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Abstract

Post-mortem computed tomography (PMCT) is routinely used at many forensic institutions to guide the following autopsy
and is especially useful for diagnosing fractures. This systematic review aims to investigate the sensitivity and specific-
ity of a PMCT scan in fracture diagnosis of the hyoid-larynx complex (HLC) compared to traditional autopsy in cases
involving traumatic neck injuries. We searched PubMed, SCOPUS and Web of Science and included papers with cases
n>3 published between January 2000 and April 2023 reporting on PMCT and autopsy findings of fractures of the HLC.
The search provided 259 results of which 10 were included. Overall sensitivity and specificity were 0.70 [0.59; 0.79] and
0.92 [0.80; 0.97] for hyoid bone fractures and 0.80 [0.62; 0.91] and 0.76 [0.63; 0.85] for the thyroid cartilage. The results
show great variation, and a large range between studies. These results indicate that PMCT cannot replace autopsy in cases
with HLC fractures. Future larger prospective studies are needed, examining fracture details, scan protocols and different

slice thicknesses using uniform reporting.
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Introduction

Post-mortem computed tomography (PMCT) is routinely
performed prior to forensic autopsy at Danish forensic insti-
tutes and is known to be especially appropriate for examin-
ing bone and detecting fractures [1, 2]. In Denmark PMCT
is mainly used as a screening and planning tool for the fol-
lowing forensic autopsy, but, internationally it has also been
considered as a possible replacement for the traditional
autopsy or as a triage tool regarding the decision of per-
forming a forensic autopsy [2—4].

From a forensic pathology perspective, the diagnosis of
fractures of the hyoid-larynx-complex (HLC) is important,
as their presence is associated with traumatic neck injury,
suggesting an unnatural manner of death [5]. As PMCT
is especially suitable for detecting fractures, the diagnos-
tic accuracy of PMCT when investigating cases where
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traumatic neck injury has occurred has been the subject of
several studies [6—15]. Currently, autopsy and dissection
of the HLC, is considered the gold standard for forensic
examination of traumatic neck injuries. [14, 16—18]. Most
fractures are discoverable during traditional autopsy, pos-
sibly supplemented by microscopic examination [16]. Some
studies have found an almost perfect agreement between
autopsy and PMCT [13-15], whereas other larger studies
have found more varying results [6, 7, 10]. Several of the
studies have presented Cohen’s kappa values to evaluate
the agreement between autopsy and PMCT [6, 7, 10, 11,
13]. Published values for the hyoid bone range from poor
to perfect agreement, i.e., 0.452 [11] to 0.91 [13] for overall
agreement, while values for the thyroid cartilage vary from
0.452 [11] to 0.538 [6].

Most of the kappa values indicated, according to Cohen,
moderate agreement; ranging from 0.41 to 0.60 [19]. Gener-
ally, both in clinical healthcare and in forensic pathology, a
moderate level of agreement is not considered sufficient, as
it indicates almost the same level of disagreement as agree-
ment. Thereby the diagnostic accuracy of the test cannot
be secured. Only two studies found kappa values greater
than 0.81, signifying almost perfect agreement, one using
full body PMCT [13] and one PMCT of the HLC [7]. Both
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studies utilized a thin slice thickness (0.625 mm) providing
results underlining the importance of a minimal slice thick-
ness in order to diagnose all fractures. The heterogeneity of
the results emphasizes the need for more studies examining
the agreement between the two methods.

A common challenge for diagnosing fractures in the
HLC are the anatomical variants of the complex which can
imitate fractures [20], introducing the risk of false positive
diagnoses. A common developmental anomaly is called the
triticeous cartilage, which can be found in the thyrohyoid
membrane and can be mistaken for a fracture [21, 22].

Furthermore, age and sex influence the appearance of the
HLC, i.e., fusion of the HLC becomes greater with age [23,
24] increasing the risk of fracture and therefore older vic-
tims of traumatic neck trauma have a higher risk of fractures
of the HLC [23, 25]. Also, there is a great variation in the
timing of ossification of the laryngeal structures [26], which
usually begins in the second or third decade and increases
with age. Males tend to have a greater level of ossification
than females [27, 28].

To our knowledge, no summarized data have been pub-
lished on the diagnostic accuracy of the method regarding
fractures of the HLC, and we aimed to examine and calcu-
late this by extracting data from relevant studies.

Therefore, the aim of this paper was to investigate the
diagnostic accuracy in terms of sensitivity and specificity
of a PMCT scan compared to traditional autopsy as the ref-
erence test in cases involving traumatic neck injuries and
suspected fractures of the HLC.

