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Abstract
Introduction Post-mortem imaging is increasingly used in
forensic field in cases of natural deaths related to cardiovas-
cular diseases, which represent the most common causes of
death in developed countries. While radiological examination
is generally considered to be a good complement for conven-
tional autopsy, it was thought to have limited application in
cardiovascular pathology. The aim of this study was to inves-
tigate the role of post-mortem multidetector coronary artery
computed tomography in cases of sudden death in adults.
Materials and methods We have enrolled 11 cases, all of
whom were negative for macroscopic extra-cardiac lethal
findings after standard autopsy procedure. Later, from the
same individuals, isolated single-organ post-mortem comput-
ed tomography coronarography (PMCTA), using an iodinated
non-ionic contrast medium, was achieved. After computed
tomography examination, all the isolated hearths were carried
to the forensic pathologist, and a conventional histology as-
sessment was performed on them.
Results In 7 out of 11 of cadavers, a final diagnosis of myo-
cardial infarction was made after a complete autopsy and
histology procedures. Isolated hearts underwent PMCTA scan-
ning and was confirmed in 6/11 cases, with the autopsy find-
ings showing the presence and the localization of occlusions or

severe stenoses and the extension of the myocardial hypoxic
area by the extravasation of contrast medium as well.
Conclusion Isolated single-organ PMCTA could be consid-
ered a valid and useful tool in addition to traditional autopsy
investigation (macroscopic sections and histology) in identi-
fying the cause of death by recognizing the presence and
degree of coronary artery disease and myocardial infarction
area visualization.
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Introduction

Sudden cardiac death (SCD) is defined as an unexpected death
from a cardiac cause occurring within a short time, generally
within 1 h of symptom onset, in a person with or without
preexisting heart disease [1–3].

Although there is a tendency to ascribe all sudden non-
traumatic deaths in middle-aged and elderly subjects to cardi-
ac disease, autopsy studies in unselected subjects suggest that
about 2/3 of such deaths are cardiac in origin, with coronary
artery disease and its complications accounting for the over-
whelming majority of deaths [4, 5]. The single most important
cause of death in the adult population of the industrialized
world is SCD due to coronary disease. In about 5 % to 10% of
cases, SCD occurs in the absence of coronary artery disease or
congestive heart failure [6]. SCD may be the first clinical
manifestation of coronary artery disease (CAD), with as many
as one in five patients with coronary heart disease, and about
20 % of CAD patients have cardiac arrest as the first clinical
manifestation [7].

In clinical practice, the development of ECG-gated multi-
detector computed tomography angiography led to a great
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improvement in the diagnosis of coronary artery disease in a
selected population [8, 9]. CardiacMRI is a reference standard
for the assessment of ventricular function and may help iden-
tify and classify scars for risk stratification [10]. In forensic
pathology, classical investigation of SCD includes the evalu-
ation of clinical history, autopsy, and histology examination
and, sometimes, the analysis of cardiac biomarkers and/or
genetic analysis for channelopathies [2, 11–13].

Currently, there is no gold standard of reference for the
post-mortem radiological evaluation of cardiovascular pathol-
ogies, but post-mortem imaging is increasingly used in foren-
sic practice in cases of natural deaths related to cardiovascular
diseases [14, 15].

At present, multidetector computed tomography (MDCT),
CT angiography, and cardiac magnetic resonance imaging
(MRI) are being used in post-mortem radiological investiga-
tion of cardiovascular pathologies [14]. Radiological coronary
artery assessment, using post-mortem computed tomography
(PMCT), has, until recently, been impaired due to the lack of
an active circulation to deliver suitable contrast agents via an
intravenous route. PMCT angiography (PMCTA) has been
reported previously, in both animals and humans, using
single-organ imaging, with the organ removed from the body,
or whole body angiography with a modified heart–lung by-
pass machine [16–21].

