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Abstract

Purpose: To determine how motion affects stage allocation to the clavicle’s sternal end on MRI.

Materials and methods: Eighteen volunteers (9 females, 9 males) between 14 and 30 years old were
prospectively scanned with 3T MRI. One resting state scan was followed by five intentional motion
scans. Additionally, a control group of 72 resting state scans were selected from previous research.
Firstly, six observers allocated developmental stages to the clavicles independently. Secondly, they re-
assessed the images, allocating developmental statuses (immature, mature). Finally, the resting state
scans of the 18 volunteers were assessed in consensus to decide on the ‘correct’ stage/status. Results
were compared between groups (control, prospective resting state, prospective motion), and

between staging techniques (stages/statuses).

Results: Inter-observer agreement was low (Krippendorf a 0.23-0.67). The proportion of correctly
allocated stages (64%) was lower than correctly allocated statuses (83%). Overall, intentional motion
resulted in fewer assessable images and less images of sufficient evidential value. The proportion of
correctly allocated stages did not differ between resting state (64%) and motion scans (65%), while
correctly allocated statuses were more prevalent in resting state scans (83% versus 77%). Remarkably,
motion scans did not render a systematically higher or lower stage/status, compared to the

consensus.

Conclusion: Intentional motion impedes clavicle MRI for age estimation. Still, in case of obvious
disturbances, the forensic expert will consider the MRI unsuitable as evidence. Thus, the development
of the clavicle as such and the staging technique seem to play a more important role in allocating a

faulty stage for age estimation.
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MAIN TEXT

Introduction

Magnetic resonance imaging (MRI) has been studied by several research groups to visualise
developing structures for forensic age estimation in living adolescents and subadults. Developing
structures for which MRI protocols have been reported in forensic literature include long bones, the
iliac crest and teeth [1-8]. Most protocols will include a method of fixation or stabilisation of the
region of interest, since MRI acquisition requires several minutes and is prone to motion artefacts. For
example, the wrist can be fixed with a flexible cloth belt [9] or stabilised in the coil using pillows [10] or
a vacuum bed [11]. The head can be fixed by an individualised bite plate [2]. This minimises motion
artefacts that might impede an adequate assessment of the developmental stage of the considered

anatomical structure.

However, when clavicles are studied for age estimation, absolute fixation is impossible and breathing
artefacts are unavoidable. Hillewig et al. (2011) reported the use of a specially shaped vacuum pillow
and rubber device to position the coil during the scan of the sternal ends of the clavicles. Moreover,
they scanned in prone position to decrease breathing artefacts [4]. Authors of more recent

publications agreed that scanning in prone position resulted in less breathing artefacts [12-14].

Since absolute fixation is impossible when the clavicles are scanned, more extensive movements than
breathing movements are possible. If participants would be aware of the capability of motion to
disturb the age diagnostics, they might move intentionally. One can assume that mainly older subjects
would try to frustrate the examination to try to appear younger. Intentional motion has been noted in
practice during X-ray examinations of clavicles or hand/wrist by the authors (Fig. 1). Therefore, the aim
of the current study was to determine the influence of motion on stage allocation to the sternal end of
both clavicles based on MRI. It was hypothesised that intentional motion artefacts would impede

stage allocation, whereas mere breathing artefacts would not.
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Materials and methods

Study population and staging technique
The study was approved by the ethics committee of Ghent University Hospital. From every participant,
written informed consent was obtained. In case of minors, the parents’ informed consent was also

obtained.

Healthy Belgian and Dutch Caucasian volunteers between 14 and 30 years old were prospectively
included to participate in motion scans (Table 1). The participants were part of a sample of a larger
ongoing study at Ghent University [15, 16]. They were selected based on the expected developmental
stage of their clavicles, aiming for a balanced sample that would cover all stages of development. The
staging technique by Schmeling (2004), modified by Kellinghaus (2010) was used to assess the images
[17, 18]. Because of the low number of participants with clavicles in stage 2, no substaging was
included for that stage. Moreover, since Hillewig et al. (2013) demonstrated that the physeal scar
could not be distinguished on clavicle MRI [19], stages based on the presence or absence of the

physeal scar were not included (Table 2).

In a total of 18 participants, one motionless resting state scan and five motion scans were conducted.
Moreover, for every motion scan that would be assessed, a resting state matched control scan was
included (Fig. 2). Matching was done based on the developmental stages of the clavicles, allocated in
consensus. Since five motion scans were conducted per participant and every motion participant
already had one resting state scan, an additional 72 resting state scans were needed. Therefore, 55
participants were retrospectively selected from the study sample of Hillewig et al. (2013) [19],
complemented with 17 participants from the sample of the larger ongoing study at Ghent University
[14, 15]. Regarding the scans from Hillewig et al. (2013), only cases were selected in which at least
three out of four observers had agreed on the stage. Regarding the scans from the larger ongoing

study, cases were selected based on preliminary staging results.

