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Abstract
During hanging gravitational forces affect the spine. Intervertebral vacuum phenomenon (VP) implies that gas accumulations in
the discs are caused by degeneration of the spine and trauma. It was hypothesized that VP detected on postmortem computed
tomography (PMCT) has a higher incidence in hanging deaths, which can be correlated to age, degenerative spinal changes and
type of hanging (complete-incomplete). Secondly, it was investigated whether the presence of Simon’s bleedings is related to
hanging type and VP on PMCT. A retrospective hanging case-control study of 72 cases was conducted. PMCT data were
evaluated by two observers for the presence of VP and its localization within the thoracic and lumbar discs, and for any
degenerative changes of the spine. Autopsy protocols were assessed for the presence of Simon’s bleedings during autopsy. VP
did not statistically differ among hanging and control cases but it was statistically correlated to complete hanging, increasing age
and degenerative spinal changes. Centrally located VP within the discs was correlated to hanging, especially complete hanging,
and younger ages, contrary to control cases that showed gas at the disc periphery. Simon’s bleedings were correlated with
complete hanging and centrally located VP. Centrally located VPwithin the discs increases the probability for complete hanging,
while increasing age and degenerative changes reduce this probability. Intervertebral VP is multifactorial radiological entity. The
presence of centrally located VP can indicate that hanging could be considered as an alternative mechanism of death and that
great forces and loads may have affected the spine perimortem, especially with decreasing age and when Simon’s bleedings are
present.
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Introduction

Hanging is a frequent method of suicide [1, 3] whereby the
body is suspended on a band around the neck [1–3].
Depending on whether the body is freely hanged or not, hang-
ing is divided in two subtypes. In complete hanging the feet
have no contact with a surface, whereas in incomplete hang-
ing, part of the lower body, such as the knees or feet, partially

support the weight of the body [1]. A short drop (0.5–1 m) is
associated with a lower prevalence of cervical spine injuries.
Long drops (about 4–5 m) cause frequent cervical spine inju-
ries and even decapitation [4–6]. Death then is caused by any
combination of a constriction of the carotid or vertebral arter-
ies, venous occlusion, stimulation of the carotid sinuses, ob-
struction of the airways leading to asphyxia, and injury of the
cervical spine with spinal cord disruption [1–3, 7].

In cases of hanging convulsions, decortication rigidity with
extension of the trunk and the lower limbs, and isolated mus-
cle movements may occur within a very short time [8, 9].
Suspension of the body by the neck, especially by complete
and long-drop hanging [6], seems to provide gravitational and
load effects that affect the vertebrae in particular. A typical
injury is the Hangman’s fracture of the second vertebral body
[5, 6, 10, 11]. Occasionally, injuries of the thoracic spine have
also been reported in the literature [12]. Gravitational forces
apply along the line of the vertebral bodies [5, 6, 12] affecting
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all parts of the vertical spine. These vertebral spine injuries
may affect ligaments, intervertebral discs, and bones.

Simon’s bleedings (SB) are stripe-like bleedings in the an-
terior longitudinal ligament, typically found in the lumbar
spine at autopsy. They may be found more frequently in
young people, [13] or their presence may be independent of
age and age-related changes of the vertebrae [14]. They are
neither a reliable vital sign nor are they specific: they can
appear in other forms of asphyxiation, after blunt force trauma
to the spine, in cardiac death and hypothermia [15].

Two mechanisms of SB are considered: agonal convul-
sions, and gravitational traction. The lumbar spine, especially
between the fifth vertebra and the sacrum, is the most flexible
part of the spine with regard to extension and flexion [16]
where just a few agonal convulsions appear to be sufficient
to cause SB [11, 16]. However, gravity must have been the
defining mechanism for the SB identified in 3 of 4 hanging
cases with decapitation [17].

This study investigated the correlation between hanging
and gas accumulations, described as vacuum phenomenon
(VP), found radiologically in intervertebral discs. VP and SB
are both believed to share, at least in part, a traumatic mech-
anism of origin. As humans cannot metabolize nitrogen gas,
excess nitrogen may be cleared from tissues passively via
diffusion into the blood. Boyle’s law can provide a physical
explanation for the phenomenon: “if an enclosed space, like a
joint, is allowed to expand, the volume within the enclosed
space will increase. By expanding the volume the pressure
within the space falls”. According to Henry’s law “the solu-
bility of the gas enclosed in the space will decrease as the
pressure of the space decreases and decreased solubility al-
lows gas to leave solution and expand into the larger space”
[18]. Thus, any trauma or pathology that induces expanding of
the joint spaces, like rostrocaudal traction of the column, may
potentially lead to gas accumulation and VP in the interverte-
bral discs [19]. The already generally low blood perfusion of
the synovial membranes [18] decreases with age [20, 21].
Thus, with increasing age, macroscopic gas deposition in joint
or intervertebral disc may be manifested in the form of VP
after pressure is applied [19, 22].

A number of mechanisms have been associated with path-
ogenesis of VP, such as bone and ligament trauma, infectious
processes, malignancies (like multiple myeloma [19, 23] and
metastasis), effusions within the joint spaces, and iatrogenic
factors like operative and invasive local activities and steroid
medication [24]. The presence of VP appears to correlate with
age [19, 25] and advanced stages of vertebral disc degenera-
tion [26], particularly over the age of 40 [27].

