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Abstract

Objective: To evaluate the postmortem changes of the heart wall on postmortem (PM) computed tomography (CT)
in comparison with those on ante mortem CT (AMCT), and in comparison with the pathological findings, obtained in
the same patients.
Materials and Methods: We studied 57 consecutive patients who had undergone AMCT, PMCT, and pathological
autopsy in our tertiary care hospital between April 2009 and December 2010. PMCT was performed within 20 hours
after death, followed by pathological autopsy. The cardiac chambers were measured at five sites on both AMCT and
PMCT by two board-certified radiologists who were not provided with clinical information. The differences in heart
wall thickness between AMCT with and without contrast medium, between AMCT and PMCT, and between PMCT
and pathological anatomy were evaluated statistically. Confounding factors of postmortem change such as gender,
presence of arteriosclerosis, the organ related to cause of death, age, and elapsed time since death were examined
statistically.
Results: No significant differences were observed on AMCT in comparison of contrasted and non-contrasted
images. The heart wall was significantly thicker on PMCT than on AMCT (p < 0.0001) at all five measurement sites.
The heart wall was significantly thicker on PMCT than on pathology specimens when measured in accordance with
pathological standard mensuration. However, no significant difference was observed between PMCT measurements
and those of pathology specimens at any site when the papillary muscles and epicardial fat were included. No
significant association was found between postmortem change in heart wall thickness and gender, presence of
arteriosclerosis, the organ related to cause of death, age, or elapsed time since death.
Conclusion: This is the first longitudinal study to confirm greater thickness of heart wall on postmortem images
compared with ante mortem images, in the same patients. Furthermore, the postmortem changes on CT were
supported by the pathological findings.
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Introduction

High-resolution imaging modalities such as computed
tomography (CT) and magnetic resonance imaging (MRI) are
beginning to gain a role in postmortem investigations as
adjuncts to more traditional methods in forensic medicine [1–5].
The postmortem CT (PMCT) findings of organs such as the
brain, lung, heart, and liver have been described [6–12]. To our

knowledge, however, the features of cardiac hypertrophy on
PMCT have not been reported. Our aim was to investigate wall
thickening of the heart on PMCT in comparison with the ante
mortem CT (AMCT) findings, and in comparison with the
pathological findings, in cases of non-traumatic in-hospital
death. The results revealed significant difference in the
thickness of the heart wall between PMCT and AMCT, but no
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significant difference between PMCT and pathological
measurements.

Materials and Methods

1. Study Group
The Research Ethics Committee of the University of Tokyo

Hospital approved this study, which was conducted in accord
with the principles of the Declaration of Helsinki. Written
informed consent was obtained from the next of kin of the
donor for all corresponding clinical, pathological, and
radiographic data to be used in the study. A total of 97 patients
who died non-traumatically in our academic tertiary-care
hospital and who underwent AMCT, PMCT, and pathological
autopsy between April 2009 and December 2010 were
retrospectively enrolled in this study. Exclusion criteria were as
follows: (a) age < 20 years; (b) cardiopulmonary resuscitation
(CPR) performed; and (c) congenital heart disease, chronic
heart failure, cardiomyopathy, cardiac hypertrophy, heart
amyloidosis, or previous cardiovascular surgery. The final
study population consisted of 57 adult human cadavers (40
male, 17 female); mean age at death was 66 years (range, 21–
92 years; median, 71 years). All cadavers were placed in the
supine position at room temperature from the time of death
until PMCT examination. PMCT was performed at 81–1187 min
(median 328 min) after death. In addition to these 57 cases, we
also performed AMCT, PMCT, and pathological autopsy on 3
cadavers with dilated cardiomyopathy (2 male, 1 female; 22,
53, and 57 years at death).

2. AMCT Imaging Technique
All AMCT studies were performed on 64-detector-row helical

CT scanners (Aquilion 64, Toshiba Medical Systems
Corporation, Ohtawara, Japan; Discovery CT750 HD and
LightSpeed VCT, GE Healthcare, Buckinghamshire, UK) in the
craniocaudal direction with the patient in the supine position
with arms raised. The scan parameters were as follows: slice
thickness, 5 mm; slice interval, 5 mm; rotation time, 0.5 s; and
tube voltage, 120 kVp. Tube current was controlled
automatically using Volume EC and Auto mA. Image
reconstruction was performed at 0.5-mm intervals with a 350-
mm field of view and a 512 × 512 image matrix.

3. PMCT Imaging Technique
All PMCT studies were performed without contrast medium

on a 4-detector-row CT scanner (Robusto, Hitachi Medical
Corporation, Tokyo, Japan) in the helical mode in the
craniocaudal direction; the cadaver was laid in the supine
position with arms placed on either side. The scan parameters
were as follows: slice thickness, 2.5 mm; slice interval, 1.25
mm; rotation time, 0.5 s; tube voltage, 120 kVp; and tube
current, 250 mA. Image reconstruction was performed at 1.25-
mm intervals with a 350-mm field of view and a 512 × 512
image matrix.

