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Abstract Postmortem MRI (PMMR) examinations are sel-
dom performed in legal medicine due to long examination
times, unfamiliarity with the technique, and high costs. Fur-
thermore, it is difficult to obtain access to an MRI device used
for patients in clinical settings to image an entire human body.
An alternative is available: ex situ organ examination. To our
knowledge, there is no standardized protocol that includes ex
situ organ preparation and scanning parameters for postmor-
tem MRI. Thus, our objective was to develop a standard
procedure for ex situ heart PMMR examinations. We also
tested the oily contrast agent Angiofil® commonly used for
PMCT angiography, for its applicability in MRI. We worked
with a 3 Tesla MRI device and 32-channel head coils. Twelve
porcine hearts were used to test different materials to find the
best way to prepare and place organs in the device and to test
scanning parameters. For coronary MR angiography, we test-
ed different mixtures of Angiofil® and different injection
materials. In a second step, 17 human hearts were examined

to test the procedure and its applicability to human organs. We
established two standardized protocols: one for preparation of
the heart and another for scanning parameters based on expe-
rience in clinical practice. The established protocols enabled a
standardized technical procedure with comparable radiologi-
cal images, allowing for easy radiological reading. The per-
formance of coronary MR angiography enabled detailed cor-
onary assessment and revealed the utility of Angiofil® as a
contrast agent for PMMR. Our simple, reproducible method
for performing heart examinations ex situ yields high quality
images and visualization of the coronary arteries.
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Introduction

Multidetector computed tomography (MDCT) and magnetic
resonance imaging (MRI) are important investigation tools
that are frequently used in forensic medicine. Postmortem
computed tomography (PMCT) has become more wide-
spread, and several institutes of legal medicine now own an
MDCT unit with which to examine the deceased. Although
PMCTcan provide information about the skeletal system, it is
less than optimal for examining soft tissue, such as inner
organs and the vascular system [1]. To overcome this weak-
ness, contrast agent can be injected to allow for better contrast
of organs and visualization of vessels. In the University Center
of Legal Medicine Lausanne-Geneva, multiphase postmortem
computed tomography angiography (MPMCTA) is routinely
performed with the oily contrast agent Angiofil®. This tech-
nique provides highly detailed images of the vascular system
[2–4] of the head, thorax, and abdomen. It permits detailed
examination of, for example, the coronary arteries, which is
especially important in cases of ischemic heart disease [5]. A
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recently published study [1] showed that by performing
MPMCTA, the sensitivity of PMCT could be increased from
65 % (PMCT only) to 80.9 % of detectable findings. By
comparison, conventional autopsy was able to detect 83.1 %
of all findings. However, the most important weakness of the
radiological technique compared to autopsy was the low sen-
sitivity for detecting findings in the parenchyma of inner
organs (79.1 % for MPMCTA vs. 97.7 % for autopsy). This
weakness of postmortem imaging could potentially be over-
come by using MRI, which has a higher sensitivity for soft-
tissue exploration compared to MDCT [6, 7].

Several studies have investigated cardiac parenchyma with
postmortem magnetic resonance imaging (PMMR) and had
promising results [8–12]. However, although some authors
have proposed an interpretation of postmortem changes in
PMMR and guidelines for cardiac PMMR [13–15], there are
no guidelines for investigating the heart ex situ with PMMR.
Another limitation of PMMR is that few institutes for legal
medicine own an MRI device, and access to this imaging
modality in a clinical center is not an easy matter. PMMR is
therefore often performed at the end of the daily program,
between patients, or during the weekend, and not necessarily
with specialized technical teams (radiographer and radiolo-
gist). Moreover, MRI requires stringent preparation, ensuring
that no ferromagnetic objects are hidden in or around the body,
and use of a special MRI-compatible carriage. The difficulty is
increased when the institute of legal medicine is located far
from a radiology department.