Several studies [9, 14, 15, 22] have addressed the issue of
post-mortem imaging in cardiac death. The radiological eval-
uation of ischemic heart disease includes the examination of
the coronary arteries and myocardium. Some authors propose
the combination of post-mortem CT angiography and image-
guided biopsy of the myocardium to determine the cause of
death after chest pain [23]. The aim of this study was to
investigate the role of single-organ post-mortem multidetector
coronary artery computed tomography angiography applied in
cases of sudden cardiac death in adults, and to compare this
method with conventional autopsy and histological examina-
tion as the reference standard.

Materials and methods

Subjects

We prospectively evaluate all autopsy cases from 2011 to
2013 performed at the Institute of Legal Medicine of the
Catholic University of the Sacred Heart in Rome. According
also to previous studies [15, 24, 25], the inclusion criteria were
the following: suspected sudden cardiac death, post-mortem
interval (time from death to scanning) ranged from several
hours to 28 h, with a mean interval of 21 h (range, 15–28 h),
absence of macroscopic extra-cardiac lethal findings. A total
of 11 cases (male cadavers), withmean age at the time of death

of 51 years (range, 33–75 years), met the above reported
criteria and were enrolled in the present research.

Autopsy

The autopsies were conducted by board-certified forensic
pathologists according to internationally recognized recom-
mendations at European level [26]. All the cases underwent a
complete traditional autopsy, including brain examination.
The heart was removed and immediately stored at +4 °C, then
transferred into a cooled plastic container to the Department of
Radiology, “Campus Bio-Medico” University in Rome. The
mean interval between imaging and autopsy of heart was 2 h
(range, 1–3 h). The cause of death was preliminarily
established as sudden cardiac death and subsequently clarified
on the basis of autopsy findings, and radiological and histo-
logical results.

Preparation of the heart and imaging

An isolated single-organ computed tomography (CT)
coronarography, using an iodinated non-ionic contrast medi-
um, was performed on isolated heart, after the autopsy. The
aorta was cut 1 cm above the orifice of the coronary arteries,
and then the heart was located in a plastic container to main-
tain the heart’s natural shape and size and previously scanned
without the administration of contrast medium, in order to
determine the presence and the distribution of calcified coro-
nary artery wall plaques. After the initial scanning, the coro-
nary ostia were selectively catheterized manually with a
“head-hunter” 5-French catheter by the forensic pathologist
and radiologist (M.P.). The 3 ml iodinated contrast media
(Xenetix 350-Lobitridolo-Guerbet-France) was injected in
each coronary ostium with automated injector at a rate of
0.3 ml/s in order to avoid artifacts during the procedure.
Images were acquired on a 64-slice computed tomography
scanner (Somatom Sensation Cardiac, Siemens Medical
Solutions, Erlangen, Germany) using the thinnest collimation
available (detector configuration 32×0.6 mm; 120 kV, and
250 mAs). Images were reconstructed by using a soft-tissue
reconstruction kernel (B20) and a CT-angio optimized win-
dow with section thicknesses of 0.75 mm, using an increment
interval of 0.5 mm. Datasets were transferred to a dedicated
workstation (Leonardo 2.2, Siemens Medical Solutions,
Erlangen, Germany) for the post-processing reconstructions.
Multiplanar reconstruction (MPR), maximum intensity pro-
jection (MIP), curved planar reconstruction (CPR), and vol-
ume rendering (VR) were obtained.

Radiological interpretation

Images were reviewed by two experienced radiologists
blinded to autopsy data (P.S. with 5 years of CT angiography
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imaging experience and B.B.Z. with 30 years of CT imaging
and 9 years of forensic imaging experience). Criteria for
cardiac evaluation included left ventricular myocardial thick-
ness, arterial enhancement of the left ventricular myocardium,
and grade of stenosis on the basis of visual inspection on
curved planar reconstructions (CPRs) and maximum intensity
projections (MIPs). The degree of stenosis was calculated as
previously reported [27]. CAD was graded as follows: no
significant or minimal disease (<50 % stenosis), intermediate
or significant disease (50–75 % stenosis), or severe disease
(>75 % stenosis). The absence of contrast media filling the
arterial lumen was considered as occlusion.

