon
test; significance was assumed at p < 0.05.

For the ICA/IW, differences between the right and left sides
were evaluated using a paired samples ¢ test, due to the nor-
mality of the data.

Statistical Package for the Social Sciences (SPSS) 22.0
(SPSS Inc., Chicago, IL, USA) was used in performing the
statistical analysis.

Best fittings of the function ICA/IW vs age were generated
using a linear function with OriginPro (OriginLab
Corporation). Statistical Package for the Social Sciences
(SPSS) 22.0 for Windows (SPSS Inc., Chicago, IL, USA)
was used to perform statistical analysis. The significant
threshold was set at 5 and 1%.

To test intra-observer and inter-observer reproducibility,
two random samples of 45 and 25 X-rays were re-examined,
respectively, after 3 weeks and by a second observer.
Reliability analyses were performed following Ferrante [33].

Results
Risser method (US and Fr versions)

Table 2 summarizes the results obtained by Risser’s method
on 354 subjects (168 females and 186 males), grouped per sex
and side of the pelvis.

The differences observed in the mean values for the two
sides are not statistically significant (p > 0.05) for results based
on both R-US and R-Fr, so only the right side was considered
for statistical analysis.

Stage 1, corresponding to the beginning of ossification,
was observed, in both US and Fr method, at the minimum
age of 12.85 years for females and 13.64 in males.

The minimum age of appearance of the last stage of US
method was 12.52 years in females and 15.07 for males,
bilaterally.

The same age was confirmed in the R-Fr for males, but
it differed for females, where the last stage was observed
at the minimum age of 15.29 in both sides. According to
the R-US, females reached the final stage with an average
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Table 2 Synopsis of the results

for the two versions of the Risser ~ Stage Sex N Min Max Mean +8D Median LQ uQ
method (R-US and R-Fr) for the
right side of the pelvis, expressed Risser sign (US), right side
In years 0 Female 17 10.43 13.35 11.50 0.92 11.32 10.70 12.12
Male 14 10.03 14.86 12.77 1.62 12.87 11.67 14.28
1 Female 1 12.85 - - - - - -
Male 1 13.64 - — — — - -
2 Female 5 12.43 14.82 13.47 0.87 13.40 12.76 14.11
Male 4 13.15 15.23 13.96 0.96 13.72 13.18 14.96
3 Female 3 12.54 13.04 12.75 0.26 12.66 12.54 12.66
Male 10 12.45 15.71 13.92 1.02 14.12 12.92 14.60
4 Female 10 12.24 16.78 14.79 1.64 15.08 13.34 16.14
Male 26 13.34 18.56 15.72 1.25 15.59 14.75 16.81
5 Female 132 12.52 25.95 20.79 3.27 20.95 18.24 23.51
Male 131 15.07 25.78 20.94 291 20.86 18.69 23.35
Risser sign (Fr), right side
0 Female 17 10.43 13.85 11.50 0.92 11.32 10.70 12.12
Male 14 10.03 14.86 12.77 1.62 12.87 11.67 14.28
1 Female 2 12.85 13.60 13.22 0.53 13.22 12.85
Male 13.64 - — - — - -
2 Female 6 12.43 14.82 13.24 0.84 13.07 12.60 12.75
Male 10 12.45 15.23 13.63 0.88 13.31 12.92 14.39
3 Female 11 12.74 16.78 14.59 1.70 14.77 12.54 16.00
Male 29 13.34 18.56 15.64 1.23 15.56 14.73 16.77
4 Female 21 12.52 20.45 16.57 2.08 16.39 15.07 18.08
Male 24 14.07 19.99 17.05 1.23 17.01 16.31 17.86
5 Female 111 15.29 25.94 21.59 2.81 22.20 19.18 23.86
Male 108 15.07 25.78 21.74 2.53 21.98 19.73 23.75

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

age of about 0.25 years before the males; this difference
decreased to 0.15 years for R-Fr. These differences be-
tween the sexes are not statistically significant
(p = 0.679).

The k Cohen’s test revealed high intra-observer and inter-
observer agreement (k always >0.88).

Graphics in Fig. 1 shows the trend of the studied methods
compared to the chronological age (Fig. 1).

Main and substage classification derived from Kreitner
and Kellinghaus methods

Table 3 reports the results of the application of KK-MS for age
estimation on 354 radiographs, as minimum, maximum,
mean + SD, median, lower, and upper quartile, for both males
and females.

No differences in the minimum age of appearance of the
stages were observed between the left and right side of the
pelvis, except in 3a and 3b stages in males.

Only one male was evaluated in 2a stage; therefore, the
statistical analysis was not performed for this cohort.
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The final stage (4) was observed at the minimum age of
15.29 years for females and 15.07 for males; the analysis of
the mean values, as observed for the Risser method, did not
reveal any significant differences between the sexes
(p =0.679).