4. Image Interpretation
CT images were reviewed on a three-dimensional (3D)

workstation (ZioTerm2009; Ziosoft, Inc., Tokyo, Japan) to
obtain multiplanar reconstruction (MPR) images vertical to the
long axis of the left ventricle, transecting the apex and the
center of the mitral valve. A slice at approximately one third of
the distance from the apex, corresponding to the pathological
section of the heart, was chosen for analysis. Using the MPR
images, we measured the cardiac chambers at five sites:
anterior wall of the left ventricle, left ventricular free wall,
posterior wall of the left ventricle, ventricular septum, and right
ventricular wall (Figure 1a-b). Image analysis was performed
by two board-certified radiologists who were not provided with
clinical information. The best fit was determined by agreement
between the radiologists. The postmortem and most recent
ante mortem chest CT images were compared.

5. Pathological Analysis
Hearts were studied before formalin fixation on photographs

printed with standard scale. Each heart was cross-sectioned
into slices approximately 1 cm thick, and a slice at proximately
one third of the distance from the apex was chosen for
measurement. A surgical pathologist measured myocardial
thickness of the anterior wall of the left ventricle, left ventricular
free wall, posterior wall of the left ventricle, ventricular septum,
and right ventricular wall according to conventional methods
[13] at the minimum diameter of each site, excluding papillary
muscles and epicardial fat (Figure 1c). Additional
measurements including the papillary muscles and epicardial
fat were made at each site for further analysis. The PMCT and
pathological slices were compared. Slices were determined to
be positive for the presence of arteriosclerosis when coronary
artery stenosis or atherosclerosis was found pathologically
(positive, n = 34; negative, n = 23). The most strongly related
cause of death (such as heart failure, respiratory failure, liver
failure, loss of blood, or other) was decided based on the
clinical course just before death and the pathological findings
(heart failure, n = 7; respiratory failure, n = 32; liver failure, n =
4; blood loss, n = 2; other, n = 12). The heart was defined as
the organ most related to the cause of death in the case of
heart failure; cause of death was classified as ‘other’ in the
case of respiratory failure, liver failure, loss of blood, or other
causes.

6. Statistical Analyses
The average values of the two raters were used for analysis.

First we compared the measured values on AMCT with and
without contrast medium by paired t-test, to assess whether we
could combine the contrasted and non-contrasted AMCT data
in further analysis. We then investigated differences between
the measured values on AMCT and PMCT, as well as between
those on PMCT and pathological measurements, by paired t-
test. Postmortem change in heart wall thickness was defined in
two ways: as the difference in heart wall thickness between
PMCT and AMCT, and as the ratio of heart wall thickness on
PMCT to that on AMCT. We analyzed postmortem change in
heart wall thickness by unpaired t-test with the following three
postmortem changes as confounding factors: gender, presence
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or absence of arteriosclerosis, and whether or not the heart
was the organ most strongly related to the cause of death.
Postmortem change in heart wall thickness was also analyzed
by linear least squares regression with age and elapsed time
since death as additional confounding factors. The level of
statistical significance was set at 0.05. Family-wise error was
corrected by Bonferroni’s correction for each section. All
statistical computing was performed using the free software R,
version 3.0 (The R Foundation for Statistical Computing,
Vienna, Austria, http://www.r-project.org/).

Results

The measured values for heart wall thickness on AMCT with
and without contrast medium are summarized in Table 1. No
significant differences were observed between AMCT with and

without contrast medium at any site: anterior wall of the left
ventricle, left ventricular free wall, posterior wall of the left
ventricle, ventricular septum, or right ventricular wall. We thus
combined the contrasted and non-contrasted AMCT data for
further analysis: non-contrasted AMCT was used when it was
available; otherwise, contrasted AMCT was used.

The measured values for heart wall thickness on AMCT and
PMCT are summarized in Table 2. The heart wall was
significantly thicker on PMCT than on AMCT, at all sites.

Pathologically measured values for heart wall thickness are
summarized in Table 3. The heart wall was significantly thicker
on PMCT than on pathology specimens when measured
without papillary muscles or epicardial fat according to
conventional methods. However, no significant differences
were observed between measurements on PMCT and

Figure 1.  Ante mortem and postmortem measurements of the heart of a 60-year-old man.  (a) Multiplanar reconstruction
image of ante mortem CT.
(b) Multiplanar reconstruction image of postmortem CT.
(c) Photograph of the pathological cross-sectional slice.
All three of these images represent the same plane.
Solid lines represent measurements without including papillary muscles or epicardial fat, according to conventional methods. Dotted
lines represent measurements with papillary muscles and epicardial fat.
A, anterior wall of the left ventricle; F, left ventricular free wall; P, posterior wall of the left ventricle; S, ventricular septum; R, right
ventricular wall.
doi: 10.1371/journal.pone.0076026.g001

Table 1. Heart wall thickness on AMCT with and without contrast medium.