Heart dissection and histology

After CT examination, all the isolated hearths were carried to
the autopsy pathologist (VA), and conventional macroscopic
section and histology assessment were performed on them.
The pathologist was blinded to radiological results and col-
lected five myocardial tissue samples from each heart (anteri-
or, lateral and posterior left ventricular wall, septum, right
ventricle). The samples were fixed in 10 % neutral-buffered
formalin and embedded in paraffin, according to standard
procedures. Tissue sections were then stained with hematox-
ylin–eosin. The myocardial ischemic damage was staged ac-
cording to the Lodge-Patch classification [28] (Table 1)

Further post-mortem investigations

Histological examination of the remaining organs and toxico-
logical investigation of the body fluids collected at autopsy
(blood, urine, vitreous humor) were also performed.

Data analysis

The results of autopsy and histologic examination were
compared with the post-mortem coronary computed to-
mography angiography findings. The causes of death,
determined at conventional autopsy followed by histo-
logic examination, were compared with those deduced

by using the postmortem CT coronarography. The inter-
reader agreement was determined using the Cohen K
test, which is a statistical measure [29] of inter-reader
agreement or inter-annotator agreement for qualitative
(categorical) items. It is generally thought to be a more
robust measure than simple percent agreement calcula-
tion, since K takes into account the agreement occurring
by chance.

Results

In 6 out of 11 cases (Table 2: case numbers 1, 4, 6, 7,
8, and 9), autopsy investigation together with histology
stains validated the cause of death (myocardial infarc-
tion) enhanced previously by PMCTA scanning.
Moreover, in these cases, contrast medium extravasation
was noticed at the PMCTA analysis in the left ventric-
ular myocardium, corresponding to the area of distribu-
tion of the coronary disease (severe stenosis or anoma-
ly). Therefore, PMCTA confirmed the overlap between
the myocardial contrast medium extravasation area with
the ischemic/infarcted area observed at the autopsy
investigation.

In 1 out of 11 cases (Table 2: case number 2), myocardial
infarction had been missed at the PMCTA.

In 2 out of 11 cases (Table 2: case numbers 3 and 5), the
death was attributed to the calcific aortic valve stenosis. Of
notice in case number 3, PMCTA demonstrated the extrava-
sation of the anterolateral and apical of the left ventricular
myocardium, although no sign of myocardial infarction was
observed at the autopsy.

In the remaining two cases (Table 2, case numbers 10 and
11), where both PMCTA and autopsy showed no obvious
pathological findings, toxicological investigations were posi-
tive for lethal intoxication of drugs. In all cases, according to
previous studies, PMCTAwas a valuable tool for the investi-
gation of the main coronary artery lumens and side branches.
The two readers considered evaluable all the isolated hearths.
Inter-reader agreement was excellent (Cohen K >0.75).

Regarding the degree of atherosclerosis, PMCTA showed
normal coronary vessels (no atheroma or minimal [<50 %]
stenosis) in three cases (Table 2, case numbers 3, 10, and 11),
intermediate, or significant (50–75 % stenosis) obstructive
atheroma in one case (Table 2, case number 5), and severe
(>75 % stenosis) obstructive coronary artery disease in six
cases (Table 2, numbers 1, 2, 4, 7, 8, and 9). Of note, surpris-
ingly, case number 2 was the one where PMCTA missed the
main diagnosis (myocardial infarction). Myocardial bridging
was noted at the level of medial circumflex artery in one case
(Table 2, case number 6).

