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Abstract

Purpose To explore the possibility of determining majority via a morphology-based examination of the epiphyseal-diaphyseal
fusion by 3.0 T magnetic resonance imaging (MRI), a prospective cross-sectional study developing and applying a new stage
classification was conducted.

Materials and methods 344 male and 350 female volunteers of German nationality between the ages of 12-24 years were
scanned between May 2013 and June 2015. A 3.0 T MRI scanner was used, acquiring a T1-weighted (T1-w) turbo spin-echo
sequence (TSE) and a T2-weighted (T2-w) TSE sequence with fat suppression by spectral pre-saturation with inversion recovery
(SPIR). The gathered information was sifted and a five-stage classification was formulated as a hypothesis. The images were then
assessed using this classification. The relevant statistics were defined, the intra- and interobserver agreements were determined,
and the differences between the sexes were analysed.

Results The application of the new classification made it possible to correctly assess majority in both sexes by the examination of
the epiphyses of the knee joint. The intra- and interobserver agreement levels were very good (k > 0.80). The Mann-Whitney-U
Test implied significant sex-related differences for most stages.

Conclusion Applying the presented MRI classification, it is possible to determine the completion of the 18th year of life in either
sex by 3.0 T MRI of the knee joint.

Key points

* Based on prospective referential data a new MRI classification was formulated.

* The setting allows assessment of the age of an individual’s skeletal development.

* The classification scheme allows the reliable determination of majority in both sexes.

o The staging shows a high reproducibility for instructed and trained professional personnel.

o The proposed classification is likely to be adaptable to other long bone epiphyses.

Keywords Age determination by skeleton - Forensic medicine - Bone development - Knee - Magnetic resonance imaging

Abbreviations Tl-w  Tl-weighted
MRI  Magnetic resonance imaging T2-w  T2-weighted
SPIR  Signal pre-saturation with inversion recovery TSE  Turbo spin-echo
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amined by multiple modalities [3-27]. The current recom-
mendations by the Study Group on Forensic Age
Diagnostics (AGFAD) [28] are based on ionising radiation,
namely orthopantomograms, plain x-rays of the hand and, if
need be, computed tomographies of the medial clavicular
epiphyses [28], following the “minimum-age concept” [1].

This means that in judicial proceedings, in which it is to be
proved with the highest level of certainty that the legally rel-
evant age threshold is surpassed, the chronological age of the
youngest individual of the referential study showing the same
developmental stage as the examined individual is assumed to
be the individual’s minimum age. This is to prevent a falsely
overestimated chronological age and will almost always lead
to a lower estimated age than the actual age. Therefore, min-
imum ages of morphological characteristics are of the utmost
importance to examinations in forensic age assessment.

Magnetic resonance imaging (MRI) has not been imple-
mented into the AGFAD’s recommendations, despite the fact
that the general feasibility has already been shown [20]. Even
several original staging systems have already been proposed
[16, 17] and adaptions of preexisting classifications have been
attempted [18, 19]. So far, all these approaches failed to meet
the requirements of the AGFAD’s recommendations.

Therefore, our scientific working group decided to conduct
a prospective cross-sectional study with a sufficient cohort to
explore the possibility of determining majority via a
morphology-based examination of the epiphyseal-diaphyseal
fusion of the knee-joint by 3.0 T MRI. In a first step, a most
precise depiction of the osseous structures was achieved with
a T1-weighted (T1-w) turbo spin-echo sequence (TSE). This
provided an anatomical image of the bony structures [29],
with which it was possible to rule out general atypia or path-
ological changes to the bone itself. In case of a finished
epiphyseal-diaphyseal bony fusion, it then served as a tem-
plate on which to locate the exact position of the former
growth plate. In a second step, a T2-weighted (T2-w) TSE
sequence with fat suppression by spectral pre-saturation with
inversion recovery (SPIR) provided information about station-
ary watery components within the previously depicted osse-
ous structures and/or in cartilaginous parts, while discriminat-
ing other soft tissues and especially fat. This was done under
the assumption that previously found T2-hyperintense signals
[16, 17] could resemble a waning watery residuum of the
fusion’s process. It was also expected that the sole acquisition
of the specific T1-w sequence would not suffice as could be
derived from earlier studies [27].