 Contrasted Non-contrasted p value

Anterior wall of the left ventricle (mm; mean ± SD) 10.0 ± 2.9 11.0 ± 1.6 0.25

Left ventricular free wall (mm; mean ± SD) 12.6 ± 3.1 11.0 ± 1.6 0.06

Posterior wall of the left ventricle (mm; mean ± SD) 13.3 ± 3.6 10.9 ± 1.8 0.04#

Ventricular septum (mm; mean ± SD) 11.1 ± 3.0 11.2 ± 1.7 0.86

Right ventricular wall (mm; mean ± SD) 4.0 ± 1.4 4.8 ± 0.9 0.13

Statistical analyses were performed by paired t-test.
SD, standard deviation; AMCT, antemortem computed tomography
#Statistically insignificant when family-wise error was corrected by Bonferroni’s correction

doi: 10.1371/journal.pone.0076026.t001
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pathology specimens at any site when measurements included
papillary muscles and epicardial fat.

Table 4, Table 5, and Table 6 summarize the association of
postmortem change in heart wall thickness with each of
gender, presence of arteriosclerosis, and the organ related to
the cause of death. Gender, presence of arteriosclerosis, and

heart failure as the cause of death showed no statistically
significant association with postmortem change in heart wall
thickness.

Table 7 and Table 8 show the results of correlation analysis
for postmortem change in heart wall thickness with each of age

Table 2. Heart wall thickness on AMCT and PMCT.

 AMCT PMCT p value
Anterior wall of the left ventricle (mm; mean ± SD) 10.8 ± 2.8 17.1 ± 3.3 < 0.0001*
Left ventricular free wall (mm; mean ± SD) 12.1 ± 2.9 19.3 ± 3.5 < 0.0001*
Posterior wall of the left ventricle (mm; mean ± SD) 11.7 ± 2.8 18.2 ± 3.2 < 0.0001*
Ventricular septum (mm; mean ± SD) 11.5 ± 2.8 17.3 ± 3.6 < 0.0001*
Right ventricular wall (mm; mean ± SD) 4.7 ± 2.0 7.5 ± 2.6 < 0.0001*

Statistical analyses were performed by paired t-test.
SD, standard deviation; AMCT, antemortem computed tomography; PMCT, postmortem computed tomography
*Statistically significant

doi: 10.1371/journal.pone.0076026.t002

Table 3. Heart wall thickness on pathology specimens measured with and without papillary muscles and epicardial fat.

 PMCT Pathology(-) p value1 Pathology(+) p value2

Anterior wall of the left ventricle (mm; mean ± SD) 17.1 ± 3.3 12.8 ± 3.0 < 0.0001* 19.2 ± 5.2 0.02#

Left ventricular free wall (mm; mean ± SD) 19.3 ± 3.5 13.9 ± 3.0 < 0.0001* 20.5 ± 3.8 0.06

Posterior wall of the left ventricle (mm; mean ± SD) 18.2 ± 3.2 12.5 ± 2.8 < 0.0001* 19.3 ± 3.4 0.10

Ventricular septum (mm; mean ± SD) 17.3 ± 3.6 12.7 ± 3.0 < 0.0001* 17.8 ± 3.8 0.38

Right ventricular wall (mm; mean ± SD) 7.5 ± 2.6 4.1 ± 1.1 < 0.0001* 7.3 ± 1.1 0.61

Statistical analyses were performed by paired t-test.
p value1, between PMCT and pathological specimen, without papillary muscles or epicardial fat
p value2, between PMCT and pathological specimen, with papillary muscles and epicardial fat
SD, standard deviation; PMCT, postmortem computed tomography; pathology(–), without papillary muscles and epicardial fat; pathology(+), with papillary muscles and

epicardial fat
*Statistically significant
#Statistically insignificant when family-wise error was corrected by Bonferroni’s correction

doi: 10.1371/journal.pone.0076026.t003

Table 4. Association between postmortem change in heart wall thickness and gender.

 M(PM–AM) Fe(PM–AM) p value M(PM/AM) Fe(PM/AM) p value

A (mm; mean ± SD) 6.9 ± 3.8 5.0 ± 4.5 0.12 1.7 ± 0.5 1.6 ± 0.6 0.59

F (mm; mean ± SD) 7.2 ± 4.5 7.2 ± 4.0 0.98 1.6 ± 0.4 1.7 ± 0.4 0.54

P (mm; mean ± SD) 6.9 ± 3.5 5.7 ± 4.0 0.27 1.6 ± 0.4 1.6 ± 0.5 0.75

S (mm; mean ± SD) 6.4 ± 3.9 4.2 ± 3.7 0.05 1.6 ± 0.5 1.4 ± 0.4 0.11

R (mm; mean ± SD) 3.0 ± 2.3 2.2 ± 1.8 0.19 1.8 ± 0.7 1.6 ± 0.5 0.25

Statistical analyses were performed by unpaired t-test.
M, male; Fe, female; PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem computed tomography; PM/AM, ratio of

heart wall thickness on postmortem computed tomography to that on antemortem computed tomography; SD, standard deviation; A, anterior wall of the left ventricle; F, left
ventricular free wall; P, posterior wall of the left ventricle; S, ventricular septum; R, right ventricular wall
doi: 10.1371/journal.pone.0076026.t004
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and elapsed time since death, revealing no statistically
significant correlation.