Table 1 The Lodge-Patch classification

Stage I: stretching and waviness of myocardial fibers, myocytes showing
eosinophilic cytoplasm and pycnosis

Stage II: myocardial coagulation necrosis with or without pycnotic nuclei,
accompanied by neutrophil infiltration

Stage III: fragmentation of necrotic cardiomyocytes with macrophage
infiltration, and fibroblasts evident in the interstitium

Stage IV: replacement of the lesion by granulation tissue, containing
proliferating of fibroblasts, in which the affected cardiomyocytes
disappeared and neutrophils are decreased

Stage V: replacement of the lesion with scar tissue
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Table 2 Main findings from post-mortem CT coronarography and standard autopsy-histopathologic examination (H&E stain) and causes of death
(specimens taken from the area of interest)

Case no./age Findings at post-mortem CT
coronarography

Findings at autopsy Histologic findings
(Lodge-Patch classification)

Cause of death

1/51 No coronary arteries calcifications;
stenosis >90 % (LAD)-fibrotic
plaque; extravasation mdc
anterolateral and apical LVM; no
myocardial scar; myocardial
thickness (15–17 mm)

Severe CAD (one stem); hemorrhagic
area in the anterolateral and apical
left ventricular myocardium

Stage I Myocardial infarction

2/49 Severe calcifications (LAD, CX, RC);
stenosis >90 %LAD-calcific plaque;
severe stenosis CX-calcific plaque;
no myocardial scar; myocardial
thickness (25 mm)

Severe CAD (three-stem); translucent
grey area in the anterolateral and
apical left ventricular myocardium

Stage I with areas of stage V Myocardial infarction

3/52 No coronary arteries calcifications; no
CAD; extravasation mdc
anterolateral and apical LVM; no
myocardial scar; myocardial
thickness (15–17 mm); calcification
on AVL

Calcific aortic stenosis Stage I Calcific aortic stenosis

4/39 Severe calcifications (LM,LAD, CX);
stenosis >90 % distal LM extending
to LAD and CX; extravasation mdc
massive LV, septum, and papillary
muscles; no myocardial scar;
myocardial thickness (17 mm);
aortic root calcifications

Severe CAD (two-stem); generalized
pallor of myocardium in the left
ventricle

Stage Vwith foci of stage from
I to IV

Myocardial infarction

5/75 Severe calcification (LM, LAD, CX,
RCA); moderate stenosis LAD, CX,
RCA-calcific plaques; apical
myocardial scar; myocardial
thickness (16 mm); aortic root
calcifications; calcification on AVL

Calcific aortic stenosis; moderate CAD
(three-stem)

Stage I with areas of stage V Calcific aortic stenosis

6/39 No coronary arteries calcifications;
myocardial bridge (medial CX
length 20 mm)-extravasation lateral
LVM; myocardial thickness
(16 mm)

Myocardial bridging (CX); pallor of
myocardium in lateral wall

Stage Vwith foci of stage from
I to IV

Myocardial infarction

7/74 Severe coronary arteries calcifications
(LAD, CX); stenosis >90 % LAD
and CX; extravasation mdc lateral
wall LVM; posterior and lateral LVM
scar; myocardial thickness (23–
25 mm)

Severe CAD (two-stem) Stage I with areas of stage V Myocardial infarction

8/65 Severe calcifications (LM, LAD, CX);
stenosis >90 % LAD and CX;
extravasation mdc LVand septum;
no myocardial scar; myocardial
thickness (23–25 mm)

Severe CAD (two-stem); generalized
pallor of myocardium in the left
ventricle

Stage Vwith foci of stage from
I to IV

Myocardial infarction

9/44 No coronary arteries calcifications;
stenosis >90 % LAD; fibrotic
plaque; extravasation mdc
anterolateral and apical LVM; no
myocardial scar; myocardial
thickness (18–20 mm)

Severe CAD (one-stem); pallor in the
anterolateral and apical left
ventricular myocardium

Stage I Myocardial infarction

10/33 No pathological findings No pathological findings No signs of ischemic
myocardial damage

Lethal intoxicationa

11/37 No coronary artery calcifications;
moderate stenosis (LAD and CX)

Moderate CAD (two-stem) No signs of ischemic
myocardial damage

Lethal intoxicationa

LM left main coronary artery, LAD left anterior descending coronary artery, CX circumflex coronary artery, RCA right coronary artery, CAD coronary
artery disease, LVM left ventricular myocardium, AVL aortic valve leaflets, H&E hematoxylin and eosin
a The lack of pathological findings has resulted in the execution of toxicological investigations, tested positive for lethal intoxication of drugs
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Discussion

In the last decade, CTandMRI have been increasingly used in
routine forensic practice and research, and, recently, also in
cases of natural deaths. Sudden cardiac deaths (SCD) repre-
sent an important part of forensic practice. In fact, the cause of
death is most frequently cardiovascular in origin with ische-
mic heart disease being most common in the general popula-
tion in industrialized countries [3]. In 2008, Grabherr at al.
introduced the use of a modified heart–lung machine to es-
tablish post-mortem circulation, in turn, allowing the injection
of a contrast agent and constant perfusion of a body [17].