Materials and methods
The study uses a data set that was acquired by the European

study “Age estimation in unaccompanied minors by means of
MRI”. Multiple regions of interest of several hundreds of
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volunteers were scanned and are currently being analysed.
Due to this, parts of the cohort’s results have already been
reported concerning different approaches or other regions of
interest [20, 27, 30, 31].

After the responsible ethics committee had voted in favour
of the study, the recruitment of the volunteers via advertise-
ment in local media and the internet was begun. Each of the
volunteers or their legal guardian, in case of minors, had
signed a written consent prior to their examination.

Between May 2013 and June 2015 344 male and 350 fe-
male volunteers of German nationality in the age bracket 12-
24 years were prospectively scanned (see Table 1). Noted
characteristics of the volunteers included sex, proven age,
known illnesses as well as past and present medication. The
participants were to be distributed evenly across groups of up
to 25 per year of age and sex. Exclusion criteria for the recruit-
ment and the examination were the presence of skeletal
development-relevant diseases and/or disorders, trauma to
the knee joint area and the common contra-indications of mag-
netic resonance imaging, especially incorporated metal ele-
ments, recent surgical procedures, freshly implanted vascular
clips, claustrophobia and potential pregnancy. The knee joint
was chosen as the region of interest (ROI) since earlier studies
suggested its epiphyses to possibly show relevant morpholog-
ical changes around the 18th year of life in both sexes [16-19,
32]. In case of exclusion criteria concerning the left knee joint
(e.g. trauma or implant) there was the possibility to switch to
the right knee joint.

The MRI scans were performed on a 3.0 T scanner (Philips
3.0 T Achieva, gradients 80 mT/m; Philips Medical Systems,
Amsterdam, The Netherlands) using a high-resolution surface
coil (Sense Flex M, Philips Medical Systems, Amsterdam,
The Netherlands). The scans were repeated in case of motion
artefacts.

A T1-w TSE sequence in coronal orientation was used (TR
633 ms; TE 20 ms; flip angle 90 degree; duration 3:51 min;

Table 1 Case group figures (n = 694)

Chronological age (in years) Male volunteers Female volunteers

12 21 16
13 30 14
14 20 28
15 25 29
16 26 3]
17 28 29
18 29 29
19 25 30
20 28 29
21 32 31
22 27 31
23 26 29
24 27 24
3 344 ¥ 350
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measured voxel size 0.6 x 0.77 x 3 mm; reconstructed voxel size
0.31 x 0.31 x 3 mm). Furthermore, an additional T2-w TSE
SPIR sequence in coronal orientation was used (TR shortest;
TE 65 ms; flip angle 90 degree; duration 3:08 min; measured
voxel size 0.6 x 0.76 x 3 mm; reconstructed voxel size 0.31 X
0.31 x 3 mm).

The images were viewed on a PACS workstation, first
evaluated by an examiner with experience in musculoskeletal
MRI diagnostics (C.O.) and sifted for characteristic morpho-
logical landmarks on which to base a classification.

The formulated classification then was applied to the ac-
quired images to evaluate its capabilities in assessing majority.
For determining the intraobserver agreement a re-evaluation
of 100 randomly chosen cases was performed after a lapse of 2
months to prevent a recall bias. A second examiner with more
than 20 years of experience in musculoskeletal MRI diagnos-
tics (V.V.) also evaluated the same group of 100 cases for
determining the interobserver agreement. The evaluations
were performed without knowledge of sex, age and earlier
evaluations of the examined volunteers.

Statistical analyses were conducted using IBM SPSS
Statistics 24 (Build 1.0.0.407) for Mac OS X (release 15/03/
2016, IBM Corp.). Minimum, maximum, mean * standard
deviation and median with lower and upper quartiles were
defined for each stage of the classification to find the mini-
mum ages of onset. Intra- and interobserver agreements were
determined by calculating the kappa coefficients. Sex-related
differences in the stage assessment across the ages were
analysed using the Mann-Whitney-U Test to determine their
statistical relevance (p < 0.05, exact, two-tailed).