Table 9 and Table 10 summarize postmortem change in
heart wall thickness in the cases of dilated cardiomyopathy and
in the controls. There was less postmortem change in heart
wall thickness in cases of dilated cardiomyopathy compared
with control cases.

Discussion

Because of the obvious differences in appearance between
contrast-enhanced and plain images, we evaluated whether the
measured values of heart wall thickness were equivalent
between these two sets of images. No significant difference
was found, which enabled us to use either contrasted or non-
contrasted images to obtain measurements.

Table 5. Association between postmortem change in heart wall thickness and presence of arteriosclerosis.

 (+) (PM–AM) (-) (PM–AM) p value (+) (PM/AM) (-) (PM/AM) p value

A (mm; mean ± SD) 6.4 ± 4.6 6.2 ± 3.3 0.87 1.7 ± 0.6 1.7 ± 0.4 0.75

F (mm; mean ± SD) 7.2 ± 4.8 7.2 ± 3.4 0.98 1.7 ± 0.5 1.7 ± 0.4 0.86

P (mm; mean ± SD) 6.5 ± 4.2 6.6 ± 2.8 0.92 1.6 ± 0.4 1.7 ± 0.4 0.64

S (mm; mean ± SD) 5.8 ± 4.2 5.8 ± 3.8 0.96 1.5 ± 0.4 1.6 ± 0.5 0.59

R (mm; mean ± SD) 2.5 ± 2.1 3.3 ± 2.2 0.19 1.6 ± 0.5 1.9 ± 0.8 0.12

Statistical analyses were performed by unpaired t-test.
(+), with arteriosclerosis; (–), without arteriosclerosis; PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem computed

tomography; PM/AM, ratio of heart wall thickness on postmortem computed tomography to that on antemortem computed tomography; SD, standard deviation; A, anterior
wall of the left ventricle; F, left ventricular free wall; P, posterior wall of the left ventricle; S, ventricular septum; R, right ventricular wall
doi: 10.1371/journal.pone.0076026.t005

Table 6. Association between postmortem change in heart wall thickness and cause of death.

 H(PM–AM) O(PM–AM) p value H(PM/AM) O(PM/AM) p value

A (mm; mean ± SD) 5.9 ± 5.9 6.5 ± 3.8 0.38 1.5 ± 0.5 1.8 ± 0.5 0.28

F (mm; mean ± SD) 5.8 ± 6.7 7.4 ± 3.9 0.35 1.6 ± 0.6 1.7 ± 0.4 0.45

P (mm; mean ± SD) 5.6 ± 6.3 6.7 ± 3.3 0.50 1.5 ± 0.5 1.6 ± 0.4 0.29

S (mm; mean ± SD) 1.6 ± 0.5 5.8 ± 3.9 0.93 1.5 ± 0.4 1.6 ± 0.5 0.62

R (mm; mean ± SD) 1.9 ± 2.0 3.0 ± 2.2 0.24 1.4 ± 0.5 1.8 ± 0.6 0.16

Statistical analyses were performed by unpaired t-test.
H, died of heart failure; O, died of other than heart failure; PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem

computed tomography; PM/AM, ratio of heart wall thickness on postmortem computed tomography to that on antemortem computed tomography; SD, standard deviation; A,
anterior wall of the left ventricle; F, left ventricular free wall; P, posterior wall of the left ventricle; S, ventricular septum; R, right ventricular wall
doi: 10.1371/journal.pone.0076026.t006

Table 7. Correlation of association between postmortem change in heart wall thickness with age.

 PM–AM PM/AM
Anterior wall of the left ventricle 0.064 0.090
Left ventricular free wall 0.061 0.063
Posterior wall of the left ventricle 0.060 0.072
Ventricular septum 0.20 0.22
Right ventricular wall 0.086 0.060

Statistical analyses were performed by linear least squares regression.
PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem computed tomography; PM/AM, ratio of heart wall thickness on

postmortem computed tomography to that on antemortem computed tomography
doi: 10.1371/journal.pone.0076026.t007
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While several previous studies have evaluated the
postmortem changes of the cardiovascular system [14–17], few
studies have focused on heart wall thickness. Hutchins et al.
[18] measured ventricular wall thickness on stereoscopic
radiographs of hearts obtained at autopsy, and concluded that
the left ventricular free wall is the thickest, followed by the
interventricular septum; the right ventricular free wall is the
thinnest. The present results are generally in agreement with
theirs.