Computed tomography is particularly useful to assess VP
in vertebral discs [28]. Postmortem computed tomography
(PMCT) has been investigated for its capacity to detect gas
collections, also in precise amounts [29, 30] where gas can be
related to trauma [30–32], resuscitation [33], or putrefaction

[34]. With increasing post mortem interval, gas can increas-
ingly be detected on PMCT [34]. Resuscitation is also associ-
ated with thoracic vertebral trauma [35]. However, CT may
not always reveal relevant pathologies or subtle trauma of the
spinal ligaments [36].

In this study the authors hypothesized that fatal hanging
cases would show a higher frequency of VP in the thoracic
and lumbar intervertebral discs than non-hanging deaths.
Secondly, it was proposed that VP, possibly being of multifac-
torial origin, would correlate with both the individual’s age
and the severity of vertebral degeneration. Thirdly, it was pro-
posed that the type of hanging (complete vs. incomplete)
would influence the prevalence of VP on PMCT and the ap-
pearance of SB at autopsy, as larger gravitational forces affect
the spine in complete hanging. Finally, as the etiology of VP
and SB seems to be similar, it was proposed that their presence
would be correlated to each other.

Materials and methods

This was a retrospective case-control study. All 48 hanging
cases from the last 4 years (January 2013–July 2017) that had
undergone PMCT in our facility were identified. Twelve of
these 48 cases were excluded as they either had resuscitation
and/or putrefaction [37] as possible causes of gas
accumulations.

Thirty-six (N = 36) hanging cases remained (age: 42.5 ±
15.1 years, twenty-six (72.2%, 42.97 ± 16.8 years) males,
ten (27.8%, 41.4 ± 9.99 years) females). Eleven (31%) had
been found in freely suspended hanging positions (complete
hanging) while 25 (69%) were partially suspended (incom-
plete hanging). Thirty five (97.2%) of them had undergone
conventional autopsy after PMCT; one incomplete hanging
had received no autopsy after PMCT.

A control group of decedents that had undergone au-
topsy was taken from the same period (January 2014–
June 2017). Thirty-six cases were randomly selected,
with an age-sex match (within ±2 years for each case).
Criteria for selection were no signs of mechanical trauma
or decomposition and reported absence of resuscitation
measures.

Each group was then split in two age groups (each n = 18),
one group for ≤43 and one for >43 years of age. The cut-off
age value of 43 years old was selected as it provided equality
of the age groups in our sample and also because of its close-
ness to the age of 40, which, according to the literature, is the
age correlated with a higher incidence of VP [27].

The responsible forensic pathologist for each case estimat-
ed the time of death during the external examination [1–3].
The time interval between death and PMCT was 34.4 ± 29 h
(range: 6 to 98 h) for the hanging group and 31.8 ± 30.4 h
(range: 5 to 144 h) for the control group. PMCT was
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performed on a 128-slice scanner (SOMATOM Definition
Flash, Siemens Healthineers, Erlangen, Germany), with the
bodies in a supine position, using automatic dose modulation
(CARE Dose 4D™, Siemens Healthineers, Erlangen,
Germany). The imaging parameters used were as follows:
tube voltage 120kVp, slice collimation 128 × 0.6 mm [38].
PMCT image reconstructions of the head and neck, as well
as thorax and abdomen, were also performed [38], with a slice
thickness of 1.0 mm and increment of 0.6 mm.

Statistical analyses were performed with Excel (Microsoft
Excel, 2016Microsoft Corporation, USA), SPSS (IBM, SPSS
20, Chicago, IL, USA) and JMP (SAS Institute, Cary NC,
USA) to obtain Chi-Square tests, Fisher’s Exact Test and to
fit Generalized Linear Models (GLM). P-values below 0.05
indicated statistical significance, and values above were con-
sidered to be not significant (n.s.).

Review of the PMCT data of all the 72 cases in this
study for the presence or the absence of VP, its localiza-
tion within the thoracic and lumbar discs, and for the
assessment of the degenerative spinal changes, was per-
formed by two readers (a forensic pathologist with
10 years and a trainee with 1.5 years’ experience in
postmortem forensic radiology) on bone kernel recon-
structed sagittal and coronal MPR views. All autopsy
protocols were evaluated for documented SB.

The presence of VP was registered for every case with gas
within one or more intervertebral discs across both the thorac-
ic and the lumbar spine. Both readers evaluated the presence
of VP independently.

Location of gas inside the intervertebral discs was classi-
fied as either anteroposterior or craniocaudal. The categories
used for both are detailed in Fig. 1. This classification was
based on the assumption that VP located in the center and
VP located in the periphery of the discs (along both
craniocaudal and anteroposterior directions) may have differ-
ent biomechanical causes.

Degenerative changes were rated by consensus reading of
both readers. Due to a lack of CT related grading systems [39],
grading systems for plain radiography were used [39]
(Table 1.).

A formalin fixed specimen of a lumbar intervertebral disc
from a 62-year old woman that had been found incompletely
hanged, with VP located centrally in the disc, was examined
histologically to document any tissue correlations.

Results

Inter-rater agreement for the presence of VP in all 72 cases
was good (Cohen’s Kappa 0.78; p < 0.0001).

An overview of the findings is given in Tables 2 and 3 and
Figs. 2, 3, 4, and 5.

Hanging-VP on PMCT

Hanging cases did not have a significantly higher count of VP
(21/36) than control cases (19/36) (Figs. 2a and 3).

After separating cases into complete hanging versus the
rest of the cases studied (controls and incomplete hangings),
VP was found in 91% of complete hanging cases compared to
49% of incomplete hanging and control cases (Chi-Square
p < 0.006) (Figs. 2b and 3).