Results

In all cases, the setting provided evaluable images. Especially
motion artefacts did not pose a problem.

Cohort

We prospectively scanned and evaluated 694 volunteers, rang-
ing from 12.05 years to 24.98 years of age. For male volun-
teers the median age at the point of examination was 18.80
years, while the median age for female volunteers was 18.97
years. In a total of 14 cases the examination was performed on
the right knee (2.02%) because of the presence of contra-
indications concerning the left knee joint.

Examination

A T1-w TSE sequence was utilised to acquire images aiming
for osseous structures. An additional T2-w TSE SPIR se-
quence was utilised to acquire images aiming at stationary
watery components within the previously depicted osseous

structures and/or in cartilaginous parts. The examinations took
approximately 10 to 15 min to complete, including
positioning.

MRI classification

The examinations of the volunteers were sorted separately for
both sexes from youngest to oldest. In a first step, all slices of
each examination were then looked through to get an overview
of the general morphology of the growth plate and the process
of its ossification. This was done without knowledge of the
exact age of the volunteers. In a second step, sketches of the
found characteristics and changes of the growth plate were
drawn for both sequences. Here, the separation by sex was
dropped since unlike the chronology of the ossification the
morphology of the growth plate showed no sex-related differ-
ences. Only characteristics that could be found alike in most
cases of similar age were taken into account. At this point a
distinct continuum of the growth plate’s development could be
recognised. The sketches were then sifted for easily identifiable
changes, i.e. the presence or absence of certain features. These
morphological features were then put into an ascending order
and the following staging system was formulated as a hypoth-
esis (see Figs. 1 and 2 for the corresponding schematics and
examples; see Table 2 for the shortened version):

Stage 2: In the T1-w sequence a continuous band of
intermediate signal intensity is visible, walled by serrated
lines of low to no signal intensity towards the epiphysis
and the diaphysis.

In the T2-w sequence the epiphysis is demarcated by a
serrated line of low to no signal intensity. The metaphysis
shows two serrated lines of high signal intensity. Both lines
can be continuous or discontinuous.

Stage 3: In the T1-w sequence a discontinuous band of inter-
mediate signal intensity is visible. The band is walled by serrated
lines of low to no signal intensity towards the epiphysis and the
diaphysis that sporadically convene and interrupt the band,
forming a single serrated line with no signal intensity.

In the T2-w sequence the metaphysis shows two serrated
lines of high signal intensity that sporadically convene,
forming a single thin and serrated line of high signal intensity.

Stage 4: In the T1-w sequence a discontinuous thin and
serrated line of intermediate signal intensity between the
epiphysis and the diaphysis is visible. In the continuity of
the line, thicker sections with no signal intensity can be seen.

In the T2-w sequence a thin single, discontinuous or dotted
line of hyperintense signal is visible in the same position as the
described thin line of the corresponding T1-w sequence. In the
continuity of the line, thicker hyperintense sections can be seen.

Stage 5: In the T1-w sequence a continuous thin line of
intermediate signal intensity between the epiphysis and the
diaphysis is visible.
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| Stage 2 - schematic I | Stage 3 - schematic |

| Stage 4 - schematic |

| Stage 5 - schematic I | Stage 6 - schematic

| stage2-T1TsE |

| Stage3-T1TsE |

| stage4-T1TSE |

| stages -1 TS |

| stages-T1TsE |

Fig. 1 Schematic drawings for the stages of the T1 TSE sequence and examples (3.0 T; non-contrast enhanced; coronal slice orientation); from left to
right: male 13 years, male 14 years, female 16 years, male 20 years, female 22 years. MR/ magnetic resonance imaging; 7SE turbo spin echo

The T2-w sequence shows a single thin, discontinuous or
dotted line of hyperintense signal in the same position as the
described thin line of the corresponding T1-w sequence.

Stage 6: In the T1-w sequence a continuous thin line of
intermediate signal intensity between the epiphysis and the
diaphysis is visible.

The T2-w sequence shows no hyperintense signal in the
same position as the described thin line of the corresponding
T1-w sequence.