Cardiac incidences are a common cause of death encoun-
tered in forensic medicine [16]. Postmortem imaging, espe-
cially PMMR, could be of great interest as a complement to
standard autopsy and histological investigations [12, 14, 17].
Thus, despite the constraints of this imaging modality, our
objective was to develop a protocol that would enable the
forensic pathologist to perform a PMMR examination of
cardiac parenchyma with optimized efficiency with respect
to time and technical aspects.

The purpose of our study was as follows: (1) to develop a
protocol for the preparation of ex situ hearts, including a
coronary MR angiography for PMMR, that would provide
sufficient imaging data for a systematic examination of coro-
nary arteries and cardiac parenchyma in cases of suspected
cardiac death, without impeding autopsy and (2) to investigate
if the oily contrast agent Angiofil®, which is used for
MPMCTA, can be used with PMMR imaging to perform a
heart-focused examination after a previous whole-body
MPMCTA.

Materials and methods

The most important criterion for this study was that the whole
procedure, which comprised two protocols (preparation of ex

situ hearts and PMMR acquisitions), had to be reproducible.
We considered technical and practical limitations due to the
specific features of the MRI device and the time available for
acquisition (time location of the MRI device and autopsy
duration). This study was performed using two different
models: first an animal model, then a human model.

Animal heart model

The technical procedure was developed on fresh porcine
hearts (exact postmortem delay unknown), which were ob-
tained from a local butcher (n=12).

Six porcine hearts were used to test ex situ organ prepara-
tion, materials, positioning, spatial localization, and MRI se-
quences. Another six porcine hearts were used to train a team
of forensic radiographers to prepare the heart in such a way as
to ensure reproducibility. Porcine hearts were chosen because
of their similarity to human hearts with respect to anatomy,
shape, and weight. The preparation technique consisted of
careful dissection around the proximal first millimeters of
the coronary arteries (right coronary artery and common trunk
of the left coronary artery). The vessels were then injected
with contrast agent using different mixtures of the oily con-
trast agent Angiofil® (Fumedica, Muri, Switzerland) with
paraffin oil and different injection materials (different types
of catheters, needles, and syringes). Finally, the heart was
correctly positioned inside containers to enable spatial
orientation.

Imaging

Scans were performed on a 3 Tesla MRI scanner (Trio; Sie-
mens, Erlangen, Germany) dedicated to clinical and function-
al brain imaging researches, and we used a 32-channel head
coil. Ex situ heart MRI examinations require a container to
maintain the shape of the heart and to avoid collapse of its
cavities or compression of its underlying structures. Different
techniques of positioning in the magnet were tested, as were
different container systems for fixing the heart in the correct
position. We identified massive movement artifacts during
data acquisition, due to vibrations of the table. Therefore, we
tested the ability of various materials to weight the containers
(e.g., sand, decorative sand, and flour).

Human heart model

Once the technical approach had been tested and practiced on
the animal heart model, we applied it to human hearts. This
part of the study adhered to international and local ethical
standards and regulations and was approved by the local
ethics committee. We investigated 17 human hearts that had
been extracted during conventional medicolegal autopsy fol-
lowing the local standard autopsy procedure (extraction of the
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heart and origins of the aorta, pulmonary artery, and veins
after opening the pericardium). The postmortem delay varied
between 12 and 48 h. Preparation of the heart, injection of
coronary arteries, and MRI data acquisition were then per-
formed within the next 5 h. Once the data acquisition was
complete, the heart was returned to the forensic pathologist in
charge of the case so that he or she could perform a standard
autopsy dissection of the organ and return it to the body before
closing the body.

Results

We established two protocols in order to obtain the final
procedure. The first was a standardized protocol for prepara-
tion of the ex situ heart for PMMR, and the other was for
scanning parameters used inMRI acquisition based on clinical
cardiac MRI guidelines. We were also able to evaluate the
MRI compatibility of Angiofil®.