Methods

A systematic literature search was performed in PubMed,
Web of Science and SCOPUS in April 2023 to find articles
comparing the use of PMCT and autopsy in diagnosing
HLC injuries. The Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines
were considered [29]. The following search term was
used in PubMed to capture all studies utilizing PMCT in
cases involving traumatic neck injuries and HLC complex
fractures:

(postmortem computed tomography) AND ((hyoid bone)
OR (thyroid cartilage) OR (hyoid-larynx complex) OR
(laryngeal cartilage) OR (arytenoid cartilage) OR (cricoid
cartilage)).

The search string was modified for the search in SCO-
PUS and Web of Science respectively:

(postmortem AND computed AND tomograph ) AND
(hyoid AND bone) OR (thyroid AND cartilage) OR (hyoid-
larynx AND complex) OR (laryngeal AND cartilage) OR
(arytenoid AND cartilage) OR (cricoid AND cartilage).
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ALL= ((postmortem computed tomography) AND
((hyoid bone) OR (thyroid cartilage) OR (hyoid-larynx
complex) OR (laryngeal cartilage) OR (arytenoid cartilage)
OR (cricoid cartilage))).

Two of the authors independently screened titles and
then abstracts, and assessed full-text papers for inclusion.
A consensus decision was made in case of disagreement.
The reference lists of all included studies were screened for
relevant publications to include.

The primary outcomes of this review are sensitivity and
specificity of PMCT. Secondary outcomes are data on scan
protocol and evaluation.

The QUADASS-2 tool was used by two of the authors to
independently assess the risk of bias [30]. Data extraction
was completed independently, and a consensus decision was
made in case of disagreement. Data included information
on title, authors, publication year, country of origin, study
type, compared methods, number of cases, demographic
data, scan protocol, and results. Original authors were not
contacted in cases of ambiguous or missing data. Data was
reported as true positive (TP), false positive (FP), true nega-
tive (TN) and false negative (FN) to calculate sensitivity
and specificity. For studies where this was not possible, data
was only included in the qualitative analysis.

Statistical analysis was performed in R: A Language and
Environment for Statistical Computing (R Foundation for
Statistical Computing, Vienna, Austria. Version 4.0.5), and
references were organized in Mendeley Reference Manager
(Mendeley, Elsevier, London, UK. Version 2.97.0). A conti-
nuity correction of 0.5 was used to avoid zero values in the
2 x 2 tables. The R-code by Henningsen et al. [31] was used
for the calculations.

The R-code produces a meta-analysis of the proportional
data by use of the “metaprop” function in the “meta” pack-
age, calculating Forest plots with 95% confidence intervals
[31]. Higgin’s I> and Cochran’s Q were calculated to assess
heterogeneity among the included studies. Due to a small
number of included studies with small sample sizes, the
power of the tests is low. They were performed to provide
complete data [32].

Inclusion criteria

All articles in English, consisting of retrospective studies
and prospective studies that compared the use and accu-
racy of PMCT and autopsy in diagnosing fractures of the
HLC were included. Studies using full body PMCT were
included, as well as studies only examining HLC explants.
For studies also examining PMCT of other parts of the body
than the HLC, only the results pertaining to the HLC were
included. The cases included in the review involved all ages
and both sexes.
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Exclusion criteria

Articles in languages other than English were excluded as
well as letters, opinions, non-published abstracts, articles in
non-peer reviewed publications and reviews. Articles that
did not compare PMCT and autopsy in diagnosing fractures
of the HLC were excluded, including studies using other
types of imaging, as well as studies using micro-CT. Studies
describing non-HLC injuries were also excluded. Further,
case reports including n <3 were excluded. Finally, articles
from before 1 January 2000 were excluded.

Results

As seen in Fig. 1, the search strategy yielded a total of 259
results, which were screened for relevance. 52 duplicates
were removed. Based on the title, 176 publications were
excluded. The abstracts of the remaining 31 articles were
screened, and 15 were excluded, resulting in 16 articles
being assessed for eligibility by full manuscript review.

Exclusion criteria yielded no direct comparison between
autopsy and PMCT (n=35) and focus on gas bubble sign
and not fractures (n =2). Nine articles from the search were
included, and cross reference produced one additional rel-
evant article for inclusion. In total, 10 studies reporting on
the usage and accuracy of autopsy in comparison to PMCT
in diagnosis of HLC fractures were included in the system-
atic review as shown in Table 1.