Comparing both age groups for the presence of VP across
both hanging and control groups, there was 27/36 (75%) VP
in the older age group (>43) but only 13/36 (36%) in the
younger group (Fisher’s Exact Test p = 0. 0008).

Increasing age correlated with increasing VP. Within the
younger group (≤43), 44% of the hanging cases showed VP
whereas controls only contained 28%. In the older group,
72% of hanging cases and 78% of controls had VP (n.s.)
(Figs. 2c and 4).

A General Linear Model (GLM) resulted in logistic func-
tions that described the observed probability of free hanging in
our data as function of both presence of VP and age (whole
model test p = 0.02) (Fig. 6). Thereby, the presence of VP
(scaled 0 to 1) increased the possibility that a case had been
one of free hanging (z-axis) whereas increasing age mildly
reduced this probability. The mere presence of VP (without
consideration of categories describing VP location within in-
tervertebral discs) yielded a maximum probability for hanging
of ~35%. Therefore, further differentiation of VP into location
categories was required to better understand the phenomenon
in the context of hanging,

VP and specific location within intervertebral disc
to correlate with hanging

Dividing the cases in which VP was present into three cate-
gories of VP localization within an intervertebral disc (Fig. 1)
for two dimensions (anteroposterior and craniocaudal) provid-
ed further insight.

For the cases with anteroposterior VP, the controls with VP
in categories I (63%), II (26%) and III (11%) slightly differed
from the hanging cases with categories I (33%), II (33%) and
III (33%) (n.s.). Craniocaudal categorization differentiated the
controls into categories I (79%), II (0%) and III (21%) that
significantly differed from hanging with categories I (38%), II
(19%) and III (43%) (Chi-Square, p < 0.009) (Fig. 3).

Using the merged group of higher category VP locations
(“Central VP”) for anteroposterior and craniocaudal direc-
tions, central VP was found in 52% of the hanging (both
complete and incomplete) vs. 16% of the control cases
(Fisher’s Exact Test, p = 0.012) (Figs. 2d and 3). A subdi-
vision into younger and older individuals (cut-off 43)
yielded a particularly high prevalence of central VP in
hanging, particularly in the younger group (Chi-Square
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p < 0.04) (Figs. 2f and 4). Younger (0%) and older controls
(21%) showed less VP than younger (62%) and older
(46%) hanging cases.

For complete hanging, central VP was 90%, versus 17% in
controls and incomplete hanging (Fisher’s Exact Test
p < 0.0001) (Figs. 2e and 3).

Fig. 1 The location of VP was categorized into three classes with regard
to two directions (dotted arrows, diagram on the top), the anteroposterior
(a, b, c) and the craniocaudal (d, e, f) within the intervertebral discs.
Anteroposterior categories: category I denotes a VP located at the
anterior (a) or posterior (p) margin of the intervertebral disc as shown in
a and as generalized in a diagram below a. Category II describes a slightly
but not quite centered VP located close to (within a 3 mm zone), but not
at, the anterior or posterior margin of the intervertebral disc (b and
diagram below). Category III contains VP located in a center region,
midways between anterior and posterior margin of the intervertebral
disc (c and diagram below). Craniocaudal categories: category I

describes a VP immediately adjacent to a border plate of a vertebral
body (d, generalized diagram below). Category II denotes VP slightly
distanced from the body plate of the vertebral body (2 mm zone), but not
in the center of the intervertebral disc (e, diagram below). Category III
then constitutes VP with a center location with regard to the craniocaudal
dimension (f, diagram below). Where several instances of VP were
present in a given case, the highest rating was noted for that case. To
reduce complexity, VP classified at least in category II, if not III, along
both directions, was then classified as “central VP” (right diagram on the
top)

Table 1 Radiographic grading
systems of lumbar disc
degeneration. Osteophytes and
intervertebral disc width were
graded into four classes each (0,
1, 2, 3) [40]. Endplate sclerosis
was graded into three categories
(0, 1, 2) [41]

Endplate sclerosis [41] Intervertebral space narrowing [40] Osteophytes [40]

0 = None 0 = None 0 = None

1 = Either endplate 1 = Definite (mild) 1 = Small

2 = Both endplates 2 =Moderate 2 =Moderate

3 = Severe (complete loss of joint space) 3 = Large
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Type of hanging-VP on PMCT

Among the three groups (control, incomplete, and complete
hanging cases), distribution of VP location categories, both
in the anteroposterior and craniocaudal direction, differed
(Figs. 2g, h and 3).

Frequencies of craniocaudal location (complete hanging
with VP in categories I (0), II (20%) and III (80%), incomplete
hanging with categories I (73%), II (18%) and III (9%),

controls with categories I (79%), II (0%) and III (21%), Chi-
Square p < 0.0001) (Figs. 2g and 3) and distribution of
anteroposterior location categories of VP (complete hanging:
I (10%), II (40%), III (50%); incomplete hanging: I (55%), II
(27%), III (18%); controls: I (63%), II (26%), III (11%), Chi-
Square, p < 0.05) (Figs. 2h and 3) differed significantly be-
tween groups.