The Cohen £k test revealed a high intra-observer and
inter-observer agreement (k 0.91 and 0.89, respectively),
highlighting the high repeatability and reproducibility of
the method. The trend of the stage and the age is reported
in Figs. 2 and 3.

Area measurement method based on the Cameriere’s
method

It was possible to measure the areas of iliac crest ossification
according to AM method in only 98 of the 354 X-rays which
made up the study (Table 4).

In the remaining 256 X-rays, the ICA could not be mea-
sured for either the ossification was complete (225 cases) or it
had not yet started (31 cases) (Table 4); therefore, AM method
was not applicable.
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Fig. 1 Box plot for R-US and R-Fr in males and females

Incomplete ossification was observed in females be-
tween 12 and 20 years, while measurable areas were as-
sessable up to 18 years in males (Table 4); complete os-
sification was observed at a minimum age of 15 years in
both sexes (Table 4).

Figures 4 and 5 show the results for the left and right
sides. Since no statistical significant differences were
found between pelvic sides (p = 0.510), statistical analysis
was performed on the right side, in accordance with
Wittschieber et al. [27]

There were no statistically significant intra-observer
and inter-observer differences between the paired sets
of measurements done on the re-examined X-rays
(pi > 0.94) [respectively, pi = 0.94 and 0.96 for both
sides].

Statistical analyses indicated no differences between
sexes (p = 0.35) and showed a weak positive correlation
to age (r = 0.522). The calculated standard error was
1.93 years.
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The relation between age and ICA/IW ratio was analyzed
by a simple linear regression model, resulting in the following
equation, applicable to both sexes:

Age = 13.345 (40.381)

+17.838 (£2.978) ICA / IW ratio

Discussion

Data coming out of the literature regarding the timing in ossi-
fication of the iliac crest is ambiguous. Consequently, forensic
thresholds of interest for the application of pelvic age estima-
tion methods are equally unclear. Striking differences emerge
from the studies in data about both the starting age and the
completion of fusion of the apophysis with the iliac crest.
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Table 3 Estimated age expressed

in years applying KK-MS for the Stage Sex N Min Max Mean +SD Median LQ uQ
right pelvic side
KK-MS, right side
1 Female 17 10.43 13.85 11.50 0.92 11.32 10.70 12.12
Male 14 10.03 14.86 12.77 1.62 12.87 11.67 14.28
2a Female 2 12.85 13.60 13.22 0.53 13.22 12.85 -
Male 1 13.64 - - - - - -
2b Female 6 12.43 14.82 13.24 0.84 13.07 12.60 13.75
Male 12 12.45 15.71 13.85 1.01 13.74 13.00 14.46
2¢ Female 11 12.24 16.78 14.59 1.70 14.77 12.54 16.77
Male 26 13.34 18.56 15.75 1.025 15.59 14.75 16.81
3a Female 2 12.52 16.39 14.45 2.74 14.45 12.52 -
Male 12 14.07 18.45 16.65 1.23 1691 15.92 17.68
3b Female 13 13.13 20.37 16.43 1.93 16.36 15.06 17.87
Male 6 15.72 18.69 16.96 1.03 16.85 16.12 17.71
3c Female 6 14.84 20.45 17.58 1.98 17.93 15.64 18.90
Male 7 14.60 19.99 17.46 1.63 17.48 16.79 18.29
4 Female 111 15.29 25.94 21.58 2.82 2220 19.18 23.86
Male 108 15.07 25.78 21.74 2.53 21.98 19.73 23.75

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

Among the studies, anthropological researches [29] gen-
erally indicate an older age when compared to the radio-
logical ones [28, 30-32].

In the study by Wittschieber et al. [24], the mean age of
onset and completion of the ossification of the iliac crest were,
respectively, 14 and 24 in both sexes. The complete fusion
(stages 4 of KK-MS and 5 according to R-Fr) was found at
the minimum age of 17.90 in males and 16.42 in females.
These results differ somewhat from our findings on the com-
pletion of bone maturation. This discrepancy affects the range
of applicability of the methods.

Consistent with the previous study, using the AM method,
apophysis of the iliac crest was observed at the minimum age
of 12 years in both sexes. But we were able to define and
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Fig. 2 Box plot of KK-MS in females
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calculate the area of the apophysis of the iliac crest and then
apply the method only up to 18 years of age in males and 20 in
females (instead of 24). But analyzing the threshold of appli-
cability in close detail, it seems to be lower for females. All
females over 17 years, with the exception of one aged 20,
reached such an advanced level of ossification as to prevent
the applicability of the method.