At present, multidetector CT, CT angiography (CTA), and
cardiac MRI are used in post-mortem radiological investiga-
tion of cardiovascular pathologies [14].

PMCTA is also very useful for the detection of stenoses
and occlusions of coronary arteries, but less so for the identi-
fication of ischemic myocardium [15, 30–32]. MRI is the
method of choice for the radiological investigation of the

myocardium in clinical practice, but its accessibility and ap-
plication are still limited in postmortem practice.

Postmortem MR (PMMR) examination of ischemic myo-
cardiumwas first performed on eight autopsy cases in 2006 by
Jackowski et al. These authors demonstrated that PMMR
enables the detection of myocardial infarction in situ and the
estimation of infarct age based on signal behavior [33]. In
post-mortem imaging, cardiovascular pathologies have been
analyzed by only a few groups [15, 19, 31, 32, 34]. While
PMCTA allows morphological evaluation of coronary arteries
and the detection of suspected stenoses and occlusions,
PMMR provides superior soft tissue visualization [15, 19,
31, 32, 34, 35].

In the field of the cardiovascular pathology, the post-
mortem radiological examination is often not sufficient to
establish the exact cause of death, and autopsy remains the
gold standard. At present, there are no non-invasive tech-
niques that can replace histological examination [14]. In our
study, a technique already used in the past [36] was chosen to

Fig. 1 Case 1. a 3D volume-
rendering reconstruction
demonstrates left anterior
descending and circumflex
coronary arteries lumen and the
left ventricular myocardial
extravasation area (arrow); b
curved planar reconstruction with
thin-slab maximum intensity
projection shows a severe stenosis
at the level of proximal left
anterior descending artery
(arrow); c myocardial transversal
section showing the infarcted area
(lateral wall); d sclerosis and
atherosclerotic lesion of the left
anterior descending coronary
artery (arrow); e–f histological
sample stained with hematoxylin
and eosin showing ischemic
damage (stage I of Lodge-Patch)
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analyze the single organs after the removal, due to difficulties
related to the management of the corpse in the absence of a
radiological dedicated equipment or a specialized machinery
as the modified heart–lung bypass machine to establish post-
mortem circulation [16, 17].

Moreover, single-organ postmortem computed tomogra-
phy angiography is simpler to implement to standard autopsy.
Our study demonstrated good visualization of the coronary
arteries lumen, enabling the detection of stenoses and occlu-
sions, as well demonstrated in other reports [15, 30–32].

The same studies suggested that it is not possible to
diagnose an acute myocardial infarction, primary myocyte
disease, or myocarditis, with PMCT and PMCTA, as these
techniques have yet to be sufficiently validated [14, 22].
Previous studies focused on the agreement between

autopsy, histology, and PMCTA regarding the presence
of critical coronary stenosis [37]. In our study, we specif-
ically evaluated through PMTCA analysis transmural con-
trast media extravasation in the wall of the left ventricular
myocardium, and we were able to detect this pathological
phenomenon in 7 out of 11 cases. Specifically, in six out
of seven, the area of extravasation corresponded to the
distribution area of the coronary artery affected by disease
demonstrating the main cause of death (myocardial infarc-
tion) confirmed by autopsy and histological examination.
In the remaining case (one out of seven), extravasation
area did not correlated with signs of myocardial infarction
observed at the autopsy. In this case, the main cause of
death was calcification of aortic valve leaflets and was
therefore labeled as false-positive (Figs. 1 and 2.

