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Abstract:

The presence of fracture on neck elements is an indication of violence. Both the hyoid bone and the
larynx can be damaged by a strangulation mechanism. Thyroid cartilage, more specifically, may
present lesions in response to this mechanical stress. These lesions result in fractures at the bases of the

horns of the thyroid cartilage.

This study focuses on the thyroid cartilage behavior in cases of bi-digital strangulation, using an
anthropometric and biomechanical approach. To develop a biomechanical model, we performed an
anthropometric study taking into account 14 distances measurements as well as 3 measurements of
angles. These measures allowed us to determine a significant sexual dimorphism between individuals.
Then, we define 6 morphologies models, composed of 3 females and 3 males individuals. In order to
visualize the ossification of the cartilage, each model has been tested with bone properties.
Strangulation cases were simulated by applying an imposed velocity of 0,4m/s then 1m/s. We observed

different behaviors of the thyroid cartilage according to the sex and the morphology.
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1. Introduction

During autopsies, the neck is particularly observed in case of death by strangulation. The various
elements of this anatomical region, the hyoid bone and the larynx, are indeed sensitive to fractures
during this type of solicitation. Previous studies on the neck show a possible fracture of the hyoid bone
[1,2], but also of the cartilage composing the larynx, in particular thyroid cartilage [3]. Nevertheless,
this cartilage does not fracture in all cases [4—7], or lesions may not always be detectable [3,8]. Some
morphologies may be more subjects at risk than others for a same level of pressure, for both the hyoid
bone and the thyroid cartilage [1,9]. Furthermore, Plattner et al. (2005)[10] showed several levels of
strangulation, which do not affect the cartilage. According to the authors, the rate of fractures during
strangulation varies from 50% to 90% of trauma on the thyroid cartilage [11]. For strangulation the

most common lesions are fractures at the bases of the horns.

The neck is a region that is fairly well protected, embedded between the jaw, chest and muscles. The
larynx is more particularly a set of elements, cartilage, muscles and membranes, which protect the
airway and vocal cords. It is mainly composed of thyroid, cricoid and arytenoid cartilage and epiglottis.
In our study, we chose to mainly work on thyroid cartilage. This one is directly connected to the hyoid

bone in its upper part and encases the cricoid cartilage in its lower part.

Its consist of a lamellar body with two quadrilateral laminae and four posterior horns (2 superior and 2
inferior) whose length can be very variable [11,12]. In addition, this cartilage changes over time, with

slow ossification, beginning at the puberty and continuing throughout life [13—-15].

This study aims at understanding the behavior of neck components during manual bi-digital
strangulation and follows other studies developed by the Laboratoire de Biomécanique Appliquée on
hyoid bone [1,2,16]. In order to visualize these behaviors, we have developed numerical models,
varying the impactor velocity parameters and the morphology of the cartilage. The objective is to
determine the possible variations of the required forces, necessary to fracture the thyroid cartilage, but

also the types of fractures according to the evolution of the parameters.

2. Materials and methods
2.1. Materials

The data was collected from DICOM (Digital Imaging and Communications in Medicine) scanners,
made at the Hopital Nord of Marseille, as part of the diagnosis. The scanners were selected among the

examinations carried out in the medical imaging department from January 2010 to May 2013 for



various indications. Only healthy individuals were selected, with no addiction that could have an
impact on the larynx or a history of radiotherapy or calcium disorders. The sample is then composed of
78 individuals, 40 females (mean age 52.43 + 19.15) and 38 males (mean age 49.71 + 18.14). All the

scans were anonymized.

2.2. Methods

2.2.1. Anthropometrics methods

The reconstructions of thyroid cartilage were performed using Mimicsl] v. 12.3 software (Materialize,
Leuven, Belgium). The segmentation of the scans was semi-automatic. This software allowed us to
perform anthropometric measurements to characterize the thyroid cartilage from a morphological

approach. A total of 14 distances measurements and 3 angles measurements were made (Table 1) (fig

1).