Image acquisition and motion protocol

Three Tesla MRI (Magnetom Trio Tim, Siemens, Erlangen, Germany) was performed in prone position,
using a loop-shaped surface coil, according to the T1 gradient-echo VIBE protocol by Hillewig et al.
(2011) (TR/TE 10/2.9; voxel size 0.7 x 0.7 x 0.9 mm3; matrix 536 x 576 pixels; FOV 400 mm; flip angle
20°; water excitation filter; acquisition time 4 minutes 2 seconds). Prospective scans were conducted
between June and November 2015, after a small pilot of scanning three independent volunteers to
decide on the study design. Retrospectively selected control scans had been conducted between April

2009 and May 2015.
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For the motion study, six scans in two sessions of three consecutive scans were conducted in every
participant (Fig. 2). For all of them, the first scan was a resting state scan without intentional motion.
The applied scanning sequence filled k-space in a linear way. The position of the sternal ends of the
clavicles was in the centre of the images, corresponding with k-space being filled at half the acquisition
time. Thus, the influence of motion on image quality was less at the beginning and at the end of the
acquisition time, while it peaked at half the acquisition time. Therefore, the participant was instructed

to move voluntarily at 2 minutes 1 second during the motion scans (Fig. 3).

Participants moved in five distinctive ways (Fig. 2), four of which were standardised movements

designed by the authors:

- cough twice,
- move both shoulders twice anteriorly,
- move both shoulders twice posteriorly,

- move both shoulders twice cranially.

One movement (further on referred to as ‘freestyle’) was invented by the participant in advance, after
a short explanation about the purpose of the movements and without prior knowledge about the
standardised movements. It was explained that by moving, a participant would intend to distort the
image in order to impede assessment. On the other hand, the movement should be quite discrete,

since it should remain unnoticed by the scanning personnel.

In order to eliminate the influence of fatigue on the latter scans, the order of the motion scans was

randomised, so that a specific order would only occur once.

Image analysis

All images were pseudonymised and every scan was allocated a random code, in order to randomly
distribute motion scans and resting state scans. Six observers (JDT, MvW, EH, RvR, KV, MdH) assessed
the images. They represented a multidisciplinary team, all of whom were experienced in age
estimation and had followed the rise of MRI in this field closely. Their level of experience and the
monitors used for the assessments are shown in Table 3. Training and calibration occurred by
assessing two training cases with known motion artefacts in consensus. These cases were not included
for analysis. Moreover, the first 20 — randomly selected — assessments occurred a second time in the
total dataset. Those first 20 assessments were considered as further training. Consequently, they were

excluded for analysis.
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Firstly, each observer individually assessed both clavicles simultaneously. Four variables were

considered. For every one of them, the observer took the whole sequence of slices into account.

1) It was recorded if motion could be noticed on one or more images of the sequence.

2) A stage of epiphyseal development of the clavicles (Table 2) was allocated. No exact
measurements were done whilst assessing the MR-images. Instead, the degree of fusion was
estimated by the observers. During staging, the benefit of the doubt was always granted. This
means that in cases of reasonable doubt, the younger stage was allocated. If the evaluation
proved to be impossible, a reason was reported (anatomical impediment, morphological variant,
insufficient technical quality, motion artefacts, other). This staging technigue corresponds with the
current practice in Belgium, albeit currently still applied to radiographs [20, 21].

3) Then, the observer judged if the images could be used as forensic evidence in a court of law.

4) Finally, observers described the ease of the assessment, i.e. to allocate a stage or to decide that
the images were not assessable and to judge the evidential value (easy, not easy/not difficult,

difficult).

To eliminate the learning effect of assessing the images, the first 20 cases were randomly repeated in

the second half of the dataset. These cases were disregarded in the analyses.

Secondly, the six observers re-assessed all scans independently from the previous assessment,
collecting data on the above described four variables, but with an alternative to the staging technique.
This time, only two statuses were considered: immature or mature (Table 2). This status technique
corresponds with the current practice in the Netherlands, albeit currently still applied to radiographs

[22].

Finally, five out of the six original observers (JDT, MvW, EH, KV, MdH) assessed the resting state scan
of the 18 prospectively included participants in consensus, joined by an additional observer (PT) (Table

3).

Statistical analysis

For analysis, the data were transferred from Microsoft Access 2010 to Microsoft Excel 2010, SPSS
Statistics 22.0 (IBM SPSS Statistics for Windows, Armonk, NY, USA) and Matlab R217a (Mathworks Inc.,
Natick, MA, USA). Descriptive statistics were calculated and statistical tests were performed two-sided

and evaluated at the 0.05 significance level.
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Influences other than motion
In order to be able to study the influence of motion artefacts, other influences had to be taken into

account first. To study the influences other than motion, the proportions of the four study variables

were compared between resting state scans of the control group and those of the prospective group.