Using the “Central VP” category, controls (positive
16%), incomplete hanging (18%) and complete hanging

Table 2 Information and findings related to each single hanging-case

Case Gender Age Hanging
type

Simon’s
bleedings

VP
presence

VP
a/p

VP
c/c

Central
VP

Endplate
sclerosis

Space
narrowing

Osteophytes

1 M 19 Incomplete No No – – – 0 0 0

2 M 20 Incomplete No No – – – 0 0 0

3 F 20 Complete Yes No – – – 1 1 1

4 M 25 Incomplete No No – – – 0 0 0

5 M 25 Incomplete No No – – – 0 0 0

6 M 25 Incomplete No Yes 1 1 No 1 1 0

7 M 25 Complete Yes Yes 3 3 Yes 2 1 0

8 M 28 Incomplete No No – – – 0 0 0

9 M 29 Incomplete No No – – – 0 0 1

10 M 31 Incomplete Yes No – – – 0 0 1

11 M 31 Incomplete No No – – – 0 0 0

12 F 32 Incomplete No Yes 1 1 No 1 0 0

13 F 38 Incomplete No No – – – 0 0 0

14 M 40 Incomplete No Yes 1 1 No 1 0 0

15 M 40 Complete Yes Yes 3 3 Yes 2 2 0

16 F 40 Complete Yes Yes 2 2 Yes 1 1 0

17 F 42 Complete Yes Yes 3 2 Yes 11 1 2

18 M 43 Incomplete Yes Yes 3 2 Yes 0 0 0

19 M 44 Incomplete Yes Yes 3 1 No 1 1 0

20 M 44 Incomplete No No – – – 0 0 0

21 F 44 Complete No Yes 1 3 No 0 1 0

22 F 45 Incomplete No No – – – 1 1 1

23 M 47 Complete No Yes 3 3 Yes 2 1 2

24 M 47 Incomplete No No – – – 0 0 0

25 F 47 Incomplete No Yes 1 1 No 0 1 1

26 M 50 Incomplete No Yes 2 3 Yes 0 0 0

27 F 50 Incomplete – No – – – 0 0 1

28 M 53 Incomplete No Yes 1 1 No 2 1 2

29 M 54 Incomplete No Yes 2 1 No 0 1 0

30 F 56 Complete Yes Yes 2 3 Yes 2 2 2

31 M 58 Complete No Yes 2 3 Yes 2 2 3

32 M 59 Incomplete No No – – – 1 0 1

33 M 59 Incomplete No Yes 1 2 No 2 1 1

34 M 69 Complete No Yes 2 3 Yes 2 3 3

35 M 76 Incomplete No Yes 2 1 No 2 3 3

36 M 76 Complete No Yes 3 3 Yes 2 3 3

Order of the cases according to ascending age
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(90%) differed significantly (Chi-Square p < 0.0001)
(Figs. 2i, 3 and 7).

VP on PMCT-Simon’s bleedings in autopsy

SB were found with increasing frequency in controls (0), in-
complete (13%) and complete hanging cases (54%) (Chi-
Square p < 0.0001) (Fig. 2j).

VP location categories differed significantly with respect to
absence versus presence of SB for both anteroposterior loca-
tion categories (absent SB (VP category I (58%), II (30%) and

III (12%); present SB (categories I (0), II (28%) and III (71%);
Chi-Square, p = 0.0009) (Figs. 2k and 5), and for craniocaudal
location categories (absent SB (I (67%), II (3%) and III (30%))
and present SB (I (14%), II (42%) and III (42%)), Chi-Square,
p = 0.0057) (Figs. 2l and 5).

VP in context of degenerative changes of the spine

The pesence of VP was significantly correlated with three
aspects of degenerative changes to the spine: the degree of
sclerosis of the body plates (Chi-Square p < 0.0001),

Table 3 Information and findings
related to each single control-case Case Gender Age VP

Presence
VP
a/p

VP
c/c

Central
VP

Endplate
sclerosis

Space
narrowing

Osteophytes

1 M 18 No – – – 0 0 0

2 M 19 No – – – 0 0 0

3 F 21 No – – – 2 1 0

4 M 23 No – – – 0 0 1

5 M 23 No – – – 0 0 0

6 M 23 No – – – 1 0 0

7 M 26 No – – – 0 0 1

8 M 29 Yes 3 1 No 2 2 1

9 M 29 No – – – 0 0 0

10 M 31 No – – – 1 0 0

11 M 31 Yes 1 1 No 2 1 0

12 F 30 Yes 1 1 No 0 0 1

13 F 38 Yes 1 1 No 0 1 1

14 M 42 No – – – 0 0 0

15 M 42 Yes 1 1 No 1 1 2

16 F 41 No – – – 1 0 0

17 F 42 No – – – 1 1 1

18 M 43 No – – – 2 1 2

19 M 44 Yes 1 1 No 2 1 2

20 M 44 Yes 2 3 Yes 0 1 3

21 F 45 Yes 2 3 Yes 2 1 2

22 F 45 Yes 1 1 No 2 1 1

23 M 47 Yes 3 3 Yes 2 2 1

24 M 48 No – – – 2 1 1

25 F 47 Yes 2 1 No 2 2 3

26 M 51 Yes 1 1 No 2 1 2

27 F 50 No – – – 1 1 1

28 M 53 No – – – 2 2 2

29 M 55 Yes 1 1 No 2 2 1

30 F 58 Yes 1 1 No 2 1 3

31 M 57 No – – – 1 1 1

32 M 60 Yes 1 1 No 2 2 3

33 M 60 Yes 2 1 No 1 1 2

34 M 71 Yes 1 1 No 2 2 3

35 M 74 Yes 1 3 No 2 2 3

36 M 78 Yes 2 1 No 2 2 3

The order of the cases is based on the age-sex match with the hanging cases of Table 2
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intervertebral space narrowing (Chi-Square p < 0.0001)
and the osteophyte classification (Chi-Square p < 0.0001)
(Fig. 2m–o, Table 4). These were also collinear; Pearson
correlation coefficients between osteophyte grading and
intervertebral space narrowing (r = 0.73), osteophyte

grading and body plate sclerosis (r = 0.59) as well as in-
tervertebral space narrowing and body plate sclerosis (r =
0.76) were high and so a degenerative change index (DG
index) was obtained by summing up all three scores (Figs.
2p, 6 and 7, Table 4).