The stages are based on the presence or absence of certain
landmarks of the epiphyseal-diaphyseal fusion’s morphological

appearance, mainly drawn from the T1-w sequence. In the T1-
w sequence they are characterised by the presence of a contin-
uous band-like morphology of the growth plate (stage 2), the
presence of a discontinuous band-like morphology (stage 3),
the beginning thin-lined demarcation of the fusion’s “scar”
(stage 4), the completely demarcated fusion’s “scar” with a
corresponding T2-hyperintense signal (stage 5) and finally
without a corresponding T2-hyperintense signal (stage 6).
Stages 5 and 6 have the exact same appearance in the T1-w
sequence and cannot be further differentiated without the T2-w
sequence.

| Stage 2 - schematic | Stage 3 - schematic

| Stage 4 - schematic

I Stage 5 - schematic I I Stage 6 - schematic |

Stage2- T2 TSESPIR | | stage3-T2TsESPR |

| Stage4—T2TSSPIR |

| stages-T2TSESPIR » |

| stages-T2TsESPR |

Fig. 2 Schematic drawings for the stages of the T2 TSE SPIR sequence
and examples (3.0 T; non-contrast enhanced; coronal slice orientation);
from left to right: male 13 years, male 14 years, female 16 years, male 20
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Table 2 MRI classification

Stage Sequences Characteristics of the epiphyseal ossification
2 T1-TSE & Continuous intermediate band in T1-TSE and
T2-TSE SPIR two continuous or discontinuous hyperintense
lines in T2-TSE SPIR
3 T1-TSE & Discontinuous intermediate band in T1-TSE and
T2-TSE SPIR two hyperintense, sporadically convening lines
in T2-TSE SPIR
4 T1-TSE & Discontinuous intermediate line in T1-TSE and
T2-TSE SPIR a thin discontinuous or dotted hyperintense line
in T2-TSE SPIR
5 T1-TSE & Continuous intermediate line in T1-TSE and
T2-TSE SPIR discontinuous hyperintense line in T2-TSE SPIR
6 T1-TSE & Continuous intermediate line in T1-TSE and
T2-TSE SPIR no signal in T2-TSE SPIR in the same position

MRI magnetic resonance imaging; 7SE turbo spin echo; SPIR signal pre-saturation with inversion recovery

It was possible to assess a respective stage of the distal
femoral epiphysis and the proximal tibial epiphysis in all cases
(694). The evaluation took below 1 min per case.

Observed minimum ages in the distal femoral
epiphysis

In males, the minimum ages for stages 2, 3, 4, 5 and 6 of the
epiphyseal-diaphyseal fusion of the distal femoral epiphysis
were 12.05, 12.13, 15.49, 15.71 and 21.24 years, respectively
(compare Table 3).

In females, the minimum ages for stages 2, 3, 4, 5 and 6 of
the epiphyseal-diaphyseal fusion of the distal femoral epiph-
ysis were 12.11, 12.16, 14.33, 14.82 and 20.65 years, respec-
tively (compare Table 4).

Observed minimum ages in the proximal tibial
epiphysis

In males, the minimum ages for stages 2, 3, 4, 5 and 6 of the
epiphyseal-diaphyseal fusion of the proximal tibial epiphysis
were 12.05, 12.13, 14.68, 15.71 and 19.85 years, respectively
(compare Table 5).

In females, the minimum ages for stages 2, 3, 4, 5 and 6 of
the epiphyseal-diaphyseal fusion of the proximal tibial epiph-
ysis were 12.56, 12.11, 12.48, 14.44 and 17.65 years, respec-
tively (compare Table 6).

Intra- and interobserver agreement

After calculating Cohen’s kappa, we found a very good
intraobserver agreement level concerning the distal femoral
epiphysis (k = 0.914) and the proximal tibial epiphysis (k =
0.893).

After calculating Cohen’s kappa, we found a very good
interobserver-agreement level concerning the distal femoral
epiphysis (k = 0.913) and the proximal tibial epiphysis (k =
0.847).