Reproducibility of the process was studied using the Krippendorff a coefficient, a statistical measure of
the agreement achieved when coding a set of units. The coefficient is well fit for nominal data with a
considerable amount of missing data, which was the case here. In these tests, stages were considered
as nominal instead of ordinal data, because of the relatively large number of participants in stages 1
and 4, while those stages might be confused. The SPSS software of Hayes and Krippendorff was used,
including the ability to bootstrap the results [23]. Rules of thumb describe that one may rely on data
with a > 0.80, consider data with 0.80 > a > 0.67 fit to draw tentative conclusions, and to discard data
with a < 0.67. Bootstrap intervals were used to construct 95% confidence intervals (Cl) for

Krippendorff a.

To detect possible population bias, the inter-observer agreement of the image assessment was
compared between the 18 prospectively included participants’ resting state scans and the 72 controls.
Since this was done for each observer separately, matched pairs were considered in a Wilcoxon rank-

sum test.

To study the influence of the imaging technique, the stages allocated by the different observers were
compared with the consensus stages. When the allocated stage corresponded with the consensus
stage, this was called a ‘correctly allocated stage’. When all observations would randomly differ from
the consensus, this would reflect the difficulty in interpreting the MRI. This also allowed studying
observer bias and checking for the need to weigh the assessments of different observers or even the
need to exclude an observer (if his/her allocated stages would differ systematically from the
consensus and the other observers). Status allocation was studied in the same way. Thus, the

influence of staging technique was reflected by differences between allocating stages versus statuses.

Influence of motion
To study the influence of motion, the proportions of the four study variables were compared between

prospective resting state scans and motion scans. A final step was to compare the proportion of

correctly allocated stages and statuses based on:

- resting state scans,
- motion scans,
- scans in which the observer indicated that the images could be used as evidence in a court of

law.



Page 12 of 34

A Wilcoxon matched-pairs signed-rank test was used for these analyses.
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Results

All reported results were based on the evaluation of the right clavicle. Results for the left clavicle were
similar. Morphological variants impeded staging in 0.7% of the assessed clavicles (8/1080 right, 8/1080
left). Those clavicles were excluded from analysis. Table 4 summarises the results of the studied

variables in the different groups.

Influences other than motion

Population bias

The upper and middle parts of Table 4 display the results of resting state scans in the control and
prospective populations, respectively. A population bias was noted, with scans in the prospective
population showing more motion artefacts, and consequently being more difficult to assess. This

needs to be taken into account when interpreting all other results.

Reproducibility and imaging technique, observer bias and staging technique
Inter-observer agreement was low, with a ranging from 0.23 to 0.67. The middle part of Table 4

summarises resting state scan results of stage/status allocation in the prospective population. The
proportion of correctly allocated stages was low (64%). Results per observer indicated that this was
not due to one or more observers performing worse than others. By contrast, the proportion of
correctly allocated statuses was higher (83%). However, allocating statuses instead of stages did not
result in more assessable images or more images of sufficient evidential value. Overall, the process of

status allocation was considered easier than stage allocation.

Influence of motion
To illustrate the motion artefacts, Figs. 4 and 6 show one corresponding slice of the six conducted

scans from two participants. Correspondingly, Figs. 5 and 7 illustrate the resulting variation in

allocated stages and statuses.

The lower part of Table 4 summarises motion scan results. Motion artefacts were more frequent than
in resting state scans, indicating that intentional motion did affect the images. Hence, motion resulted
in fewer assessable images and less images of sufficient evidential value. The proportion of correctly
allocated stages did not differ significantly between resting state scans (64%) and motion scans (65%).
By contrast, correctly allocated statuses were more prevalent in resting state scans (83% versus 77%).
Surprisingly, when the observer was confident to take the images to court as evidence, the
proportions of correctly allocated stages (58%; 121/210) was lower than in images of low evidential
value (68%; 69/101). Conversely, correctly allocated statuses in these cases were 80% (209/261) and
73% (69/94) respectively.
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Overall, the process of assessing motion scans was considered easier than assessing resting state
scans. After all, in case of clear image distortion by motion, it was easy to decide to discard the
images. By contrast, when the artefacts were more subtle, it was harder to discern intentional motion

from physiological motion artefacts,.