Fig. 2 Stars (*) denote results with statistical significance. – a The mere
presence of VP in hanging cases was not significantly higher than in
controls. b* Complete hanging correlated with a significantly higher
percentage of VP than found in controls or incomplete hanging. c.:
Age-separation of both hanging and control groups showed that VP
presence was more frequent in older people, as a statistical trend, but
not with significance. d* Significant predominance of centrally located
VP in hanging cases over controls. e* Complete hanging correlates most
with central VP localization. f* The higher grade VP localizations were
distributed unevenly over the age groups, with central VP being more
frequent in hanging groups despite smaller differences between age
groups. g*, h* Percentages (y-axis) of VP category in relation to group

(x-axis). g* More central craniocaudal VP location correlates with
hanging and there, more with complete hanging than incomplete. h*
The same pattern emerges with the anteroposterior location
classification. i* Percentages (y-axis) of coalesced VP categories. j*
The cases of free hanging showed more frequent Simon’s hemorrhages
than the cases of incomplete. k*, l* Categories for VP location in relation
to the absence or presence of Simon’s bleedings.m*, n*, o* Correlation
of the degree of degenerative vertebral body plate sclerosis (m* x-axis),
of intervertebral space narrowing (n* x-axis) and of degenerative
osteophyte presence (o* x-axis) and VP presence (y-axis). p*
Collinearity of the severity of the three different types of observed
degenerative spine changes
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Fig. 3 Overview diagram depicting the results regarding VP incidence and its localization categories with respect to hanging and control cases and type
of hanging

Fig. 4 Overview diagram depicting the results regarding VP incidence and its localization categories with respect to hanging and control cases divided to
age subgroups
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Combining both VP location within intervertebral disc
and degenerative changes with result
to the likelihood of hanging

Two parametric models (a GLM and a single layer
neural net perceptron) were fitted to our data to ex-
amine the relationship between degenerative changes
(DG index), the presence of VP located more central-
ly in the intervertebral discs (“Central VP”) and the
probability of that case being a hanging case (z-axis,
Fig. 6d and e).

Both models similarly describe an increase of the probability
of hanging when VP are present and located more centrally
within one or more intervertebral discs (categories II and III
for both anteroposterior and craniocaudal location, see also
Fig. 6) and when degenerative changes are not prominent
(GLM, whole model test, p = 0.013; effect test DG index not
significant with p = 0.08, “Central VP” significant with p =
0.008; neural net single layer using hyperbolic tangent function:
training RSME= 0.43, validation RSME= 0.46) (Fig. 6d and e).

The predicted likelihood of a hanging with the GLM is
described with this equation:

p Hangingð Þ ¼ 1

1þ e− 0:5563846397−0:277299995*DG indexþ2:1022250773*VPcat2plusð Þ

Correlate in macroscopy and microscopy

Acorrelate in one instance of an L4/L5 intervertebral disc central
VP (a/p and c/c III localization, Fig. 8a) of a 62-year old female
hanging case (degenerative changes of degree 2 for endplate

sclerosis, degree 1 for space narrowing and degree 2 for
osteophytes on PMCT) showed tears in the native and subse-
quently formalin (4%) fixed specimen (Fig. 8b), whereas histol-
ogy (Fig. 8c: HE stain) confirmed an avital nature of this finding
(no erythrocytes; negative stain for Prussian Blue as indicator of
no residuals of old hemorrhage or hemosiderin there).

Fig. 5 Overview diagram depicting the results regarding VP incidence and its localization categories with respect to presence of Simon’s bleedings
during autopsy:*, *1: Chi-Square test statistically significant (p < 0.05)

492 Forensic Sci Med Pathol (2018) 14:484–496



Discussion

External forces that act on the spine also act on the interver-
tebral discs.With increasing age, these discs lose elasticity and
lower forces may be required to produce tears.

In our data, complete hanging (contrary to incomplete
hanging and non-hanging deaths) correlates with a high inci-
dence of intervertebral VP on PMCT. In addition, increasing
chronological age and the grade of degenerative changes of
the spine correlated positively with the presence of VP on
PMCT [19, 24–27]. With hanging, particularly with complete
hanging, relatively high forces are incurred that correlate with
the disruption and subsequent presence of central VP, even in
the elastic discs of younger persons. In older persons, consid-
erably lower forces, that may occur when turning or
transporting a body, may be sufficient to produce VP in the
aged, less elastic, and thus more brittle intervertebral discs.

The actual location of VP inside the intervertebral discs
was shown to be relevant for attribution to higher external
forces: only the more centrally located (“enclosed”) VP were
found to be typical for longitudinal extension of the spine, as
centrally located VP correlated with hanging in general and
especially with complete hanging, with statistical significance.

The presence of Simon’s bleedings was significantly
higher in the complete hanging group according to the
results of the current study. Previous studies suggest that
the genesis of these bleedings correlates with a higher drop
in free suspension and violent rostrocaudal stimulation of
the spine [4–6, 13, 17, 42–45]. Centrally located VP was
significantly correlated with the presence of SB during
autopsy.