In the present study, the heart wall was significantly thicker
on PMCT than on AMCT in the same patients. Lewy et al. [19]
reported that PMCT showed no specific findings for rigor
mortis, and that rigor did not affect the CT attenuation, size, or
shape of skeletal muscles. However, it is well known in forensic
medicine and pathology that rigor mortis causes contraction of
the heart, which manifests as a hypertrophic appearance of the

ventricular walls [20–22]. Postmortem change in heart wall
thickness should be associated with elapsed time since death if
rigor mortis principally accounts for heart wall thickness on
PMCT, because the presence and degree of rigor mortis
generally changes in the period between 1–2 hours and 24–36
hours after death [23]. All PMCT scanning in the present study
was performed between 1 and 20 hours post mortem, which
coincides with the timing of rigor mortis. Our results showed
that the heart wall becomes thicker post mortem, which is
consistent with the knowledge in forensic medicine and
pathology that the ventricular walls appear hypertrophic after
death. However, because the present study revealed few
associations between postmortem change in heart wall
thickness and elapsed time after death, it is possible that this
change may occur within the first few hours or even minutes

Table 8. Correlation of association between postmortem change in heart wall thickness with elapsed time since death.

 PM–AM PM/AM
Anterior wall of the left ventricle 0.21 0.18
Left ventricular free wall 0.11 0.11
Posterior wall of the left ventricle 0.10 0.067
Ventricular septum 0.16 0.10
Right ventricular wall 0.15 0.04

Statistical analyses were performed by linear least squares regression.
PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem computed tomography; PM/AM, ratio of heart wall thickness on

postmortem computed tomography to that on antemortem computed tomography
doi: 10.1371/journal.pone.0076026.t008

Table 9. Heart wall thickness on AMCT and PMCT in dilated cardiomyopathy.

 AMCT PMCT
Anterior wall of the left ventricle (mm; mean ± SD) 14.3 ± 1.9 15.7 ± 2.9
Left ventricular free wall (mm; mean ± SD) 12.8 ± 1.4 14.3 ± 1.3
Posterior wall of the left ventricle (mm; mean ± SD) 13.4 ± 2.4 14.8 ± 2.4
Ventricular septum (mm; mean ± SD) 12.6 ± 3.3 16.4 ± 1.5
Right ventricular wall (mm; mean ± SD) 5.4 ± 0.6 %1.1 ± 1.8

SD, standard deviation; AMCT, ante mortem computed tomography; PMCT, postmortem computed tomography
doi: 10.1371/journal.pone.0076026.t009

Table 10. Postmortem change in heart wall thickness in cases of dilated cardiomyopathy and in controls.

 DC(PM–AM) C(PM–AM) DC(PM/AM) C(PM/AM)

Anterior wall of the left ventricle (mm; mean ± SD) 1.4 ± 4.6 6.5 ± 0.8 1.1 ± 0.3 1.6 ± 1.3

Left ventricular free wall (mm; mean ± SD) 1.5 ± 2.7 7.3 ± 0.6 1.1 ± 0.2 1.6 ± 1.1

Posterior wall of the left ventricle (mm; mean ± SD) 2.8 ± 3.4 6.6 ± 0.0 1.2 ± 0.3 1.6 ± 1.0

Ventricular septum (mm; mean ± SD) 3.8 ± 4.0 6.1 ± 1.2 1.4 ± 0.4 1.5 ± 1.4

Right ventricular wall (mm; mean ± SD) 2.1 ± 1.4 2.8 ± 0.5 1.4 ± 0.2 1.6 ± 1.2

SD, standard deviation; PM–AM, difference in heart wall thickness between postmortem computed tomography and antemortem computed tomography; PM/AM, ratio of
heart wall thickness on postmortem computed tomography to that on antemortem computed tomography; DC, dilated cardiomyopathy; C, control
doi: 10.1371/journal.pone.0076026.t010
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after death, which is earlier than the observation time of the
present study.

We also investigated possible confounding factors of
postmortem change such as gender, presence of
arteriosclerosis, the organ most strongly related to cause of
death, and age. There was little association between these
factors and postmortem change in heart wall thickness, which
indicates that change in heart wall thickness is a general
postmortem finding regardless of these factors.

Dilated cardiomyopathy is characterized by ventricular
chamber enlargement and systolic dysfunction with normal left
ventricular wall thickness [24]. The histologic features of dilated
cardiomyopathy are nonspecific, and pathological findings
range from minimal change in myocyte size to typical features
of myofiber loss, interstitial fibrosis, and marked change in
myofiber size [25]. It has been clarified that dilated
cardiomyopathy is partly caused by mutations in the genes that
encode for proteins of the myocyte contractile apparatus, the
myocyte cytoskeleton, and nuclear envelope, as well as
proteins involved in calcium homeostasis [26]. Because the
myocardium is injured and degenerates to various extents in
dilated cardiomyopathy, we would expect to observe reduced
postmortem change in heart wall thickness in these cases
compared with controls, which is confirmed by the results of the
present study. Furthermore, this leads to the supposition that
ante mortem myocardial volume or thickness is positively
correlated to postmortem change in heart wall thickness,
although no correlation was found for confounding factors of
postmortem change such as gender, presence of
arteriosclerosis, the organ related to the cause of death, and
age.