Furthermore, Tables 5 and 6 summarise all observers’ allocated stages/statuses based on motion
scans, compared to consensus stage/status. Motion scans did not render a systematically higher or
lower stage/status, compared to the consensus stages/statuses. Neither did the ability to assess
correlate with stage/status. Intentional motion lead to wrongfully allocating a younger stage (stage 1
to 3) to a fully mature clavicle in 35% (24/68) of assessable cases. For status allocation, this was in 56%
(41/73) of assessable cases. Conversely, wrongfully deciding on a fully mature clavicle was less

frequent with 19% (32/165) for stages and 11% (23/202) for statuses.
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Discussion

Influence of motion

The current study demonstrated that at a certain degree of motion, assessment becomes impossible
and the images rendered unsuitable as evidence. Deciding this is relatively easy and does not depend
on staging technigque. When this is obvious during the scanning session, a rescan can be done. This
corresponds with the way radiographs are obtained in current age estimation. If a radiograph proves

to be unsuitable, a new radiograph is made [22].

Motion artefacts are known to distort MR-images of the clavicles for age estimation in the living [12,
19, 24]. It has been reported that the magnitude of the disturbing effect is directly proportional to the
magnetic field strength [25], so artefacts become more important, as line by line, higher field scanners
are replacing lower field scanners all around the world. Table 7 displays the frequencies of untenable
MRIs that have been reported in age estimation literature. However, these studies only included
participants who volunteered to be scanned. One can assume that they tried their best to lie still
during the image acquisition. Conversely, in age estimation practice, the examinee might try to distort
the image by voluntary motion. This might result either in untenable images or in a faulty assessment
of the clavicle’s development. Nevertheless, the observer needs to decide whether or not the images

are of sufficient quality to be of judicial evidence.

However, motion artefacts might be caused by breathing or by the pulsations of the blood vessels
near the clavicles, even in resting state scans. Those cannot be distinguished from artefacts caused by
small intentional movements. Neither can small unintentional movements be excluded, such as
swallowing or occasional contraction of muscles in the arm. Therefore, the current study aimed to
guantify the effect of intentional motion on stage allocation. Results demonstrated that motion
artefacts bear the risk of wrongfully assessing the clavicle’s development, regardless of the
developmental stage. No trend could be demonstrated regarding the direction of this wrong
assessment, i.e. no systematic over- or under-staging. Remarkably, development was not significantly

more correctly assessed in resting state scans than in motion scans.

Therefore, age estimation based on clavicle MRI might benefit from further reducing motion artefacts.
One way to do this, is to decrease acquisition time. Using an open compact 0.3T MRI to apply a 3D
coherent gradient-echo sequence, Terada et al. (2015) demonstrated that compressed sensing with
an acceleration factor of 3 rendered the optimal protocol to study hand/wrist development for age
estimation [26]. This resulted in an acquisition time of 55 seconds instead of 2 minutes 44 seconds.

Similarly, Neumayer et al. (2018) used a 3D FLASH VIBE sequence on 3T MRI to study hand/wrist [27].
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They undersampled their data to study acceleration factors between 4 and 20. They suggested that an
acceleration factor up to 7.49 was feasible for age estimation by a radiologist. This corresponded with
an acquisition time of 15 sec instead of 3 min 46 sec. Automatic age estimation [28] was possible
within the range of reported minimum standard errors, based on images with an acceleration factor
up to 19.58. Both publications suggest that a major reduction in acquisition time would be possible to
study hand/wrist for age estimation. However, it remains unclear if this could also apply to MRI of

other anatomical regions — such as clavicles — to estimate age.

In pulmonary MRI, motion artefacts can be avoided by using either a coached breathing procedure or
an active breathing control device in combination with segmented k-space acquisition [29]. That way,
data acquisition only occurs while breathing is suspended. However, this might not be feasible for age
estimation practice, since it respectively requires good compliance of the participant and an external
device, which adds to the cost of the procedure. Moreover, intentional motion would still be possible

with this procedure.

Influences other than motion

Staging technique
The influence of motion artefacts on stage and status allocation proved to be similar. Rather than

depending on motion artefacts, correctly assessing the clavicle’s development seemed to depend on
the staging technique. After all, status allocation was more frequently correct than stage allocation.
This is in line with status allocation being more frequently considered as an easy process, as opposed
to stage allocation. Thus, the interpretation of the clavicle MRI is more difficult when one needs to
allocate a stage than when one only needs to decide if the clavicle is mature. By contrast, Hillewig et
al. (2013) demonstrated that stage 1 can be mistaken for a stage 4 and vice versa [19], a problem
which was confirmed in the current study (Fig. 5) and is not countered by status allocation. De Tobel
et al. (2019) even suggested discarding clavicles for age estimation if they are both in stages 1, 4, or 5
[14]. Instead, the authors suggest assessing other developing anatomical structures for age

estimation.

Reproducibility and imaging technigue
The difficult interpretation of the clavicle MRI is reflected by the low reproducibility of the process.