As seen in Table 2, seven of the 10 included articles
were retrospective comparative studies, ranging from six
to 203 cases [6, 8—12, 15]. Two prospective studies were
included, one cohort and one comparative study, with 54
and 236 included cases respectively [7, 13]. The final pub-
lication was a case study including eight cases [14]. The
included publications ranged in time from 2005 to 2022.
Of the included papers, seven compared full body PMCT
and autopsy. One study used postmortem fine preparation
(PMFP) and scanned the HLC explant after preparation [7].
Two studies used HE-staining for the HLC histopathology
specimens, one of them comparing to full body PMCT [15]
and the other comparing to PMCT of the HLC [10]. The
age of the decedents varied from 0 to 95 [7, 10]. Two of the
studies also investigated PMCT of other parts of the body
than the HLC, and in these cases, only the results pertaining
to the HLC were included [11, 13].

In all studies, imaging was reviewed by experienced radi-
ologists and autopsies and histology examinations were per-
formed by qualified pathologists.

Bias assessment

The bias assessment performed through QUADAS-2 is
shown in Table 3. “©” signifies a low risk of bias, “®”
signifies a high risk of bias and “?”” an unknown risk of bias.

In the study by Lyness et al. [6], 13 cases were excluded
because the neck structures were not visible on the PMCT
images. Additionally, the service pressure of the mortuary
affected the decision on whether to perform the PMCT. Both
of these factors could introduce selection bias.

PMFP was used in comparison to PMCT by Treitl et al.
[7], and both were performed after autopsy, which might
cause injuries to the specimen, resulting in diagnostic dif-
ficulties or artefacts, e.g. beam hardening artefact.

The studies by Deininger-Czermak et al. and de Bakker
et al. [8-10] all gave the pathologists access to the radiolo-
gists’ reports before autopsy, which is likely to cause bias,
by not blinding the pathologists. Furthermore, bias might
result from the inclusion of a minor of the age of 11 by de
Bakker et al. [10].

Graziani et al. [11] blinded the pathologists to the find-
ings of the radiologists, but had the pathologists train the
radiologists for a period of several months, which could
increase diagnostic accuracy. Despite this, and the fact that
the radiologists gained experience throughout the study,
there were no statistically significant differences in the
results from the first two years compared to the later years.
Some of the cases considered for this study were excluded
because a complete autopsy was not performed.

The limited information on the scan protocol in the study
by Decker et al. [12] might cause information bias.

Selection bias might be introduced by the fact that the
first PMCTs were not performed on 66 consecutive cases
in the study by Le Blanc-Louvry et al. [13], as not available
for all cases examined by the institution. Decker et al. [12],
Kempter et al. [14] and Yen et al. [15] all described the scan
protocol without many details, which made comparison of
protocol data difficult. Finally, the radiologists were aware
of the autopsy findings in the study by Yen et al. [15].

In most cases, the index test has a low risk of introducing
bias, whereas the reference test has a high risk of bias in
many of the included studies. Both the index and reference
tests are applicable to this review.

Heterogeneity

The sensitivity for the hyoid bone and the specificity for the
thyroid cartilage had a Higgin’s I> of 0%, indicating low
heterogeneity. Cochran’s Q was not significant for either, at
0.91 for the hyoid bone sensitivity and 0.45 for the thyroid
cartilage specificity. The specificity for the hyoid bone had
a Higgin’s I? of 45%, meaning moderate heterogeneity, and
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Table 1 Included papers

Author Title

Year  Country

Lyness et al.
raphy in suicidal hangings

Comparison of findings identified at traditional invasive autopsy and postmortem computed tomog- 2022 UK

Deininger-Czermak Postmortem magnetic resonance imaging and postmortem computed tomography in ligature and 2020  Switzerland
etal. [9] manual strangulation
de Bakker et al. Comparison of post-mortem radiologic modalities to evaluate suspected neck violence 2020  The Neth-
erlands
Treitl et al. Injuries of the isolated larynx-hyoid complex in post-mortem computed tomography (PMCT) and 2020  Germany
post-mortem fine preparation (PMFP) — a comparison of 54 forensic cases
Deininger-Czermak The added value of postmortem magnetic resonance imaging in cases of hanging compared to 2020  Switzerland
etal. [8] postmortem computed tomography and autopsy
Decker et al. The Role of Postmortem Computed Tomography in the Evaluation of Strangulation Deaths* 2018 USA
Graziani et al. Usefulness of unenhanced postmortem computed tomography — Findings in postmortem non- 2018  Israel
contrast computed tomography of the head, neck and spine compared to traditional medicolegal
autopsy
Le Blanc-Louvry ~ Post-mortem computed tomography compared to forensic autopsy findings: a French experience 2013 France
et al.
Kempter et al. Post-mortem imaging of laryngohyoid fractures in strangulation incidents: First results 2009  Switzerland
Yen et al. Strangulation Signs: Initial Correlation of MRI, MSCT, and Forensic Neck Findings 2005  Switzerland

the sensitivity for the thyroid cartilage had a Higgin’s I? of

67%, meaning substantial heterogeneity. Cochran’s Q was
significant for both, at 0.07 and <0.01 respectively.