Centrally located VP detected on PMCT is forensically
relevant as an indicator for considering hanging as alternative
cause of death, rather than proof of hanging. Based on our

Fig. 6 Stars (*) denote whole model tests with statistical significance. –
Generalized Linear Models (GLM) fitted to describe the probability of
free hanging (a, c) and hanging (b). – a* Probability of free hanging can
be shown to be a function of both presence of VP and age (whole model
test with statistical significance). Thereby, presence of VP (scaled 0 to 1
here) increases the possibility of free hanging (z-axis) whereas increasing
age mildly reduces this probability. This surface plot combines these
results with a maximum probability of 35%. b* The VP location
categories (I, II, III) (x-axis: VP craniocaudal location, y-axis: VP
anteroposterior location) were used to describe the probability of
hanging (both complete and incomplete) with a GLM. With increasing

tendency for VP located in the center of an intervertebral disc, probability
of hanging increases. Maximum probability of a hanging being present is
~85% with VP located centrally in both anteroposterior and craniocaudal
axis. c* Free hanging can be described as function of VP location
categories (I, II, III, x−/y-axes as in B) as well. Probability in this GLM
also does not exceed ~85%. d*, e* Data fitted using a GLM (d*) and
neural net (e*) to predict probability of hanging based on the sum of all
degenerative change scores (DG index) and a presence of more centrally
located VPwithin one or more intervertebral discs. Both diagrams show a
similar shape
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data, the statistical probability of central VP indicating a pos-
sible hanging case increases with decreasing age and with
decreasing degree of degenerative changes of the spine. This
is relevant in the wider context of identification of subtle

markers of possibly homicidal violence, which also has been
identified as a relevant issue for forensic research [46].

The current study has limitations. Firstly, the study size is
relatively small (n = 36 for both hanging and controls, n = 18

Fig. 7 Constellations of death scene and PMCT slices of the spine a
Complete typical hanging of a 40 years old male and VP location a/p
category III, c/c category III (“Central VP”) with endplate sclerosis 2,
space narrowing 2 and osteophytes 0. b Complete atypical hanging of
42 years old female, VP location a/p III and c/c II (“Central VP”) with
endplate sclerosis 2, space narrowing 1, osteophytes 2. Simon’s bleedings
were detected during autopsy. c Complete typical hanging under a bridge
of a 25 years old male and VP location a/p category III, c/c category III
(“Central VP”) with endplate sclerosis degree 2, space narrowing 1 and

osteophytes 0. d Incomplete atypical hanging of a 50 years old male, VP
location a/p II and c/c III with degenerative changes degrees 0. e
Incomplete atypical hanging, VP location a/p III and c/c II with
degenerative changes degrees 0. f–p Controls with various degenerative
changes degrees of the spine (increasing from f. to p.) and VP locations
mostly adjacent to vertebral body plates (c/c category I-II) and in the
anterior or posterior margins of the intervertebral discs (a/p categories I-
II)

Table 4 Incidence of degenerative spinal changes and detection rates of VP on PMCT in the overall cases studied

Endplate sclerosis *1,4, 5 Space narrowing * 2, 5, 6 Osteophytes *3, 4, 6

Category 0 1 2 0 1 2 3 0 1 2 3

27/72
(38%)

16/72
(22%)

29/72
(40%)

28/72
(39%)

29/72
(40%)

12/72
(17%)

3/72
(4%)

30/72
(42%)

20/72
(28%)

11/72
(15%)

11/72
(15%)

VP *1, 2,

3
8/27
(29%)

7/16
(43%)

25/29
(86%)

5/28
(17%)

21/29
(72%)

11/12
(91%)

3/3
(100%)

12/30
(40%)

8/20
(40%)

8/11
(81%)

11/11
(100%)

*1, 2, 3 Chi-Square tests statistically significant (p < 0.0001)
*4 Pearson’s correlation (r = 0.59)
*5 Pearson’s correlation (r = 0.76)
*6 Pearson’s correlation (r = 0.73)
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for each age group). Secondly, the time interval needed for VP
to be developed and visible on PMCT is not known. Based on
our experience, gas accumulations in the soft tissues, particu-
larly smaller amounts, may appear relatively quickly in the
postmortem period. Thirdly, as mentioned above, no evalua-
tion of antemortem CT data was conducted for comparison.
Fourthly, the current study was focused on the lower parts of
the spine (thoracic and lumbar). Thus, neither neck findings
(like muscular bleedings of the neck region, clavicles and
cervical spine injuries), nor VP prevalence in the cervical
spine on PMCT, were assessed. Further research that ad-
dresses these limitations may be needed.

Conclusion

Hanging as manner of death (especially free hanging) can play
a role in the appearance of intervertebral discs gas accumula-
tions (VP) in postmortem radiological results, especially in
young decedents. Simon’s bleedings, according to our results
and previous research, are more likely to be evident in cases of
complete hanging. However, PMCT as a supplementary tool
to conventional autopsy cannot predict the presence of
Simon’s bleedings during autopsy.

Key points

1. Radiologically detected intervertebral disc vacuum phe-
nomenon (VP) is caused by degenerative changes of the
spine and trauma.

2. During hanging, particularly complete hanging, great
loads and gravitational forces apply along the entire
length of the spine.

3. A high incidence of centrally located VP within the tho-
racic and the lumbar discs is related to hanging, especially
complete hanging, and the presence of Simon’s bleedings.