1 Height of the lamellar body: from the center of the upper notch to lower part of the lamellar body

2 Height of left lamellar body: from the anterior point at the base of the upper left horn to the anterior

point at the base of the lower left horn

3 Height of right lamellar body: from the anterior point at the base of the upper right horn, to the anterior

point at the base of the lower right horn

4 Maximum length of the lamellar body: maximum width of the lamellar body from the lateral

cartilaginous protuberances

5 Upper length of the lamellar body: upper width between the anterior point at the base of the upper
horns

6 Lower length of the lamellar body: lower width between the anterior point at the base of the lower
horns

7 Length of the lower right horn: from the lower center point to the anterior point of the lower right horn

8 Length of the lower left horn: from the lower center point to the anterior point of the lower left horn

9 Width of the upper horns: from the outer edge of the top of the upper horns

10 Width of the lower horns: from the outer edge of the top of the lower horns

11 Length of the upper left horn: from base to top

12 Length of the upper right horn: from base to top

13 Distance of the right horns: from the top of the upper right horn to the bottom of the lower right horn

14 Distance of the left horns from the top of the upper left horn to the bottom of the lower left horn

15 Angle of the upper horns: angle centered on the most central point of the upper central notch and for




ends the top of the upper horns

16 Angle of the bases of the upper horns: angle centered on the most central point of the upper central

notch and for ends the anterior point of the upper horns base

17 Angle of the bases of the lower horns: angle centered on the most central point of the lower central
notch and for ends the anterior point of the lower horns base

Table 1: Anthropometric measurements of the thyroid cartilage

Figure 1: Anthropometric measurements

2.2.2. Statistical analysis
All the statistics were developed from R 3.5.2.

Due to a significate difference between sexes for the thyroid cartilage [17], a descriptive analysis was
performed. Boxplots were draw for each measurement to determine observable differences between
sexes. Then we tested the statistical significance of the results using a Student’s test (T-test), with a
significance threshold of 5%. This was to identify the difference in means of each measurement

according to sex.

In addition, a Pearson correlation test was performed between anthropometric measures, sex and BMI.

Once these correlations were estimated, we developed a decision tree to determine the combination of



discriminant measures to classified individuals by sex. The decision tree error rate significance was

tested from subsample of the studied population.

A PCA analysis was performed to determine different morphologies according to sex. Six
biomechanical models have been developed, 3 males and 3 females. For each sex, the models represent
a gracile, intermediate and robust individual. These models were selected according to the 10" centile,

50™ centile and 90™ centile, respectively.
2.2.3. Finite elements models

The first step concerned the 3D reconstruction of anatomical parts carried out with Mimics[] software.

The obtained surfaces were meshed in HyperMesh v12.00J (Altair, Troy Michigan, United States).

The impactors used in strangulation modeling were also defined using the HyperMesh v12.00J
software. Two new surfaces were developed according to the curves of the thyroid cartilage. These

surfaces were located at the lower part of the anterior medial notch of the cartilage (fig 2).

Figure 2: Thyroid impactors (dark and light pink)

The next step was to assign the various materials, properties, contact, initial and kinematic conditions
to the models. For that, we used HyperCrash v12.000 (Altair, Troy Michigan, United States). In order to
define the extreme characteristics of thyroid cartilage, we have chosen to assign bone properties to each

model (3 females and 3 male models).

The mechanical properties used for the model, based on the literature, are summarized on the table 2.



Failure

Young
Density Poisson oYield plastic omax Thickness
Materials Modulus
(g/mm?) ratio (MPa) strain (MPa) (mm)
(MPa)
(MPa)
Elasto 1,25
Cortical plastic/ (female) /
0,002 3000 0,499 90 0,04 100
bone Johnson 1,75
Cook (male)
Elasto
plastic /
Cancellous
Ductile 0,001 500 0,4 4 0,03 10 /
bone
Damage
23
Elastic/
Impactor Linear 0,0078 210 000 0,4 / / / 1
Elastic

Table 2: Models properties

Cortical bone was represented by 2D elements and cancellous bone mesh by means of 3D elements.

Both used an elastoplastic law. The thickness of the cortical part was set to 1,25mm for females and

1,75mm for males.

Then, for each model developed, boundary conditions were applied to the ends of the four horns to

block all translations and allow all rotations.

For the impactors, 2D elements were associated with an elastic law. The thickness of these surfaces

was fixed at Imm. The two plates were defined as rigid body elements, only moving in translation on

the axis perpendicular to the thyroid cartilage. An imposed velocity of 0,4m/s and then 1m/s was

applied to simulate the strangulation movement.

Contact interfaces have also been used between the impactors and the cortical parts of the models.