Sensitivity and specificity

Data on fractures, scan parameters and anatomical variants
is presented in Tables 4, 5, 6 and 7. Figures 2, 3,4 and 5 dem-
onstrate the sensitivity and specificity of PMCT in detection
of hyoid bone and thyroid cartilage fractures. The study by
Graziani et al. [11] was omitted from these calculations, as
it was not specified whether the fractures were in the hyoid
bone or thyroid cartilage. Overall, the sensitivity for hyoid
bone fractures was 0.70 [0.59; 0.79] and the specificity 0.92
[0.80; 0.97]. For fractures of the thyroid cartilage, overall
sensitivity was calculated as 0.80 [0.62; 0.91] and overall
specificity as 0.76 [0.63; 0.85].

The individual sensitivity for hyoid bone fractures
ranged from 0.55 to 0.88, and the specificity ranged from
0.72 t0 0.99. The individual sensitivities and specificities for
the thyroid cartilage varied from 0.50 to 0.94 and 0.25-0.93
respectively. This means the rate of correctly identifying
fractures varied from 50 — 94% between the different publi-
cations, and the rate of correctly identifying bones with no
fractures varied from 25 —99%.

Hyoid bone

Thyroid cartilage

PMCT

As seen in Table 4, fractures of the superior horns of the thy-
roid cartilages were the most common type of fractures in
the included studies. Three of the studies used the same slice
thickness of 1.5 mm [6, 14, 15] as seen in Table 6. Lyness
et al. [6] also used 2.0 mm. Most of the other included stud-
ies used similar thinner slice thicknesses of 0.4-0.625 mm
[7-9, 13], whereas de Bakker et al. reported a slice thickness
of 1.0 mm and 0.5 mm for the larynx explant scan [10]. One
study did not report on the slice thickness [12]. Deininger-
Czermak et al. [9] also used a 0.6 mm slice thickness in
addition to 0.4 mm for the separate larynx scan.

Four of the included studies reported the kernel used
[6-8, 10], as seen in Table 6. These studies all discriminated
between kernel-based reconstructions for bone and soft tis-
sue, except Lyness et al. [6].

Anatomical variants were investigated in three stud-
ies [6, 7, 14] as seen in Table 7. Treitl et al. [7] found all
variations through both PMCT and PMFP, while Kempter
et al. [14] only found one on PMCT. Lyness et al. [6] found
that PMCT diagnosed more variants of the hyoid bone than
autopsy, but considerably less thyroid cartilage anomalies.

Four different studies found gas bubbles near to fractures
[6, 8, 9, 14]. One study found almost as many gas bubbles
close to fractures (n=>5) as gas bubbles without a fracture
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Table 3 Bias assessment. Demonstrates the bias possibly introduced by patient selection, index test, reference standard and flow and timing in the
original papers, and the comparable applicability to the review question of the patient selection, index test and reference standard. “ @ ” indicates
low risk of bias, “®” indicates high risk of bias, and “?” indicates unknown risk of bias

Study Risk of Bias

Applicability concerns

Patient selection  Index test Reference Flow and Patient selection Index test Reference
standard timing standard

Lyness et al. © © © © © © ©
Deininger-Czermak et al. [9] ® ? ® © © © ©
De Bakker et al. ® © ® ? ® © ?

Treitl et al. © © ? © © © ?

Deininger-Czermak et al. [8] © © ® ? @) ®© ®©
Decker et al. ® ® ® ? ® ? ©
Graziani et al. ® © © © @) © ©
Le Blanc-Louvry et al. ® © ® © ® @) ©
Kempter et al. © ? ? © © © )
Yen et al. © ® ® © ) © ©

(n=4) [8]. Lyness et al. [6] also found gas bubbles with no
apparent fracture in one case.

Discussion

This paper aims to describe the diagnostic accuracy of
PMCT in cases involving traumatic neck injuries and frac-
tures of the HLC based on calculations of sensitivity and
specificity. For the hyoid bone fractures, overall specific-
ity was higher than overall sensitivity, meaning that PMCT
based diagnosis seems to be better for correctly diagnosing
the hyoid bones without fractures than finding the fractures.
The opposite is true for the thyroid fractures, but here the
overall sensitivity and specificity are more similar. All of the
calculated overall sensitivities and specificities are above
0.6 and below 0.92 exemplifying a wide range between
study results.