Statistical differences of the sexes

The performed Mann-Whitney-U Test concerning the distal
femoral epiphysis implies significant sex-related differences
for most stages: stage 2 (p < 0.02), stage 3 (p < 0.01), stage 4
(p <0.01), stage 5 (p < 0.01) and stage 6 (p = 0.46).

Table 3 Ossification stages of the

distal femoral epiphysis in Stage ~ Number of cases ~ Minimum  Maximum  Mean value; standard ~ Lower quartile; median;
relation to age for male volunteers deviation upper quartile
(in years)

2 27 12.05 15.56 13.39; 0.89 12.54; 13.55; 13.83

3 79 12.13 19.15 14.75; 1.66 13.59; 14.70; 15.88

4 35 15.49 18.81 17.04; 0.81 16.58; 17.11; 17.48

5 197 15.71 24.98 21.20;2.23 19.33;21.17; 23.00

6 6 21.24 24.70 23.23;1.32 21.88; 23.52; 24.40

The values bordering to 12 years of life and to 24 years of life as well as derived data of those values are likely

influenced by the cohort’s age range
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Table 4 Ossification stages of the

distal femoral epiphysis in Stage ~ Number of cases ~ Minimum  Maximum  Mean value; standard ~ Lower quartile; median;
relation to age for female deviation upper quartile
volunteers (in years)

2 5 12.11 12.88 12.41; 0.31 12.17; 12.25; 12.72

3 43 12.16 15.74 13.83; 1.02 12.89; 13.83; 14.74

4 53 14.33 18.46 15.90; 1.00 15.11; 15.84; 16.61

5 243 14.82 24.98 20.50; 2.54 18.68; 20.62; 22.59

6 6 20.65 24.05 22.62;1.20 21.86; 22.54; 23.75

The values bordering to 12 years of life and to 24 years of life as well as derived data of those values are likely
influenced by the cohort’s age range

The performed Mann-Whitney-U Test concerning the
proximal tibial epiphysis implies significant sex-related differ-
ences for most stages: stage 2 (p = 0.92), stage 3 (p < 0.01),
stage 4 (p < 0.01), stage 5 (p < 0.02) and stage 6 (p < 0.03).

Discussion

The new classification enables us to determine majority in
both sexes. Following the “minimum-age concept” [1], this
is possible in males via stage 6 of the distal femoral epiphysis,
as the youngest volunteer in this stage was 21.24 years old.
Likewise, it is possible via stage 6 of the proximal tibial epiph-
ysis, as the youngest male volunteer in this stage was 19.85
years old. In females, we can determine majority via stage 6 of
the distal femoral epiphysis, since the youngest volunteer in
this stage was 20.65 years old. However, the majority cannot
be determined in females via the evaluation of the proximal
tibial epiphysis, because the youngest volunteer in the final
stage 6 was 17.65 years old.

The results also show a harmonic increase of ages of onset
for stages 4-6 across all examined epiphyses, which is in con-
cordance with comparable studies [16—19, 27]. This impli-
cates that the classification in fact captures the progression
of epiphyseal-diaphyseal ossification and fusion as expected.

However, the results also show a statistical bias, i.e. a se-
lection bias, concerning some minimum and maximum ages.
The maximum ages for stages 5 and 6 of both epiphyses in

both sexes are superimposed, in that the maximum age of
stage 6 lies below that of stage 5. This is most likely due to
the cohort’s chosen upper cut-off of 24 years of life in combi-
nation with the low number of cases displaying stage 6.
Bearing in mind that a continuum of ossification and fusion
was observed, the actual maximum age of stage 6 will lie
above that of stage 5. Nonetheless, it can be assumed that
the lower extremes of stage 6 were captured.

Furthermore, the minimum ages of stages 2 and 3 that lie
close to 12 years are most likely determined by the cohort’s
chosen lower cut-off of 12 years of life. These should there-
fore be considered artificial and the actual minimum ages
likely lie below the documented range. Additionally, the age
groups of 12 years and 14 years in males and of 12 years and
13 years in females could not be filled sufficiently. Since these
age groups would presumably have displayed stages 2 and 3 a
recruitment bias must also be suspected here. In general, the
minimum ages bordering 12 years of life and the maximum
ages bordering 24 years of life as well as derived data of those
values are most likely influenced by the cohort’s age range
and/or the recruitment.