Surprisingly, status allocation did not render higher inter- and intra-observer agreements than stage
allocation. By contrast, Tangmose et al. (2014) reported higher values for reproducibility statistics
when allocating statuses (Table 7). Note that the low values of Krippendorf's a cannot directly be
compared with literature, since other statistics were reported. Still, the reproducibility statistics for

clavicle assessments displayed in Table 7 are lower than those for other long bones, with kappa > 0.80
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in most studies [30]. Since the clavicles’ depiction on CT is more clear-cut, relatively higher
reproducibility statistics have been reported than with MRI [31]. However, great disparity exists
among reported reproducibility statistics. This might indicate that the clavicle as a bone is hard to

assess, rather than the MRI as an imaging technique being hard to assess.

Morphological variants
A final disturbing influence lies in the wide range of anatomical variants of the clavicle’s sternal end.

Several authors have suggested that variants should be excluded for age estimation, since their
development is unsure [13, 17, 32-36]. Recently, that suggestion has been proven by studying age
estimation performance, when morphological variants were staged. Applying their original model for
age estimation — which excluded morphological variants — to the variants, De Tobel et al. (2019) found
significantly higher mean absolute errors of the point prediction of age [14]. Still, in the current study
population, the prevalence of variants (0.7%) was lower than the range that has been reported in

literature (2.1% [14] to 21.3% [13]).

Strengths, weaknesses, and future prospects

With 18 participants, the population in which intentional motion was studied was small. Moreover, a
population bias was noted, which might obfuscate the conclusions. This might have been caused by
the selection of control scans from Hillewig et al. (2013). Since cases were only selected when three
out of four observers had agreed on the stage, those scans were more likely less affected by artefacts.
Still, intentional motion showed the potential to distort the images without them being considered of
insufficient quality to hold as judicial evidence. Consequently, the risk of a wrong assessment of the
clavicle’s development was evident. Since intentional motion cannot be derived from the image, the
only way to detect intentional motion — and to prevent a wrong assessment — is to monitor the
examinee during the scan. This could simply be done by someone keeping an eye on the examinee at
all times during the scan, or by videotaping the examination. Moreover, the MR scanning procedure
might be overwhelming to the examinee — even more than a CT scan — with the impressive device,
being slid in the bore, the need to lie still for several minutes, and the noise during the scan. This
might cause restlessness and unintentional motion during the scan. Thus, to avoid this restlessness,
the process needs to be explained clearly, and a mock scanner can support the explanation with a

demonstration [15]. By and large, this preparation is part of obtaining informed consent.

With six observers, this study included a wide variety of observers’ backgrounds, their experience with
MRI, and their experience with age estimation. Some observers were more cautious and decided to
discard the images as evidence more often than other observers. This reflects the wide variety of

practitioners who are performing age estimation currently [37]. As long as there is no internationally
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defined and accepted approach to estimate age, the inter-observer variety of assessments will add
dispersion to the already large inter-individual variety of development. Therefore, in practice,
assessments of the clavicle should always be based on a consensus between at least two observers
[14]. This is not limited to clavicle MRI, but applies to all imaging techniques and all anatomical
structures. Moreover, age estimation should always be based on the assessment of different
anatomical structures, i.e. be multi-factorial [38, 39]. If discrepancies are noted between the
structures, experts need to beware of possibly distorted clavicle images by subtle motion artefacts.
Fortunately, a promising step towards a more uniform age estimation process has been made by Stern
et al. (2019), introducing fully automated multi-factorial age estimation [40]. In a next step, the value
of this approach needs to be explored in validation studies. Moreover, motion artefacts will
undoubtedly have occurred in their sample and it remains unclear how machine learning handled

them.

Conclusion

Intentional motion impedes clavicle MRI for age estimation. Still, in case of obvious disturbances, the
forensic expert will consider the MRI unsuitable as evidence. Thus, the development of the clavicle as
such and the staging technique seem to play a more important role in allocating a faulty stage for age
estimation. Although status allocation might be a safer approach then stage allocation, validation

studies are needed to verify this statement.
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Tables

Table 1 Age and sex distribution of the motion study population.

Frequency
Age
Female Male

14 0 2
15 1 1
16 0 1
17 0 1
20 1 0
21 3 0
23 1 0
24 1 0
25 1 1
26 0 2
27 0 1
30 1

Total 9 9

Table 2 Applied statuses and stages. Staging criteria for the sternal end of the clavicle were based on
Schmeling et al. (2004) and Kellinghaus et al. (2010), modified for MRI. Stages 1 to 3 were combined
into one status, “Immature”, whereas stage 4 corresponded with status “Mature”.

Status Stage  Stage criteria

Immature 1 Ossification centre is invisible (= not yet ossified).
2 Ossification centre is visible (= ossified), non-union of the epiphysis and metaphysis.
3 Growth plate is partially ossified (= bone trabeculae cross the growth plate from

ossification centre to metaphysis).