3. Results

3.1. Statistical results




Repeatability and reproducibility were tested for each anthropometric measurement. They respectively
yield intraclass correlation coefficient of 0,992 and 0,977. Then the measures were analyzed according

to the sex of the individuals.
3.1.1. Significant difference between measures

Student test indicated the average difference according to sex. The results show a significate mean

difference (p-value < 0,05) for all the measurement in this study.

The analysis of boxplots shows that the length measures are higher for males and the angle measures
are higher for females. The boxplots illustrated the average difference for the lower length of the

lamellar body (fig 3), and for the angle of the upper horns (fig 4).
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3.1.2. Correlation matrix

The correlation matrix shows several links between the measurements. The correlations were
established and verified using significance test. Figure 5 shows the correlation and the p-value
according to the measures. The strength of the correlation has a link with the circle darkness and
correlation significance correspond to circle size. Red colors represent positive correlations and blue

colors stand for negative ones.
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Figure 5: Correlation matrix

No correlation is observed between the BMI and any of the measurement. The angles do have a
correlation between them. This matrix also shows a strong correlation between the different heights and
lengths of the lamellar body. For the horns, the correlation is less important between the lengths of the

upper and lower horns.

Another significate correlation is the one according to sex. The sex shows a positive correlation with
the angles, associated to females and a negative correlation with lengths measurements, associated to

males.
3.1.3. Decision tree

To refine these results, we used decision tree to identify whether some measures, or combinations of

measurements, which could discriminate factors according to sex.



Only the lower length of the lamellar body differentiates the two sexes: above 28,69mm individuals are

classified as males and as females below this threshold. This tree was also tested on one half of the

sample to evaluate a 2,5% error rate.
3.1.4. Principal Component Analysis (PCA)

From the 17 measurements used in this study, we developed a PCA to determine 6 morphologies. It
seems to show a distinction according to sex (fig. 6). We can notice that an individual is outlier, but the

same test without this individual do not change the result. This individual was kept in our sample.

Individuals factor map (PCA)

PC2(13,28%)

PC1(50,64%)

Figure 6: Principal component analysis

The first component represents 50,64% of the total variability of the sample, while the second
component accounts for 13,28%. Our choice of individuals focused on the first principal component

which explains half of the variability and is a linear combination of 6 measurements with weak

contributions (see annex 1).

3.2. Models results

3.2.1. Numerical models

Twelve cases of strangulation were analyzed. It included the comparison according to sexes, to velocity
and to robustness (gracile, intermediary and robust). At first, the injury assessment of the models was

analyzed, then time and rupture stress were studied in each case (table 3 and 4).



In the injury assessment study (table 3), we observed that all models lead to fractures along the applied
stress direction. Lesions are located at the upper horns. Except for 3 cases, each model presents

bilateral fractures on the upper horns. In these cases, there is no preferential fractures sequence.

For a 1m/s imposed velocity, the intermediate and the robust male bone models present a unique
unilateral fracture of the right upper horn. The gracile male model also shows a right unilateral fracture,
but this time for a 0,4m/s imposed velocity, which was associated with a fracture of the lamellar body.

Except for these 3 cases, the female and male models have similar behaviors.

Bone
0,4m/s 1m/s
Female Upper Upper
horns horns
Gracile Upper
right horn
Male Ep per
Median orns
body
Female Upper Upper
horns horns
Intermediate
Upper Upper
Male horns left horn
Female Upper Upper
horns horns
Robust
Upper Upper
Male horns right horn

Table 3: Injury assessment

The results (table 4) show that the stress applied on the model do not depend on the velocity of the
impactor. Independently of this parameter, we have thus observed a disparity of the results according to
sex. The force required for the first fracture occurrence being 3 to 4 times higher for male models than

for female models.

According to the morphologies, gracile models have weaker stresses than intermediate models. This
pattern is the same for intermediate female models and robust female models. However, for male
models, the stress values are a little higher in the case of the intermediate morphology than the robust

morphology.



Bone
0,4m/s 1m/s
Female 386,00 421,56
Gracile
Male 1337,11 1 268,93
Female 557,81 499,35
Intermediate
Male 2 251,00 2 213,59
Female 899,63 989,80
Robust
Male 2 051,05 1915,16

Table 4: Force measurements at the first fracture (N)

4. Discussion

This study presents a traumatological approach, associated to forensic science, whose main objective is
to understand the neck injury mechanisms. Our approach was based on anthropometric data and
allowed to develop biomechanical models of the thyroid cartilage. To our knowledge, no study has ever

been performed in case of bi-digital strangulation.