The slice thickness used in the studies varies from 0.4 to
2.0 mm. In the studies from 2005 to 2012 there is no appar-
ent correlation between the number of diagnosed fractures
and slice thickness, although an almost perfect specificity
of 0.99 was calculated for hyoid fractures reported in the
study by Le Blanc-Louvry et al. [13]. This specificity is
likely caused by the high number of individuals without a
hyoid bone fracture in this study [13]. In the studies from
2020 to 2022, Deininger-Czermak et al. [8, 9] and Treitl et
al. [7] correctly diagnosed more hyoid and thyroid fractures
using a slice thickness of 0.4-0.625 mm than Lyness et al.
[6] did with a slice thickness of 1.5-2.00 mm, based on the
calculated sensitivities. De Bakker et al. [10] used a slice
thickness in between that of the previously mentioned stud-
ies of 0.5-1.0 mm, and also has a calculated sensitivity for
the hyoid bone that correlates with this, although the sen-
sitivity for the thyroid cartilage is slightly lower than the
one for Lyness et al. [6]. This indicates the need for a slice

@ Springer

thickness thinner than 1.0 mm. The calculated specificities
as seen in Figs. 3 and 5 do not correlate with slice thick-
ness in the same way, indicating that slice thickness is not as
important for correctly identifying the hyoid bones and thy-
roid cartilages with no fractures. For thyroid fractures, the
study by Treitl et al. [7] using a thin slice thickness results
in the lowest specificity of 0.250.

As indicated by Bauer et al. who used PMCT for neck
trauma, thinner slice thicknesses allow for a more accurate
diagnosis and fracture grading [33], and Kettner et al. [34]
also mention that it is necessary for fractures to involve two
or more slices to be discovered by PMCT. Thus, a thinner
slice thickness might increase the number of fractures diag-
nosed. Since the optimal slice thickness for fractures of the
HLC is unknown, it would be valuable to compare different
slice thicknesses in future studies.

Only Treitl et al. [7]. directly compared different degrees
of dislocation and found a much higher kappa level of agree-
ment between PMCT and PMFP for displaced fractures than
fissures and non-displaced fractures. This suggests that dis-
location is an important factor for diagnosing fractures on
PMCT. It was not possible to calculate the sensitivity and
specificity for different age groups due to the small number
of cases and the lack of data in some studies. As mentioned
previously, there is a greater risk of fractures with increasing
age. Therefore, age dependent occurrence of fractures and
possibly dislocation should be investigated in future studies.

As reported, some of the included studies found addi-
tional fractures on PMCT, which were not discovered dur-
ing autopsy. Only Graziani et al. [11] and Kempter et al.
[14] mention the possibility of these findings simply being
false positives. Deininger-Czermak et al. [8, 9] explains
the discrepancies as possibly being due to lack of discov-
erable perifocal hemorrhages or instability of the HLC
before autopsy, which in turn did not lead to fractures being
suspected.
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Table 4 Fracture types. Demonstrates number and type of fractures discovered by autopsy and PMCT.

Author Number of cases Fractures
Autopsy PMCT
Lyness et al. 50 56 in 26 cases 36 in 22 cases
Hyoid fractures: Hyoid fractures:
Left greater horn: 7 Left greater horn: 4
Right greater horn: 9 Right greater horn: 9
Left fibrocartilage joint: 1 Left fibrocartilage joint: 0
Right fibrocartilage joint: 1 Right fibrocartilage joint: 1
Thyroid fractures: Thyroid fractures:
Left superior horn: 21 Left superior horn: 11
Right superior horn: 17 Right superior horn: 11
Deininger-Czermak et al. [9] 6 Hyoid fractures: 1 Hyoid fractures: 2
Thyroid fractures: 4 Thyroid fractures: 4
de Bakker et al. 11 Hyoid fractures: 54! Hyoid fractures: 64!
Thyroid fractures: 80' Thyroid fractures: 54!
Treitl et al. 54 Hyoid fractures: 32 Hyoid fractures: 23
Corpus: 6 Corpus: 4
Rostral part of right horn: 6 Rostral part of right horn: 4
Occipital part of right horn: 6 Occipital part of right horn: 5
Rostral part of left horn: 4 Rostral part of left horn: 2
Occipital part of left horn: 10 Occipital part of left horn: 8
Thyroid fractures: 53 Thyroid fractures: 50
Centerline: 3 Centerline: 3
Right shield: 4 Right shield: 5
Upper right horn: 16 Upper right horn: 15
Lower right horn: 1 Lower right horn: 1
Left shield: 4 Left shield: 4
Upper left horn: 21 Upper left horn: 19
Lower left horn: 4 Lower left horn: 3
Cricoid fractures: 34 Cricoid fractures: 18
Rostral centerline: 3 Rostral centerline: 4
Occipital centerline: 5 Occipital centerline: 3
Right side: 15 Right side: 6
Left side: 11 Left side: 5
Found in 34 specimens Found in 32 specimens
Deininger-Czermak et al. [8] 25 Hyoid fractures: 5 Hyoid fractures: 8
Thyroid fractures: 9 Thyroid fractures: 14
Decker et al. 14 Hyoid fractures: 1 Hyoid fractures: 2
Thyroid fractures: 1 Thyroid fractures: 2
Graziani et al. 203 12 5
Le Blanc-Louvry et al. 236 Hyoid bone: 6 Hyoid bone: 5
Kempter et al. 8 Hyoid bone Hyoid bone
Left greater horn: 3 Left greater horn: 3
Right greater horn: 1 Right greater horn: 1
Thyroid cartilage Thyroid cartilage
Right superior horn: 4 Right superior horn: 5
Right inferior horn: 1 Right inferior horn: 1
Left superior horn: 4 Left superior horn: 4
Cricoid
Left side of arch: 1
Yen et al. 9 Hyoid bone fracture: 2 Hyoid bone fracture: 2