The benefit of the “minimum-age concept” is that it does
not take the artificial upper limits of stages 5 and 6 into ac-
count. The only relevant values are the minimum ages of the
respective stages.

The practical application showed high reproducibility for
instructed and trained professional personnel, with very good
intra- and interobserver agreement levels.

Table 5 Ossification stages of the

proximal tibial epiphysis in Stage  Number of Minimum  Maximum  Mean value; standard Lower quartile; median;
relation to age for male volunteers cases deviation upper quartile
(in years)

2 12 12.05 15.56 13.27; 1.04 12.36; 13.32; 13.78

3 74 12.13 17.07 14.03;1.22 13.20; 13.85; 15.00

4 53 14.68 20.70 16.89; 1.21 16.08; 16.90; 17.55

5 161 15.71 24.98 20.75;2.27 18.89; 20.84; 22.49

6 44 19.85 24.88 22.90; 1.28 22.05; 22.95; 23.95

The values bordering to 12 years of life and to 24 years of life as well as derived data of those values are likely

influenced by the cohort’s age range
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Table 6 Ossification stages of the

proximal tibial epiphysis in Stage ~ Number of cases ~ Minimum  Maximum  Mean value; standard ~ Lower quartile; median;
relation to age for female deviation upper quartile
volunteers (in years)

2 1 12.56 12.56 12.56; - -3 12.56; -

3 29 12.11 15.13 13.27; 091 12.42; 13.23; 14.01

4 65 12.48 17.82 15.47; 1.12 14.73; 15.42; 16.31

5 207 14.44 24.98 20.06; 2.63 18.00; 19.95; 22.22

6 48 17.65 24.84 22.08; 1.75 21.01; 22.19; 23.42

The values bordering to 12 years of life and to 24 years of life as well as derived data of those values are likely
influenced by the cohort’s age range

Overall, female individuals displayed an earlier onset of the
progression of the skeletal development, which is in concor-
dance with similar studies [16—19].

The reasoning behind a side preference of the knee joint
was to get the best possible visual comparability within the
cohort. Cases in which the right knee joint was additionally
scanned showed no differences in the analyses.

The classification itself has to be compared to those of
Jopp et al. [17] and Dedouit et al. [16] and to the adaption
of the classification by Schmeling et al. [27]. The one by
Jopp et al. is based solely on the epiphyseal-diaphyseal
osseous fusion. It is derived from only a small, retrospec-
tively analysed sample with incomplete knowledge of the
circumstances of image acquisition, as Jopp et al. stated
themselves [17], and thereby unverified. The approach by
Dedouit et al. is mainly based on the absolute measurable
thickness of the growth plate layer(s). As the physical
dimensions of anatomical structures are associated with
an individual’s body height, they are however unsuited
for absolute measurement. The classification of
Schmeling et al. [23] with the additional sub-stages of
Kellinghaus et al. [25] can be applied to the specific T1-
w sequence that was used in this study, but it does not
take into account the watery components and soft tissues
of the osseous structures. Thereby its application does not
allow the determination of majority in either sex [27].

The new classification starts with stage 2 as the chosen cut-
off of the age brackets (12-24 years) and does not cover the
carliest process of epiphyseal ossification. Therefore, room
was left for earlier stages that might be observed over the
course of additional studies.

However, while the features of stages 2-4 can be attributed
to the commonly known anatomical structures of the growth
plate, the origin of the faint hyperintense signal in the T2-w
SPIR sequence remains unclear. Further anatomical studies
are needed to find the precise physical correlate.

Concerning limitations, the restriction of the cohort to vol-
unteers of German nationality implies a limited applicability
of the results. However, from earlier studies we know that the

Western Caucasian ethnicity with high socio-economic status
shows the fastest progression through the ossification process
[33, 34]. This means that the found minimum ages will rather
lead to an underestimation of age when applied to other eth-
nicities, especially to those of lower socio-economic status.
Due to the dependence of MRI on the setting, the classifi-
cation is limited to 3-T scanners and the given sequences.
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