3a The epiphyseal-metaphyseal fusion completes one third or less of the former gap
between epiphysis and metaphysis.

3b The epiphyseal-metaphyseal fusion completes over one third until two thirds of the
former gap between epiphysis and metaphysis.

3c The epiphyseal-metaphyseal fusion completes over two thirds of the former gap
between epiphysis and metaphysis.

Mature 4 Complete union of the epiphysis and metaphysis (= growth plate is completely ossified).




Table 3 Observers' background and monitor properties.

Observer Background Monitor
Profession Level of experience Brand Type Resolution
(pixels)

EH Researcher at Radiology 9 years of interpreting MR-images as researcher on age estimation Barco  MDCC-6130 3280 x 2048

DT Resident Oral and Maxillofacial Surgery 7 years of interpreting MR-images as researcher on age estimation Barco  MDCC-6130 3280 x 2048

KV Professor Radiology and Medical Imaging more than 25 years of experience as musculoskeletal radiologist; Toshiba 173HT02-TO1 1920 x 1080
involved in age estimation for more than 25 years

MdH Physical Anthropologist 7 years of interpreting X-ray images as researcher on age estimation Barco = MDCC-6130 2048 x 1640

MvW Forensic Anthropologist 5 years of interpreting X-ray images as researcher on age estimation Barco =~ MDCC-6130 2048 x 1640

PT Professor Forensic Odontology 12 years of interpreting X-ray images as researcher on age Barco  MDCC-6130 3280 x 2048
estimation

RR Professor Forensic and Paediatric Radiology 14 years of experience as clinical paediatric radiologist Barco MDCC-6130 2048 x 1640
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Table 4 Results of stage and status allocation, per population group and type of scan. The table contains six similar blocks of results. Visual comparisons can be made

horizontally, comparing staging techniques (stage allocation versus status allocation) within a population group and within the type of scan. Vertical comparisons are

between population groups and types of scans (e.g. control group versus prospective group, or resting state scan versus motion scan), within a staging technique.

Moreover, vertical comparisons were quantified using statistical tests.

Population  Type of Variable Stage allocation Status allocation
scan Average Range P-value Average Range P-value
Control Resting Motion artefacts = 51% (219/432) 17% (12/72) - 85% (61/72) 0.002 52% (223/432) 32% (23/72) - 90% (65/72) <0.001
state Assessable  83% (358/432) 67% (48/72) - 92% 66/72) 0.007 84% (363/432) 65% (47/72) - 92% (66/72) 0.132
Inter-observer agreement = 0.53 [0.46 - 0.60] 0.39 [0.16 - 0.61]
Sufficient evidence in court = 72% (310/432) 54% (39/72) - 89% (64/72) 0.013 69% (299/432) 50% (36/72) - 85% (61/72) 0.048
Easy assessment = 31% (136/432) 4% (3/72) - 69% (50/72) 0.003 48% (208/432) 17% (12/72) - 100% (72/72) 0.331
Prospective Resting Motion artefacts = 74%  (80/108) 44% (8/18) - 100% (18/18) 81% (87/108) 44%  (8/18) - 100% (18/18)
state Assessable = 71%  (77/108) 50% (9/18) - 94% (17/18) 75%  (81/108) 61% (11/18) - 94% (17/18)
Inter-observer agreement = 0.23 [0.12 - 0.34] 0.67 [0.49 - 0.84]
Correctly allocated = 64%  (49/77) 44%  (4/9) - 77% (10/13) 83% (67/81) 69%  (9/13) - 92% (11/12)
Sufficient evidence in court ~ 55%  (59/108) 28% (5/18) - 83% (15/18) 56%  (61/108) 28%  (5/18) - 94% (17/18)
Easy assessment ~ 17%  (18/108) 0% (0/18) - 33% (6/18) 40%  (43/108) 11%  (2/18) - 100% (18/18)
Prospective  Motion Motion artefacts ~ 89% (483/540) 77% (69/90) - 99% (89/90) 0.001  84% (452/540) 59% (53/90) - 100% (90/90)  0.433
Assessable = 43% (233/540) 23% (21/90) - 62% (56/90) <0.001 51% (275/540) 37% (33/90) - 72% (65/90) < 0.001
Inter-observer agreement =~ 0.58 [0.50 - 0.65] 0.39 [0.12 - 0.61]
Correctly allocated = 65% (151/233) 48% (21/44) - 80% (40/50) 0.550  77% (211/275) 53% (26/49) - 90% (38/42)  0.070
Sufficient evidence in court ~ 28% (151/540) 10% (9/90) - 46% (41/90) <0.001 37% (202/540) 24% (22/90) - 57% (51/90)  0.005
Easy assessment ~ 36% (193/540) 10% (9/90) - 62% (65/90) 0.010 52% (282/540) 30% (27/90) - 100% (90/90)  0.021

P-value (Control) = P-value of Wilcoxon rank-sum test comparing results between the resting scans in the control and prospective populations.