The heart wall was significantly thicker on PMCT than on
pathology specimens when measured by conventional
mensuration, which did not include papillary muscles or
epicardial fat. However, no significant differences were
observed between measurements on PMCT and pathology
specimens when measurements included papillary muscles
and epicardial fat. This could be because the resolution of the
CT images was not high enough to enable distinction of
papillary muscles and epicardial fat from myocardia, and
because heart wall measurements on PMCT had included
these elements.

Cardiac motion artifact is a major concern on AMCT that
clearly does not arise on PMCT. Because we did not use
electrocardiographic triggering on AMCT, these images were a
composite of systolic and diastolic phases. According to the
duration of each phase, it is assumed that on AMCT the
systolic phase comprised approximately 0.4 of the entire
cardiac cycle, while the other 0.6 was diastolic phase [27]. In
contrast, the heart outlines on PMCT are considered to be
close to those during the diastolic phase, because mean
circulatory pressure of deceased subjects (approximately 7
mmHg) is similar to the end-diastolic pressure of the right or left
ventricle of living subjects[14]. . The heart wall becomes 40%
to 60% thicker in the systolic phase compared with the diastolic
phase [28], while in the present study, it was approximately
60% thicker on PMCT compared with AMCT. If there were no
postmortem changes, then heart wall thickness should have
been noticeably thinner on PMCT than on AMCT, which is the
opposite to what was shown in the present results.

Our study has another limitation. We did not consider
underlying disease, preservation of cadavers, atmospheric
temperature, or humidity, among other factors, which do affect
postmortem changes [29,30]. However, we consider that these
factors would have had little effect on our conclusion, because
we excluded heart disease from analysis and all the cadavers
were preserved under automatically regulated conditions at our
hospital.

Conclusions

This is the first longitudinal study to elucidate that the heart
wall is significantly thicker on PMCT than on AMCT in cases of
non-traumatic in-hospital death. Furthermore, the postmortem
changes on CT were supported by the pathological findings.

Author Contributions

Conceived and designed the experiments: HO WG. Performed
the experiments: WG MI YS. Analyzed the data: HO WG.
Contributed reagents/materials/analysis tools: YT MF KO.
Wrote the manuscript: HO.

References

1. Patriquin L, Kassarjian A, Casserley L, O’Brien M, Andry C et al. (2001)
Postmortem whole-body magnetic resonance imaging as an adjunct to
autopsy: preliminary clinical experience. J Magn Reson Imaging 13:
277-287. doi:10.1002/1522-2586(200102)13:2. PubMed: 11169835.

2. Thali MJ, Yen K, Schweitzer W, Vock P, Boesch C et al. (2003)
Virtopsy, a new imaging horizon in forensic pathology: virtual autopsy
by postmortem multislice computed tomography (MSCT) and magnetic
resonance imaging (MRI) – a feasibility study. J Forensic Sci 48:
386-403. PubMed: 12665000.

3. Ezawa H, Yoneyama R, Kandatsu S, Yoshikawa K, Tsujii H et al.
(2003) Introduction of autopsy imaging redefines the concept of
autopsy: 37 cases of clinical experience. Pathol Int 53: 865-873. doi:
10.1046/j.1440-1827.2003.01573.x. PubMed: 14629753.

4. Cha JG, Kim DH, Paik SH, Park JS, Park SJ et al. (2010) Utility of
postmortem autopsy via while-body imaging: initial observations
comparing MDCT and 3.0 T MRI findings with autopsy findings. Korean
J Radiol 11(4): 395-406. doi:10.3348/kjr.2010.11.4.395. PubMed:
20592923.

5. Roberts IS, Benamore RE, Benbow EW, Lee SH, Harris JN et al.
(2012) Post-mortem imaging as an alternative to autopsy in the
diagnosis of adult deaths: a validation study. Lancet 379(9811):
136-142. doi:10.1016/S0140-6736(11)61483-9. PubMed: 22112684.

6. Levy AD, Harcke HT, Mallak CT (2010) Postmortem imaging: MDCT
features of postmortem change and decomposition. Am J Forensic Med
Pathol 31: 12–17. doi:10.1097/PAF.0b013e3181c65e1a. PubMed:
20010292.

7. Shiotani S, Kohno M, Ohashi N, Yamazaki K, Nakayama H et al. (2004)
Non-traumatic postmortem computed tomographic (PMCT) findings of
the lung. Forensic Sci Int 139: 39-48. doi:10.1016/j.forsciint.
2003.09.016. PubMed: 14687772.