Larynx fracture: 3

Larynx fracture: 4

"Number of unique observations, meaning both fractures and location of fractures

2Excluding 4 cases included in Yen et al. and 2 cases included in Kempter et al.

@ Springer
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Thyroid Larynx and hyoid bone
FP FN TN TP FP FN TN TP FP FN TN
28 10

Hyoid bone

TP
10

Number of cases
50

Table 5 Fracture overview by number of cases

Author

@ Springer

18

20

Lyness et al.

Deininger-Czermak et al. [9]

de Bakker et al.

Treitl et al.

11

50

22

23

54
25

10
12

16
12

Deininger-Czermak et al. [8]

14!
203
236

Decker et al.

190

Graziani et al.

230

Le Blanc-Louvry et al.

Kempter et al.
Yen et al.

"Excluding 4 cases included in Yen et al. and 2 cases included in Kempter et al.

TP =true positive (fracture in both autopsy and CT).

FP
FN

false positive (fracture only on CT).

false negative (fracture only in autopsy).

TN =true negative (no fracture in autopsy or CT)

The diagnostic accuracy of the PMCT analysis is also
dependent on the experience of the investigator and their
knowledge of forensic pathology. Two of the included stud-
ies comment on this [11, 12]. Although Graziani et al. [11]
did not find an improved diagnostic accuracy after increase
in experience among the radiologists, Decker et al. [12]
mention that it might require years of training to acquire the
skills to properly identify the injuries.

De Bakker et al. [10] additionally scanned the HLC
explant separately, but still achieved some of the lowest
sensitivities and specificities. This study [10] also found
negative kappa values for location and number of fractures
of the hyoid bone, meaning the agreement was worse than
expected or a representation of random data [19].

Some papers describe the use of micro-CT for finding
smaller fractures of the HLC and examining decomposed
bodies, but so far, no larger studies have been conducted
[34-36]. Papers regarding micro-CT were not included in
the analyses, but are promising for finding smaller fractures
of the HLC [34-36]. Micro-CT requires scanning the HLC
ex-situ, and as previously mentioned, removing it from
the body might cause injury to the specimen or produce
artefacts.

An alternative postmortem imaging technique is post-
mortem magnetic resonance imaging (PMMR), which has
been examined in traumatic deaths and proven to be better
at diagnosing soft tissue injuries [37]. Three of the included
studies additionally investigated PMMR in traumatic neck
injuries [8, 9, 15] and found promising results compared to
PMCT. Further analysis of the PMMR results were outside
the scope of this paper. As there are disagreements between
autopsy, PMCT and PMMR, with PMCT sometimes finding
more fractures than autopsy and PMMR finding more soft
tissue injuries, a combination of the different methods might
be necessary to increase the diagnostic accuracy [8]. This
should be investigated in future studies. The cost and acces-
sibility of PMMR might limit its use.

Only three of the studies investigated anatomical variants
of the HLC with heterogenous results [6, 7, 14]. PMCT had
a perfect detection rate of anatomical variants in one study
[7] and found more variations than autopsy in another study
[14]. Despite this, a third study had variants misdiagnosed
as fractures [6]. The distinction between fractures and vari-
ants is very important to ensure a high level of diagnostic
accuracy in PMCT, and further studies are needed to deter-
mine how useful PMCT is in these cases.

Gas bubbles were found both associated with fractures
and not associated with fractures, and the “gas bubble sign”
[17] was not proven as a sure sign of HLC fractures in the
examined studies.

An advantage of PMCT is the time efficiency. Autopsy
and especially additional examinations like PMFP are time
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Table 7 Overview of anatomical variants and gas bubble sign discovered by autopsy and PMCT.