4. Increasing age and degenerative changes of the spine cor-
relate positively with the genesis of VP.

5. Centrally located VP can indicate that great loads may
have affected the spine perimortem, especially in younger
decedents when Simon’s bleedings are also present.

Acknowledgements The authors thank Jakob Heimer, MD for the illus-
tration of the upper part of Fig. 1 and express their gratitude to Emma
Louise Kessler, MD for her generous donation to the Zurich Institute of
Forensic Medicine, University of Zurich, Switzerland.

Compliance with ethical standards

The authors of this manuscript declare no relationships with any compa-
nies, whose products or services may be related to the subject matter of
the article.

Conflict of interest The authors declare that they have no conflict of
interest.

Human and Animal Rights All procedures performed in studies involv-
ing human participants were in accordance with the ethical standards of
the national research committee. This article does not contain any studies
with animals performed by any of the authors.

Ethical approval Ethical approval was obtained by the Cantonal Ethics
Committee of Zurich, Switzerland, Nr. 2015–0686.

References

1. Madea B. Rechtsmedizin. 3rd ed. Berlin Heidelberg: Springer;
2015.

2. Brinkmann B, Madea B. Handbuch gerichtliche Medizin. Berlin
Heidelberg: Springer; 2004.

3. Saukko P, Knight B. Knight’s forensic pathology. 3rd ed. Edward
Arnold: London UK; 2004. p. 81–2.

4. Nikolić S, Zivkovic V. Cervical spine injuries in suicidal hanging
without a long-drop – patterns and possible underlyingmechanisms
of injury: an autopsy study. Forensic SciMed Pathol. 2014;10:193–
7.

5. Hellier C, Connolly R. Cause of death in judicial hanging: a review
and case study. Med Sci Law. 2009;49:18–26.

6. Rayes M, Mittal M, Rengachary SS, Mittal S. Hangman’s fracture:
a historical and biomechanical perspective. J Neurosurg Spine.
2011;14:198–208.

Fig. 8 a PMCT, b macroscopic (middle, bar 10 mm) and c microscopic (right, bar 500 μ, HE stain) appearance of tissue correlate in a case of hanging
with VP located centrally in intervertebral disc

Forensic Sci Med Pathol (2018) 14:484–496 495



7. Clement R, Redpath M, Sauvageau A. Mechanism of death in
hanging: a historical review of the evolution of pathophysiological
hypotheses. J Forensic Sci. 2010;55:1268–71.

8. Sauvageau A, Racette S. Agonal sequences in a filmed suicidal
hanging: analysis of respiratory and movement responses to as-
phyxia by hanging. J Forensic Sci. 2007;52:957–9.

9. Gilbert JD, Jensen L, Byard RW. Further observation on the speed
of death in hanging. J Forensic Sci. 2008;53:1204–5.

10. James R, Nasmyth-Jones R. The occurrence of cervical fractures in
victims of judicial hanging. Forensic Sci Int. 1992;54:81–91.

11. Saternus KS, Messler H, Palm W. Fractures and dislocations of the
cervical spine caused by hanging. Z Rechtsmed. 1978;82:55–69.

12. Penney DJ, Stewart AHL, Parr MJA. Prognostic outcome indica-
tors following hanging injuries. Resuscitation. 2002;54:27–9.

13. Nikolić S, Živković V, Juković F, Babić D, Stanojkovski G.
Simon’s bleedings: a possible mechanism of appearance and foren-
sic importance—a prospective autopsy study. Int J Legal Med.
2009;123:293–7.

14. Saternus KS, Dotzauer G, Imhauser G. The importance of Simon’s
symptom in cases of hanging. Z Rechtsmed. 1979;83:283–9.

15. Geserick G, Krocker K, Schmeling A. Simon’s bleedings as vital
sign of hanging – a literature review. Arch Kriminol. 2012;229:
163–78.

16. Pintar FA, Yoganandan N, Myers T, Elhagediab A, Sances AJR.
Biomechanical properties of human lumbar spine ligaments. J
Biomech. 1992;25:1351–6.

17. Hejna P, Bohnert M. Decapitation in suicidal hanging – vital reac-
tion patterns. J Forensic Sci. 2013;58:270–7.

18. Hall JE. Guiton and hall textbook of medical physiology. 12th ed.
Philadelphia: Saunders Elsevier; 2011. p. 535–40.

19. Gohil I, Vilensky JA, ReviewWEC. Vacuum phenomenon: clinical
relevance. Clin Anat. 2014;27:455–62.

20. Boos N, Weissbach S, Rohrbach J, Weiler C, Spratt KF, Nerlich
AG. Classification of age-related changes in lumbar intervertebral
discs. Spine. 2002;27:2631–44.

21. Urban JPG, Smith S, Fairbank JCT. Nutrition of the intervertebral
disc. Spine. 2004;29:2700–9.

22. An KC, Kong GM, Park DH, Baik JM, Youn JH, Lee WS.
Comparison of posterior lumbar interbody fusion and posterolateral
lumbar fusion in monosegmental vacuum phenomenon within an
intervertebral disc. Asian. Spine J. 2016;1:93–8.

23. Gagniere F, Thaillan B, Euller-Ziegler L, Ziegler G. Intrarvertebral
vacuum phenomenon in multiple myeloma. Clin Rheumatol.
1987;6:597–9.

24. Stäbler A, Schneider P, Link TM, Schöps P, Springer OS, Dürr HR,
et al. Intravertebral vacuum phenomenon following fractures: CT
study on frequency and etiology. J Comput Assist Tomogr.
1999;23:976–80.