Fig. 2 Case 4. a 3D volume-
rendering reconstruction of the
precontrast CT scan demonstrates
extensive calcifications of the left
coronary system arteries
interesting left main and both left
anterior descending and
circumflex coronary arteries
(small arrows). Note the
calcification of the aortic root
walls (curved arrow). b 3D
volume-rendering reconstruction
after injection of contrast medium
in the coronary arteries lumen.
Note the filling defect at the level
of left main consistent with severe
stenosis (arrow). c maximum-
intensity projection
reconstruction confirms the lack
of opacification of the left mail
lumen (curved white arrow) and
the left ventricular myocardial
extravasation area (black arrows);
note the presence of an early
opacified venous vessel crossing
behind the left descending
coronary artery (b–c). d Heart
transversal section with ischemic
damage matching the PTMCA
images; e anterior descending
coronary artery (cross-section)
showing critical stenosis. f
Histological sample stained with
hematoxylin and eosin showing
ischemic damage (stage V with
foci of stage I of Lodge-Patch)
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In the remaining 4 cases out of 11, those samples where
myocardial contrast medium extravasation was not observed
at PMTCA analysis, one had severe CAD, visible also in
PMTCA, and the autopsy and histological examination
showed the presence of myocardial infarction. This case was
labeled as false-negative. In the other three cases, the main
cause of death was respectively identified in one case as
severe calcific aortic valve stenosis and in the last two cases
as acute drug intoxication including heroine and cocaine
(Table 1).

Regarding the advantages in using this technique, we do
believe that it is a diagnostic tool available in every radiology
department. Although several weaknesses have been already
described [19] with the use of this kind of contrast medium,
we obtained a good contrast enhancement of the vascular tree
(U.H.>300), coronary arteries showed physiologic dimen-
sion, and the penetration of the surrounding myocardial tissue
was not considered a major limitation for the histological
analysis. Also, post-mortem clots were not a major limitation
in our series. For these reasons, single-organ PMCTA could be
considered an effective technique for the detection of coronary
artery disease. In fact, it could represent a useful support to the
conventional autoptical and histological approach, allowing a
more accurate coronary artery evaluation and the myocardial
sampling, in order to reduce the inaccuracy in post-mortem
diagnosis and to improve pre-mortem clinical diagnosis. To
achieve extensively this purpose, more studies and a larger
population are necessary to validate this method for the iden-
tification of myocardial infarcted area. We believe that, al-
though macroscopic examination of different organs at autop-
sy and subsequent histological evaluation represent the gold
standard, the use of PMCTA can be considered as an effective
preliminary examination before proceeding to the anatomical
dissection in cases of suspected sudden cardiac death.

In conclusion, PMTCA techniques using injected contrast
agents are very useful for the detection of coronary stenoses
and occlusions, but, till now, the suspected diagnosis must be
confirmed visually at autopsy and/or histologically. Certainly,
the combination of post-mortem PMTCA techniques with
conventional autopsy appears to increase the results of post-
mortem investigations in cases of natural death.

Limitation of the study

The main limitation of this study is that the injection of an
iodinated contrast agent in the coronary vessels has beenmade
before performing the histology evaluation. This action could
be considered invasive and may be able to produce some
modifications in the myocardial tissue. In fact, the contrast
agent injections leading to extravasations can heavily affect
histology. The answer to this criticism is that, in our series, we
have used iodinated contrast media injected in each coronary

ostium with automated injector at a rate of 0.3 ml/s in order to
maintain the pressure stable during the injection with the
specific purpose to avoid artifacts. However, further research
is needed to establish definitively the significance of the
extravasation sign. Furthermore, we need to take into account
additional limitations concerning the limited number of cases
enrolled in our research and the absence of the control group.
The cohort of controls could be very important to make
appropriate correlation and discrimination between patholog-
ical phenomenon and/or artifacts. Moreover, the results of our
preliminary research need to be considered cautiously as soon
as further observations will assess definitively the correlation,
which is missing in our study, between the dimensions of the
infarction areas assessed at PMCTA combined with histology.
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