P-value (Motion) = P-value of Wilcoxon signed-rank test comparing results between resting state and motion scans in the prospective population.
Range = Range of frequencies encountered by different observers. For inter-observer agreement, the 95% bootstrap interval is displayed instead.
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Table 5 Cross tabulation of allocated stages based on motion scans by all observers, per consensus stage. Shaded cells indicate perfect correspondence between the

observer and the consensus.

Individual stage allocation (all motion scans and all observers combined)

Consensus stage 1 2 3 4 Not assessable
1 23% (27/120) 1% (1/120) 4% (5/120) 6% (7/120) 67% (80/120)
2 - - - - - - - - - -
3 6% (16/270) 1% (4/270) 30% (80/270) 9% (25/270) 54% (145/270)
4 7% (11/150) 1% (1/150) 8% (12/150) 29% (44/150) 55% (82/150)

Table 6 Cross tabulation of allocated statuses based on motion scans by all observers, per consensus status. Shaded cells indicate perfect correspondence between the

observer and the consensus.

Individual status allocation (all motion scans and all observers combined)
Consensus status Immature Mature Not assessable
Immature 46% (179/390) 6% (23/390) 48% (188/390)
Mature 27% (41/150) 21% (32/150) 51% (77/150)




Table 7 Frequencies of motion artefacts and reproducibility of assessing clavicular development based on 3D imaging modalities. Note that different statistics have

been reported to quantify reproducibility of staging, and that the number of stages varies between studies.
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Imaging Subjects  Reference Untenable Number of Intra-observer agreement Inter-observer agreement
modality images due to applied Statistic N  Statistic N
motion artefacts stages
MRI Living Hillewig et al. 2011 [4] 1.0% 4 - - ICC 0.743 -0.787 121
Hillewig et al. 2013 [19] 2.8% 4 Cohen's kappa 0.75 20  Fleiss' kappa 0.74-0.76 220
Tangmose et al. 2014 [12] - 4 kappa (prone) 0.675 32  kappa 0.077 - 0.125 49 - 53
- 2 (statuses) kappa (prone) 0.788 32  kappa 0.040 - 0.446 55
Vieth et al. 2014 [13] 5.9% 9 - - - -
Schmidt et al. 2017 [24] - 9 weighted 0.991 160  weighted 0.987 160
kappa kappa
De Tobel et al. 2019 [14] 2.5%, 4.0%, 11 weighted 0.82 186 weighted 0.60 - 0.64 387 -471
19.1%, 21.5%" kappa kappa
MRI Deceased Tangmose et al. 2013 [41] 4 Cohen's kappa 0.685 94 - -
Tangmose et al. 2014 [12] 4 Cohen's kappa 0.662 47 kappa 0.410-0.447 45 - 47
Schmidt et al. 2016 [42] 9 weighted 0.992 80 weighted 0.986 80
kappa kappa
CcT Living Schulze et al. 2006 [43] - 4 - - Cohen's 0.63-0.80 100
kappa
Bassed et al. 2011 [44] - 5 kappa 0.866 20 kappa 0.734 20
Milenkovic et al. 2014 [45] - 5 Cohen's kappa 0.817-0.832 308 Cohen's 0.678 - 0.708 308
kappa
Wittschieber et al. 2014 [46] - 5 - - Cohen's 0.494 - 0.674 710
kappa
- 9 - - Cohen's 0.470 - 0.605 710
kappa
Ekizoglu et al. 2015a [33] - 5 Cohen's kappa 0.768 503 Cohen's 0.826 503
kappa
5 weighted 0.928 503  weighted 0.946 503
kappa kappa
Ekizoglu et al. 2015b [32] - 6 Cohen's kappa 0.916 193 Cohen's 0.868 193
kappa
El Morsi et al. 2015 [47] - 5 kappa 0.854 kappa 0.753



Franklin et al. 2015 [48] - 5 Cohen's kappa
Houpert et al. 2016 [49] - 9 Cohen's kappa

Gurses et al. 2016 [50] - 9 kappa

Gurses et al. 2017 [51] - 9 kappa

9 weighted

kappa
Ramadan et al. 2017 [52] - 9 Cohen's kappa
CcT Deceased Tangmose et al. 2013 [41] 4 Cohen's kappa

0.915 - 0.945

0.82
0.857 - 0.887
0.900 - 0.909
0.960 - 0.964

0.901

0.611

50
319
725
254
254

100

94

Cohen's
kappa
Cohen's
kappa
kappa
kappa
weighted
kappa
Cohen's
kappa

0.889

0.96
0.871
0.890
0.957

0.884
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50
319
725
254
254

601

ICC = intra-class correlation coefficient; N = number of participants. # Results apply to the different observers.
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Figures