Our low sample size limited our study, but the sample sex ratio is quite good with 51,3% of females
and 48,7% of males. The approach based on CT scans exploitation make it possible to overcome the
measurements bias related to the thyroid cartilage conservation. Indeed, the larynx structure is
heterogeneous (more or less calcified) and thus unequally accessible to the measurements on ex situ
organ. Thus, the measurements protocols found in literature were carried out on malleable larynxes that

are therefore deformable and can be incompletely preserved [9,18-20].

The 17 measurements on thyroid cartilage made it possible to characterize the cartilage morphology,
with correlation test showing a correlation between thyroid cartilage and the individual sex, as well as
the proportions related to the cartilage, to each other. Among the 17 measurements studied, several of
them have been described in literature [19, 21-25]. Most of the measurements show results in

accordance with literature. However, some results may differ.

Measurements of height of the lamellar body raises questions. Indeed, our results differ from Kaur et
al., 2015 and Ajmanji, 1990, especially for female individuals. Our measurements, for females, are
11,92mm +/-2,58mm, while the results obtained by Ajmanji, 1990 are around 17,35mm +/- 2,67mm
and those of Kaur et al.,, 2015 around 16mm +/- 0,53mm. This divergence could potentially be
explained by methodology differences, the authors having obtained thyroid cartilage from dissected

larynx and not from scans. It could also be explained by the difference of sample sizes and the sex



ratios. Ajmani, 1990 used 40 cartilages (28 males and 12 females) and Kaur et al., 2015 had a sample

of 30 cartilages but only 5 were females.

Since there is no consensus in literature concerning the characterization of the cartilage in human body
[26-30], we have developed models with complete bone properties. The thyroid cartilage ossifies over
time through a slow process, beginning at the end of puberty, and which is rarely completed [31]. The
mean age of our sample (51.10 £ 18.60) is higher than the age associated to the beginning of the
ossification process, which represent individuals with more ossified larynx than cartilaginous. The bone
properties used in this study were derived from data already developed by the laboratory on the hyoid
bone [1,2]. There was no specific characterization of thyroid cartilage subject to advanced ossification.
Measurements and metric data thus obtained would require validation of the model by experiments on

samples.

In our study, we have decided to understand bi-digital strangulation injury mechanisms. This first
approach simulates a translation of two plates along the axis perpendicular to the thyroid cartilage. The

different impactors used in the simulations were adapted to the size and form of each thyroid cartilage.

We do demonstrate that the behavior of the thyroid cartilage is not the same according to sex and
morphology (gracile, intermediate and robust). For similar morphologies, the behavior between males
and females was different. Indeed, the impact force required for the first fracture is from 3 to 4 times
higher for males than female models. Overall, our simulations led to bilateral fractures (less than 1ms
between the two horns fractures), except for 3 models (indicated with unilateral fracture in Table 3).
For those models the second fracture occurred, at least, 3ms after the first one. Also, the impact force
seems to depend on morphologies. However, the fractures locations were similar independently of sex

and morphology.
5. Conclusion

This anthropometric and biomechanical study characterizes the thyroid -cartilage with 17
measurements. Our results confirmed a significant sexual dimorphism on this cartilage shown in
previous studies [17]. The models developed for a forensic purpose also demonstrated different

behaviors according to sex and morphology.

Furthermore, these models allow a good visualization of cartilage behaviors in cases of strangulation.
Further studies would be necessary to improve them and to characterize and model the traumas

involving other parts of the larynx, in a forensic issue.
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Annex 1

Variables PC 1 (%) PC 2 (%)
Distance right horns 9,14 0,36
Distance left horns 9,23 0,34
Width upper horns 0,79 19,70
Width lower horns 7,41 4,59
Length upper right horn 3,57 0,25
Length upper left horn 4,06 1,03
Angle upper horns 4,33 19,81
Height lamellar body 8,09 0,42
Height left lamellar body 8,14 0,44
Height right lamellar body 8,56 0,90
Maximum length lamellar body 8,11 3,89
Upper length lamellar body 6,10 10,33
Lower length lamellar body 9,32 1,32
Length lower right horn 3,87 2,54
Length lower left horn 4,90 1,58
Angle bases upper horns 4,07 16,09
Angle bases lower horns 0,32 16,38

Table 2: Contribution of the measurements for the PCA