8. Kobayashi T, Shiotani S, Kaga K, Saito H, Saotome K et al. (2010)
Characteristic signal intensity changes on postmortem magnetic
resonance imaging of the brain. Jpn. J Radiol 28: 8-14.

9. Jackowski C, Thali MJ, Buck U, Aghayev E, Sonnenschein M et al.
(2006) Noninvasive estimation of organ weights by postmortem
magnetic resonance imaging and multislice computed tomography.

Postmortem Cardiac Hypertrophy

PLOS ONE | www.plosone.org 7 September 2013 | Volume 8 | Issue 9 | e76026

http://dx.doi.org/10.1002/1522-2586(200102)13:2
http://www.ncbi.nlm.nih.gov/pubmed/11169835
http://www.ncbi.nlm.nih.gov/pubmed/12665000
http://dx.doi.org/10.1046/j.1440-1827.2003.01573.x
http://www.ncbi.nlm.nih.gov/pubmed/14629753
http://dx.doi.org/10.3348/kjr.2010.11.4.395
http://www.ncbi.nlm.nih.gov/pubmed/20592923
http://dx.doi.org/10.1016/S0140-6736(11)61483-9
http://www.ncbi.nlm.nih.gov/pubmed/22112684
http://dx.doi.org/10.1097/PAF.0b013e3181c65e1a
http://www.ncbi.nlm.nih.gov/pubmed/20010292
http://dx.doi.org/10.1016/j.forsciint.2003.09.016
http://dx.doi.org/10.1016/j.forsciint.2003.09.016
http://www.ncbi.nlm.nih.gov/pubmed/14687772


Invest Radiol 41: 572-578. doi:10.1097/01.rli.0000221323.38443.8d.
PubMed: 16772850.

10. Ishida M, Gonoi W, Hagiwara K, Takazawa Y, Akahane M et al. (2011)
Intravascular gas distribution in the upper abdomen of non-traumatic
inhospital death cases on postmortem computed tomography. Leg Med
(Tokyo) 13: 174-179. doi:10.1016/j.legalmed.2011.03.002.

11. Ishida M, Gonoi W, Hagiwara K, Takazawa Y, Akahane M et al. (2011)
Hypostasis in the heart and great vessels of non-traumatic in-hospital
death cases on postmortem computed tomography: Relationship to
antemortem blood tests. Leg Med (Tokyo) 13: 280-285. doi:10.1016/
j.legalmed.2011.09.004. PubMed: 22000062.

12. Ishida M, Gonoi W, Hagiwara K, Takazawa Y, Akahane M et al. (2011)
Postmortem changes of the thyroid on computed tomography. Leg Med
(Tokyo) 13: 318-322. doi:10.1016/j.legalmed.2011.08.003. PubMed:
21940188.

13. Yutani C (2002) How to search the heart. In: C Yutani. Atlas of
cardiovascular epathology. Bunkodo, Tokyo. pp. 3-16 (in Japanese).

14. Shiotani S, Kohno M, Ohashi N, Yamazaki K, Nakayama H et al. (2003)
Dilation of the heart on postmortem computed tomography (PMCT):
comparison with live CT. Radiat Med 21(2): 29-35.

15. Shiotani S, Kohno M, Ohashi N, Yamazaki H, Nakayama H et al.
(2002) Hyperattenuating aortic wall on postmortem computed
tomography (PMCT). Radiat Med 20: 201-206. PubMed: 12296437.

16. Hyodoh H, Sato T, Onodera M, Washio H, Hasegawa T (2012)
Vascular measurement changes observed using postmortem computed
tomography. Jpn. J Radiol 30: 840-845.

17. Takahashi N, Higuchi T, Hirose Y, Yamanouchi H, Takatsuka H (2013)
Changes in aortic shape and diameters after death: comparison of
early postmortem computed tomography with antemortem computed
tomography. Forensic Sci Int 225: 27-31. doi:10.1016/j.forsciint.
2012.04.037. PubMed: 22656269.

18. Hutchins GM, Bulkley BH, Moore GW, Piasio MA, Lohr FT (1978)
Shape of the human cardiac ventricles. Am J Cardiol Volumes 41:
646-654. doi:10.1016/0002-9149(78)90812-3. PubMed: 148207.

19. Levy AD, Harcke HT, Mallak CT (2010) Postmortem imaging: MDCT
features of postmortem change and decomposition. Am J Forensic Med
Pathol 31(1): 12-17. doi:10.1097/PAF.0b013e3181c65e1a. PubMed:
20010292.

20. Smith RD (1950) Studies on rigor mortis, Part 2, Qualitative
observations on the post mortem shortening of muscles. Anat Rec
108(2): 207-216. doi:10.1002/ar.1091080203. PubMed: 14799868.

21. Joseph DR, Meltzer SJ (1909) The postmortem rigor of the mammalian
heart and the influence of an antemortem stimulation of the
pneumogastric nerves upon its development. J Exp Med, 11: 10-35.
PubMed: 19867236.