Author Number of Anatomical variants Gas bubble sign
€ases Autopsy PMCT PMCT
Lyness et al. 50 Hyoid bone — 3 in 3 cases Hyoid bone — 10 in 9 cases 51in 4 cases — all thy-
Sets of calcified stylohyoid Nonfusion: 3 roid cartilage associated
ligaments: 2 Widening of the fibrocartilage joint: 4 Right superior horn:
Misshapen right greater horn: Osteophytes: 2 3
1 Calcified stylo-hyoid ligament: 1 Left superior horn: 2
Thyroid cartilage — 39 in 24 Thyroid cartilage — 7 in 7 cases In one case no fracture
cases Left triticeal cartilages: 2 was reported
Left triticeal cartilages: 4 Right triticeal cartilages: 1
Right triticeal cartilages: 5 Other: 4
Bilateral triticeal cartilages: 15
Deininger-Czer- 6 NR NR Gas bubble near thyroid
mak et al. [9] fracture: 1
de Bakker et al. 11 NR NR NR
Treitl et al. 54 46 cases 46 cases NR
Agenesis of thyroidal horn: 1
Foramina thyroidea: 18
Triticeal cartilages: 21
Aplasia of both hyoid horns: 6
Deininger-Czer- 25 NR NR Fracture related gas
mak et al. [8] bubbles: 5
Gas bubbles without
proximity to fractures: 4
Decker et al. 14! NR NR NR
Graziani et al. 203 NR NR NR
Le Blanc-Louvry 236 NR NR NR
et al.
Kempter et al. 8 NR Right sided bigger and medially caudally Air inclusion in fracture
kinked hyoid bone horn: 1 site: 1
Yen et al. 9 NR NR NR
NR not reported in original article
"Excluding 4 cases included in Yen et al. and 2 cases included in Kempter et al.
Year & Author TP TP+FN Sensitivity C.L
2005: Yen et al. ks 4 = 0.875 [0.266; 0.993]
2009: Kemptner et al. 4 4 : 0.875 [0.266; 0.993]
2012: Le Blanc-Louvry et al. 6 7 ; 0.786 [0.376;0.957]
2020: de Bakker et al. 2 4 =— 0.625 [0.180;0.927]
2020: Decker et al. 2 2 3 0.750 [0.109; 0.987]
2020: Deininger-Czermak etal. (1) 4 6 3 0.750 [0.321;0.950]
2020: Deininger-Czermak etal. (2) 2 2 = 0.750 [0.109; 0.987]
2020: Treitl et al. 24 33 — 0.712 [0.538; 0.840]
2022: Lyness et al. 10 19 —— 0.553 [0.333;0.753]
Random effects model 81 —_— 0.698 [0.589; 0.787]

Heterogeneity: I = 0%, ©> = 0, p = 0.91

Fig. 2 Hyoid bone sensitivity. Sensitivity (grey square with black dot)
and confidence interval (solid line) for hyoid bone fractures in each of

[ [ [ |

02 04 06 08

Sensitivity

the papers included in meta-analysis and aggregate sensitivity (dashed

@ Springer

line with grey rhomboid), demonstrated by a Forest plot. TP true posi-
tives, FN false negatives, C.I. confidence interval
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Year & Author TN TN+FP Specificity C.L
2005: Yen et al. 6 7 : : 0.786 [0.376;0.957]
2009: Kemptner et al. 6 6 : 0.917 [0.378; 0.995]
2012: Le Blanc-Louvry et al. 230 231 . 0.998 [0.966; 1.000]
2020: de Bakker et al. 6 9 + ; 0.722 [0.377;0.918]
2020: Decker et al. 12 14 0.893 [0.605; 0.978]
2020: Deininger-Czermak etal. (1) 16 21 i 0.786 [0.564;0.912]
2020: Deininger-Czermak etal. (2) 4 6 : : 0.750 [0.321;0.950]
2020: Treitl et al. 22 23 —_— = 0.978 [0.732;0.999]
2022: Lyness et al. 28 33 —8+ 0.864 [0.701; 0.945]
Random effects model 350 —_ 0.918 [0.797; 0.969]

Heterogeneity: 1> = 45%, ° = 1.6666, p = 0.07 !