The minimum age of complete ossification (15.29 years for
females and 15.07 for males) is lower compared to results
reported by Wittschieber [24] and much lower compared to
the anthropological studies.

This difference may be due to the difficulty of
anteroposterior X-rays in viewing the posterior third of the
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Fig. 3 Box plot of KK-MS in males
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Table 4 The number of subjects
by gender and age cohort with

Incomplete ossification

X-rays non-assessable because of the stage of ossification

incomplete iliac crest ossification
(total amount of 98 subjects) for
whom AM method was
applicable (left column) and cases
(256) impossible to be assessed
(in the right side)

Age (years)  No. of females
10
11
12
13
14
15
16
17
18
19 -
20 1
21

22

23

24

25

Total

W 9 » N &2

35

No. of males No. of females No. of males
- 72 3?
— 6a _
3 3? 52
12 28
11 - 42
13 1° 1°
15 6° 2b
11 7° 2b
3 17° 10°
_ 9b 18°
- 10° 14°
_ 7b gb
- 17° 15°
- 17° 14°
- 10° 12°
- 15° 13°
63 133 123

# The ossification has not already started
® The fusion of the ICA with IW was already completed

iliac crest apophysis. It has already been highlighted as a crit-
ical issue in the radiographic evaluation of Risser’s sign for
clinical purposes [34-36].

In accordance with Wittschieber findings [22] and other
previous studies [37-39], and dissimilarly to the trend de-
scribed by Risser, the appearance of the first center of epiph-
yseal ossification was not always at the anterolateral extremity
of the iliac crest, but rather the posteromedial, and not infre-
quently in an intermediate position of the iliac crest curve. The

22.00

20.00

18.00

AGE (years)

16.00

14.00

12.00

20
ICAIW
Fig. 4 Results for AM method applied to the left pelvic side. Circles
represent females, diamonds males; the central line represents the best
fitting; external ones correspond to the 95% CI

fusion of the ossification nucleus at times started in the central
and lateral portion, and not at the posteromedial side.

This atypical pattern may be a source of error in the appli-
cation of the Risser method. By contrast, it does not affect the
application of KK-MS staging system, as the starting point of
ossification or the origin of fusion is irrelevant in this approach.

A further critical issue which emerged in our study is the
superposition of the abdominal organs with the iliac crest in
X-rays. This is a common limitation in all methods of radio-
logical evaluation of the pelvis and was the reason in
discarding a number of images. Other images were excluded
due to the presence of diseases or artifacts that showed up on
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@ 18.00
©
[
2
w
Q
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Fig. 5 Results for AM method applied to the right side
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the film. In part, this was because images were carried out
under emergency conditions.

In spite of these limitations, the actual sample was adequate
for the purposes of the study, even if AM method was studied
using a smaller sample (98 rather than 354 X-rays). In a rele-
vant number of cases, AM method turned out inapplicable
because the ossification was not started or it was already com-
pleted, and both these conditions prevent the measurement of
areas required in this approach.

Statistical analysis revealed good values of repeatability
and reproducibility of all the methods.

The applicability of a forensic age estimation method, in a
specific threshold, can be evaluated considering the minimum
age of observation of each stage. Regarding this parameter, the
application of the R-US was useless as the minimum age of
observation for all stages, excepting males in stage V, was be-
low the lowest relevant forensic threshold (14 years). More
interesting findings concerned the application of the R-Fr, since
the chronological age for all subjects of both sexes classified in
stage 5 was superior to 14 years. According to Wittschieber, the
14 threshold could be even assessed for all subjects in stage 3a.

The application of KK-MS proved to be interesting for 14
age threshold. All females classified in stage 3¢ were over
14.84 years, and males were at least 14.60 years old.
Similarly, the same stage was observed by Wittschieber at
the minimum age of 15 years.

Conversely, our study was not able to confirm the potential
applicability of this method for the 16 year threshold, as previ-
ously pointed out by Wittschieber et al. Here, the authors de-
scribed stage 4 only in males over 17 years and female over 16.
In our study, the same stage was observed around age 15 in both
sexes, thus excluding an applicability for that threshold, so that
Risser method was not interesting for 16 and 18 age thresholds.

The mean age was lower in females, at every stage. In
advanced stages of ossification (4 and 5 of Us; 3-5 of Fr;
3b, 3c, and 4 of KK-MS) in both sexes, we observed a lower
minimum age when compared to the Wittschieber et al. stud-
ies [22, 24]. Although area measurement approach has been
criticized because it is less immediate and more time consum-
ing than other age estimation methods [40], it is actually easy
to perform using common programs at any workstation PACs
of radiology departments. In our study area, measurement
method gained a Pearson correlation coefficient of 0.52, in
line with the Wittschieber’s results [27] which found an R
between 0.20 and 0.38. Our results are indicative of a moder-
ate correlation to age; however, they are far worse than those
reported by studies on dental mineralization [41], carpus ossi-
fication, and the epiphysis of the ulna and the radius [42-50].