Fig. 1 Corresponding radiographs of both clavicles. All radiographs were produced postero-anteriorly
(PA), but they were mirrored here to correspond with the standard view of imaging. a Standard PA
resting state. The right clavicle can be assessed and appears fully mature. The left clavicle cannot be
assessed, due to superpositioning. b Left anterior oblique 10° resting state, intended to better
visualise the left clavicle. The left clavicle can be assessed and appears fully mature. ¢ Standard PA
while moving both shoulders caudally. The right clavicle can be assessed, while the left one is cannot,
due to superposition. d Left anterior oblique 10° while moving the left shoulder from 10° to 45°. None
of both clavicles can be assessed. Because of the overly turned left shoulder, a (remnant of the)

growth plate and epiphysis would be projected over the metaphysis.
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Study population
N =180 scans

Prospective
N = 18 participants

Control

N = 72 participants

Total resting state
N =90 scans

Motion
N =90 scans
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Fig. 2 Schematic overview of the study population. All 180 scans were assessed by six observers.



Page 30 of 34

Fig. 3 One corresponding slice of three scans from the same 18-year-old male volunteer, who was only
included in the small pilot study. a Resting state scan. Note the ossification centre of the right clavicle,
without bone bridges, and a remnant of the ossification centre of the left clavicle, at its caudal end
(the ossification centre appeared more clearly on other slices of the scan). b Freestyle motion, as
instructed after 2 minutes 1 second of scanning. In this case, the participant chose to move the
shoulders posteriorly. The image is clearly distorted by motion artefacts, albeit more subtle thaninc.c

Freestyle motion repetitively during the whole scan, resulting in major motion artefacts.
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Fig. 4 One corresponding slice of the six conducted scans from the same 15-year-old female

participant. Allocated stages and statuses are displayed in Fig. 5. a Resting state scan. b Cough twice. ¢
Move both shoulders twice anteriorly. d Move both shoulders twice posteriorly. e Move both
shoulders twice cranially. f Freestyle motion, for which the participant chose to move the shoulders

posteriorly, corresponding with the movement in d.

In this case, scans were conducted in the following order: a, d, f; c, b, e. Note that because of the

break in between the third and fourth sequence, the position of the participant changed.

The resting state scan (a) rendered a clean-cut depiction of the sternal end of both clavicles, while
motion (b-e) created double lines which could be interpreted as a bridging growth plate. Only the

freestyle motion scan (f) looked very similar to the resting state scan.
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Fig. 5 Allocated stages (a, b) and statuses (c, d) to the right clavicle of the same participant as shown in

Fig. 4, based on the different scans, per observer. a Although consensus stage 1 was allocated to the

resting state scan, individual observers allocated stages 1, 3 or 4. b This dispersion was also seen

based on the motion scans. Note that one observer judged all motion scans to be unsuitable for stage

allocation, while others allocated a stage to all of them. ¢ Allocating a status, all observers agreed on

an immature clavicle. d This agreement was also seen based on the motion scans. Note that the

observer who had judged all motion scans to be unsuitable to allocate a stage, did find those scans

suitable for status allocation.
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Fig. 6 One corresponding slice of the six conducted scans from the same 30-year-old female

participant. Allocated stages and statuses are displayed in Fig. 7. a Resting state scan. b Cough twice. ¢
Move both shoulders twice anteriorly. d Move both shoulders twice posteriorly. e Move both
shoulders twice cranially. f Freestyle motion, for which the participant chose to move the chin towards

the chest.

In this case, scans were conducted in the following order: a, e, c, f; d, b. The break in between the

third and fourth sequence hardy changed the position of the participant.

The resting state scan (a) rendered a clean-cut depiction of the sternal end of both clavicles. Note that
especially the moving both shoulders anteriorly (c) caused artefacts mimicking ossification centres.
Nonetheless, five of the six observers indicated that motion impeded stage allocation to this motion

scan c (see Fig. 7b). Therefore, motion did not result in a faulty stage allocation.
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Fig. 7 Allocated stages (a, b) and statuses (c, d) to the right clavicle of the same participant as shown in
Fig. 6, based on the different scans, per observer. a All observers agreed on a clavicle in the final stage.
b Motion caused dispersion, with artefacts being interpreted as bridging growth plates. Note that all
but one observer judged the motion scan of moving the shoulders anteriorly to be unsuitable for stage
allocation (see Fig 5¢). ¢ Strikingly, allocating statuses, one observer judged the resting state scan to be
unsuitable due to motion artefacts, while that same observer did allocate a stage. d The dispersion
caused by motion was even larger when allocating statuses than when allocating stages. Motion was

sometimes interpreted as an immature status.