04 05 06 07 08 09

Fig. 3 Hyoid bone specificity. Specificity (grey square with black dot)
and confidence interval (solid line) for hyoid bone fractures in each of
the papers included in meta-analysis and aggregate specificity (dashed

Specificity

line with grey rhomboid), demonstrated by a Forest plot. TP true posi-
tives, FN false negatives, C.I. confidence interval

Year & Author TP TP+FN Sensitivity C.L
2005: Yen et al. 2 3 0.833 [0.194; 0.990]
2009: Kemptner et al. 6 6 == 0917 [0.378;0.995]
2020: de Bakker et al. 4 9 0.500 [0.213;0.787]
2020: Decker et al. 2 2 L 0.750 [0.109; 0.987]
2020: Deininger-Czermak etal. (1) 8 10 H- 0.850 [0.500;0.970]
2020: Deininger-Czermak etal. (2) 4 5 e 0.900 [0.326;0.994]
2020: Treitl et al. 50 54 P 0.935 [0.830;0.977]
2022: Lyness et al. 20 39 — 0.526 [0.371;0.675]
Random effects model 128 — 0.804 [0.617; 0.912]
Heterogeneity: /° = 67%, ©> = 0.8727, p < 0.01 ! ! ! !
02 04 06 08
Sensitivity

Fig.4 Thyroid cartilage sensitivity. Sensitivity (grey square with black
dot) and confidence interval (solid line) for thyroid cartilage fractures
in each of the papers included in meta-analysis and aggregate sensitiv-

consuming. Treitl et al. [6] reports the mean time of PMFP
as 208.2 min versus 28.9 min for the PMCT meaning a
significant reduction of time used. Another advantage is
the possibility to save images and ensure objectivity. This
allows for review in the future, possibly by other profes-
sionals. Furthermore, some institutions aspire to limit the
number of autopsies due to for example religious reasons or
public opinion [3].

A disadvantage of PMCT is the cost and availability of
the equipment. PMCT is routine in Danish institutions [1]
but might not be readily available in other institutions.

To limit the risk of bias, case studies with n<3 were
excluded, which in turn limited the number of papers

ity (dashed line with grey rhomboid), demonstrated by a Forest plot.
TP true positives, FN false negatives, C.I. confidence interval

included. One of the included studies was excluded from the
sensitivity and specificity calculations, as it did not specify
whether the fractures were in the hyoid bone or the thyroid
cartilage, and grouped these as one [11].

Many of the studies were not single-blinded or double-
blinded. In some cases, pathologists had access to the radi-
ology report and in others, the radiologists had access to
the autopsy report. In the future, it would be recommended
to perform more prospective blinded studies with larger
sample sizes.

Through the review of the literature, a lack of uniform
reporting was found with regards to PMCT technical param-
eters, fracture location and displacement, and statistical

@ Springer
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Year & Author TN TN+FP Specificity C.L
2005: Yen et al. 8 8 : + 0.938 [0.461;0.996]
2009: Kemptner et al. 2 4 i 0.625 [0.180; 0.927]
2020: de Bakker et al. 2 4 i 0.625 [0.180; 0.927]
2020: Decker et al. 12 14 — - 0.893 [0.605; 0.978]
2020: Deininger-Czermak et al. (1) 10 1 4 —= 0.618 [0.378;0.811]
2020: Deininger-Czermak etal. (2) 2 > + 0.833 [0.194; 0.990]
2020: Treitl et al. 0 2 o ; 0.250 [0.013;0.891]
2022: Lyness et al. 10 13 — 0.808 [0.514;0.943]
Random effects model 65 — 0.756 [0.628; 0.850]
Heterogeneity: /° = 0%, ©> = 0.0489, p = 0.45 ! ! ! '
02 04 06 08
Specificity

Fig.5 Thyroid cartilage specificity. Specificity (grey square with black
dot) and confidence interval (solid line) for thyroid cartilage fractures
in each of the papers included in meta-analysis and aggregate sensitiv-

analysis. It would be advisable to report these in a similar
way in future studies for easier comparison of results.

Conclusion

This systematic review aimed to investigate the sensitiv-
ity and specificity of a PMCT scan in fracture diagnosis of
the hyoid-larynx complex (HLC) compared to traditional
autopsy in cases involving traumatic neck injuries The indi-
vidual sensitivity for hyoid bone fractures ranged from 0.55
to 0.88, while the aggregated sensitivity was calculated as
0.70 [0.59; 0.79] and the specificity ranged from 0.72 to
0.99, aggregated at 0.92 [0.80; 0.97]. The individual sen-
sitivities and specificities for the thyroid cartilage varied
from 0.50 to 0.94 and 0.25-0.93 respectively, with aggre-
gated sensitivity and specificity at 0.80 [0.62; 0.91] and 0.76
[0.63; 0.85]. This shows great variation in the results, and a
large range between studies.

We found that PMCT is a useful diagnostic method in
cases of traumatic neck injuries with fractures of the HLC
but should not replace the traditional autopsy. For future
studies comparing PMCT and autopsy, we recommend large
blinded prospective studies using uniform reporting on frac-
ture details, scan protocols and slice thicknesses.
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