As hypothesized by Wittschieber [27], this might be partially
related to the anatomical iliac wing variability in X-rays.
Moreover, as we tried standardizing our sample excluding all
the images with evident artifacts or major dis-projections, it was
however composed of radiographic images taken in the
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emergency room for clinical reasons, which explains why some
minor dis-projections might have occurred in our sample.

If these critical issues had a minor relevance in the appli-
cation of methods based on the attribution of stage (Risser and
KK-MS), they would be far more influential in the AM meth-
od, which requires precision measurements of areas.

If the low correlation is confirmed, the error in age estima-
tion would be not acceptable and the AM method inapplicable
for forensic purposes. It is therefore essential to clarify wheth-
er the R? values depend on a bias in the sample or rather are
due to an intrinsic limit of the method.

The effective dose of ionizing radiation from an X-ray of
the pelvis (700 uSv) [51] is higher than the dose of an OPT
(26 uSv) [52] and that of a X-ray of the clavicle (220 uSv)
[53] or a CT scan of the medial clavicular epiphysis (400 pSv)
[51, 54]. Moreover, the exposure of abdominal and pelvic
organs in young subjects raises ethical issues [55], which do
not spare the other radiographic age estimation methods, and
limits the possibility of performing such an exam for research,
as well as for forensic purposes.

Given the ethical unacceptability of carrying out a prospec-
tive study which exposes to ionizing radiation, alternatively a
retrospective analysis could be performed on a larger sample,
selecting images with more precise and strict inclusion criteria.

According to the results of our study, further researches
should be done in order to verify the effective fulfillment of
forensic estimation requirements, focusing on the 14 age
threshold. The radiographic study of the iliac crest ossification
could in fact become a useful supplementary tool for age es-
timation in the living for the 14 threshold in addition to the
other common dental and skeletal methods. But the ethical
limits of radiographic exposition of the pelvis allow the radio-
graphic study of the iliac crest ossification for age estimation
only when a pelvic X-ray already exists.

However, the results of this study also support the oppor-
tunity for further research in the development of age assess-
ment methods using non-radiographic investigations of the
iliac crest. The primary studies in this direction, although lim-
ited, show intriguing results. The ultrasound examination was
found to be a potential method applicable to the threshold for
14 and 16 years [56]. The use of MRIs resolves the problem of
exposure to ionizing radiation and could remove some of the
limitations of conventional radiography, also providing a bet-
ter view of the posterior third of the iliac crest. The only study
in the literature on the use of MRIs for age assessment on the
iliac crest [57] specifically evaluates the applicability regard-
ing the 20 year threshold in subjects aged 18 to 22 years. This
suggests that further studies for lower age thresholds in a
sample between 10 and 20 years are advisable.

The study of iliac crest ossification may also be applied for
age estimation in the deceased. Cadavers and human remains
anatomical structures can be viewed directly without interfer-
ence and with the applicability of invasive procedures.
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However, the use of imaging methods for the study of the iliac
crest ossification could find a useful application in autopsy
investigations and identification procedures in cases of un-
identified and/or damaged bodies when pelvises are intact.
Finding incomplete ossification of the pelvis might allow an
age range estimate of a subject and therefore provide valuable
information for identification purposes.

Conclusion

Our study, which is preliminary due to the size and character-
istics of the sample, highlights the following:

—  The iliac crest ossification is of interest in age estimation
for forensic purposes, both in the living and the deceased.

—  Each of the methods evaluated in the study showed high
reliability, for both reproducibility and repeatability.

—  Considering the threshold of 14 years, that is relevant in
most countries, we observed that all subjects (both females
and males) who attained stage 3¢ of KK-MS and 5 of R-Fr
were >14 years, suggesting that these X-ray methods are
useful for the 14 threshold, but less so for 16 years.

—  The staging system with main and substages inspired by
Kreitner and Kellinghaus method for the clavicle is easier
to apply as it is not affected by the variations of ossifica-
tion (area/s of iliac crest where ossification starts).

—  The applicability of area measurement method ranged
between 12 and 20 years. The statistical analysis showed
very good reliability, but only showed a moderate corre-
lation with age. In order to evaluate the usefulness of the
method, it is therefore necessary to clarify and exclude
external factors influencing the parameter, by enlarging
the sample and applying more standardized procedures.

—  Further studies should be performed in order to verify the
fulfillment of forensic age estimation requirements and to
develop radiation-free methods.
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