25. Libicher M, Appelt A, Berger I, Baier M, Meeder PJ, Grafe I, et al.
The intravertebral vacuum phenomen as specific sign of
osteonecrosis in vertebral compression fractures: results from a ra-
diological and histological study. Eur Radiol. 2007;17:2248–52.

26. Li FC, Zhang N, Chen WS, Chen QX. Endplate degeneration may
be the origination of the vacuum phenomenon in intervertebral
discs. Med Hypotheses. 2010;75:169–71.

27. Larde D, Mathieu D, Frija J, Gaston A, Vasile N. Spinal vacuum
phenomenon: CT diagnosis and significance. J Comput Assist
Tomogr. 1982;6:671–6.

28. Mortensen WW, Thorne RP, Donaldson WF. Symptomatic gas-
containing disc herniation. Report of four cases. Spine. 1991;16:
190–2.

29. Bolliger SA, Thali MJ, Ross S, Buck U, Naether S, Vock P. Virtual
autopsy using imaging: bridging radiologic and forensic sciences. A
review of the Virtopsy and similar projects. Eur Radiol. 2008;18:
273–82.

30. Higginbotham-Jones J, Ward A. Forensic radiology: the role of
cross-sectional imaging in virtual post-mortem examinations.
Radiography. 2014;20:87–90.

31. Thomsen H, Jurik AG, Uhrenholt L, Vesterby A. An alternative
approach to computerized tomography (CT) in forensic pathology.
Forensic Sci Int. 2009;183:87–90.

32. Martinez RM, Hetzel U, Thali MJ, Schweitzer W. Cat CAT-scan:
postmortem imaging and autopsy oft wo cats. J Forensic Radiol
Imaging. 2015;3:80–6.

33. Offiah CE, Dean J, Post-mortem CT. MRI: appropriate post-
mortem imaging appearances and changes related to cardiopulmo-
nary resuscitation. Br J Radiol. 2016;89:20150851.

34. Christe A, Flach P, Ross S, Spendlove D, Bolliger S, Vock P, et al.
Clinical radiology and postmortem imaging (Virtopsy) are not the
same: specific and unspecific postmortem signs. Legal Med.
2012;12:215–22.

35. Yamaguchi R,Makino Y, Chiba F, Torimitsu S, Yajima D, Inokuchi
G, et al. Frequency and influencing factors of cardiopulmonary
resuscitation-related injuries during implementation of the
American Heart Association 2010 guidelines: a retrospective study
based on autopsy and postmortem computed tomography. Int J
Legal Med. 2017;131:1655–63.

36. Khanduri S, Goyal A, Singh B, Chaudhary M, Sabharwal T, Jain S,
et al. The utility of dual energy computed tomography in musculo-
skeletal imaging. J Clin Imaging Sci. 2017;7:34.

37. Egger C, Vaucher P, Doenz F, Palmiere C, Magnin P, Grabherr S.
Development and validation of a postmortem radiological alteration
index: the RA-Intex. Int J Legal Med. 2012;126:559–66.

38. Flach PM, Gascho D, Schweitzer W, Ruder TD, Berger N, Ross
SG, et al. Imaging in forensic radiology: an illustrated guide for
postmortem computed tomography technique and protocols.
Forensic Sci Med Pathol. 2014;4:583–606.

39. Kettler A,Wilke H. Review of existing grading systems for cervical
or lumbar disc and facet joint degeneration. Eur. Spine J. 2006;15:
705–18.

40. Lane NE, Nevitt MC, Genanr HK, Hochberg MC. Reliability of
new indices of radiographic osteoarthritis of the hand and hip and
lumbar disc degeneration. J Rheumatol. 1993;20:1911–8.

41. Mimura M, Panjabi MM, Oxland TR, Crisco JJ, Yamamoto I,
Vasavada A. Disc degeneration affects the multidirectional flexibil-
ity of the lumbar spine. Spine. 1994;19:1371–80.

42. Hejna P, Rejtarová O. Bleedings into the anterior aspect of the
intervertebral disks in the lumbar region of the spine as a diagnostic
sign of hanging. J Forensic Sci. 2010;55:428–31.

43. Saternus KS. Verletzungen der Halswirbelsäule beim Suizid durch
Erhängen. Z Rechtsmed. 1978;81:299–308.

44. Simon A. Weitere Beobachtungen vitaler Reaktionen im Bereich
der Lendenwirbelsäule. Akt Frag Gerichtl Med. 1968;3:297–9.

45. Simon A. Vitale Reaktionen im Bereich der Lendenwirbelsäule
beim Erhängen. Wiss Z Univ Halle. 1986;17:591–7.

46. Aalders MC, Adolphi NL, Davis GG, De Boer HH, Decker SJ,
Dempers JJ, et al. Research in forensic radiology and imaging;
identifying the most important issues. J Forensic Radiol Imaging.
2017;8:1–8.

496 Forensic Sci Med Pathol (2018) 14:484–496


	Death by hanging: a retrospective case-control investigation of the intervertebral disc vacuum phenomenon on PMCT
	Abstract
	Introduction
	Materials and methods
	Results
	Hanging-VP on PMCT
	VP and specific location within intervertebral disc to correlate with hanging
	Type of hanging-VP on PMCT
	VP on PMCT-Simon’s bleedings in autopsy
	VP in context of degenerative changes of the spine
	Combining both VP location within intervertebral disc and degenerative changes with result to the likelihood of hanging
	Correlate in macroscopy and microscopy

	Discussion
	Conclusion
	Key points
	References