22. MacWilliam JA (1901) Rigor mortis in the heart and the state of the
cardiac cavities after death. J Physiol, 27: 336-348. PubMed:
16992607.

23. Tsokos M (2005) Postmortem changes. In: J Payne-JamesRW
ByardTS CoreyC Henderson. Encyclopedia of forensic and legal
medicine. Oxford: Elsevier Academic Press. pp. 456-476.

24. Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D et al.
(2006) Contemporary definitions and classification of the
cardiomyopathies: an American Heart Association Scientific Statement
from the Council on Clinical Cardiology, Heart Failure and
Transplantation Committee; Quality of Care and Outcomes Research
and Functional Genomics and Translational Biology Interdisciplinary
Working Groups; and Council on Epidemiology and Prevention.
Circulation 113(14): 1807-1816. doi:10.1161/CIRCULATIONAHA.
106.174287. PubMed: 16567565.

25. Schoen FJ, Mitchell RN (2010) Cardiomyopathies. In: V KumarAK
AbbasN FaustoJC Aster. Pathologic Basis of Disease. Saunders. pp.
571-581.

26. Somsen GA, Hovingh GK, Tulevski II, Seidman J, Seidman CE (2011)
Familial dilated cardiomyopathy. In: HF BaarsPAFM DoevendansJJ
van der Smagt. Clinical Cardiogenetics. Springer Verlag. pp. 63-78.

27. Hall JE (2011) Cardiac muscle; the heart as a pump and function of the
heart valves. In: JE Hall. Textbook of Medical Physiology. Philadelphia:
Saunders. pp. 101-113.

28. Sato T, Yamanari H, Ohe T, Yoshinouchi T (1996) Regional left
ventricular contractile dynamics in hypertrophic cardiomyopathy
evaluated by magnetic resonance imaging. Heart Vessels 11(5):
248-254. doi:10.1007/BF01746205. PubMed: 9129245.

29. Jackowski C, Sonnenschein M, Thali MJ, Aghayev E, Yen K et al.
(2007) Intrahepatic gas at postmortem computed tomography: forensic
experience as a potential guide for in vivo trauma imaging. J Trauma
62: 979-988. doi:10.1097/01.ta.0000198733.22654.de. PubMed:
17426557.

30. Singh MK, O’Donnell C, Woodford NW (2009) Progressive gas
formation in a deceased person during mortuary storage demonstrated
on computed tomography. Forensic Sci Med Pathol 5: 236-242. doi:
10.1007/s12024-009-9103-y. PubMed: 19669956.

Postmortem Cardiac Hypertrophy

PLOS ONE | www.plosone.org 8 September 2013 | Volume 8 | Issue 9 | e76026

http://dx.doi.org/10.1097/01.rli.0000221323.38443.8d
http://www.ncbi.nlm.nih.gov/pubmed/16772850
http://dx.doi.org/10.1016/j.legalmed.2011.03.002
http://dx.doi.org/10.1016/j.legalmed.2011.09.004
http://dx.doi.org/10.1016/j.legalmed.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/22000062
http://dx.doi.org/10.1016/j.legalmed.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21940188
http://www.ncbi.nlm.nih.gov/pubmed/12296437
http://dx.doi.org/10.1016/j.forsciint.2012.04.037
http://dx.doi.org/10.1016/j.forsciint.2012.04.037
http://www.ncbi.nlm.nih.gov/pubmed/22656269
http://dx.doi.org/10.1016/0002-9149(78)90812-3
http://www.ncbi.nlm.nih.gov/pubmed/148207
http://dx.doi.org/10.1097/PAF.0b013e3181c65e1a
http://www.ncbi.nlm.nih.gov/pubmed/20010292
http://dx.doi.org/10.1002/ar.1091080203
http://www.ncbi.nlm.nih.gov/pubmed/14799868
http://www.ncbi.nlm.nih.gov/pubmed/19867236
http://www.ncbi.nlm.nih.gov/pubmed/16992607
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.174287
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.174287
http://www.ncbi.nlm.nih.gov/pubmed/16567565
http://dx.doi.org/10.1007/BF01746205
http://www.ncbi.nlm.nih.gov/pubmed/9129245
http://doi:10.1097/01.ta.0000198733.22654.de
http://www.ncbi.nlm.nih.gov/pubmed/17426557
http://dx.doi.org/10.1007/s12024-009-9103-y
http://www.ncbi.nlm.nih.gov/pubmed/19669956

	Heart Wall Is Thicker on Postmortem Computed Tomography Than on Ante Mortem Computed Tomography: The First Longitudinal Study
	Introduction
	Materials and Methods
	1. Study Group
	2. AMCT Imaging Technique
	3. PMCT Imaging Technique
	4. Image Interpretation
	5. Pathological Analysis
	6. Statistical Analyses

	Results
	Discussion
	Conclusions
	Author Contributions
	References