Protocol for preparation of the heart

This protocol included preparation of the coronary arteries,
preparation of the ventricles, and ensuring correct spatial
localization of the ex situ organ. The heart was extracted
from the body, together with about 3 cm of both the
ascending thoracic aorta and the pulmonary trunk. These
two major vessels were separated from each other by
careful dissection down to their proximal portion, which
provided access to the coronary ostia in the ascending
aorta. Debridement of the proximal first millimeters of
each coronary artery was performed to enable ligation
close to the ostia after they were filled with contrast agent
(Fig. 1a).

The right coronary artery and the left coronary artery with
its major branches (the circumflex artery and left anterior
descending artery) were filled with contrast agent by means
of the cardiac catheter introducer 4F (Introducer II; Terumo
Corporation, Tokyo, Japan). We used a 50 % dilution of the
oily contrast agent Angiofil® with paraffinum perliquidum
(Hänseler AG, Switzerland) that were carefully injected man-
ually. Ligature of the coronary arteries was performed imme-
diately after injection of contrast agent to ensure that it did not
flow out of the vessels. Two small balls of modeling clay were
made and placed in cellophane paper or in the finger of a latex
glove; they were then placed in each of the two ventricles to
separate the walls (Fig. 1b).

To avoid movement artifacts, a system of two containers
made of glass was chosen: a small one in which the heart was
positioned vertically and a larger one containing the small
glass. The space between the two glasses was filled with flour
(Fig. 2a) to weight the system.

For better spatial orientation, a simple cork stopper was
introduced into the pulmonary trunk and a cork stopper con-
taining a capsule of vitamin E was placed in the thoracic
ascending aorta (Fig. 2b). The capsule of vitamin E is oily
and produced an MRI signal comparable to the oily contrast
agent, facilitating localization of the anatomical structures of
the heart (Fig. 2c). A second capsule of vitamin E was placed
medially at the anterior side of the heart inside the small glass.

Protocol for scanning parameters

MRI examinations were performed with a 32-channel head
coil. The position of the heart in the coil was standardized in
the vertical position with the anterior face of the ventricles
towards the entrance of the magnet.

Our protocol contained T1-weighted, fat-saturation T1-
weighted, T2-weighted, and fat-saturation T2-weighted

Fig. 1 Preparation of ex situ hearts. a Careful debridement of the prox-
imal millimeters of each coronary artery was required to introduce a bond
under each vessel (black arrow), which enabled their ligature close to the
ostia. AA ascending aorta, PT pulmonary trunk, LA left auricle, LCA left
coronary artery; VE, capsule of vitamin E that was placed between the

thoracic ascending aorta and the pulmonary trunk for the first tests.
However, for the following examinations, it was placed in the cork
stopper in the thoracic ascending aorta. b Modeling clay (1) in the right
(2) and left (3) ventricles to prevent collapse of the cavities.
ANT, anterior; POST, posterior
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sequences, as well as some acquisitions in 3D (T1 3D and T2
Fat/Sat 3D). All of the sequences had to be performed in a
predetermined acquisition time of 1 h. The MRI parameters
that we used are shown in Table 1. The sequences were
acquired in the short axis of the left ventricle.

Contrast agent

MRI examinations using Angiofil® was performed with dif-
ferent sequences to ensure the absence of artifacts. In our
setup, the contrast agent did not generate any artifacts at
MRI and allowed contrasting the arterial lumen and therefore
the evaluation of coronary arteries (Fig. 3).

Discussion

Our starting point was the ex situ macroscopic examination of
the heart during autopsy [18, 19]. MRI examination had to be
performed as soon as the heart was eviscerated, before its

dissection by the forensic pathologist. Moreover, because
coronary artery disease is a frequent cause of death and
because localization of lesions in the coronary arteries corre-
sponds to the localization of the damaged myocardium [20],
the protocol needed to allow detailed coronary artery
assessment.

Clinical experience of cardiac MRI with in situ heart ex-
amination was not sufficient to develop postmortem ex situ
cardiac MRI examination. Special preparation of the heart and
appropriate injection technique to completely fill the coronary
arteries with contrast agent were needed.

For ex situ cardiac PMMR, the selection of the equipment
is important. Firstly, material must be MRI-compatible, which
means that it does not contain any metallic or ferromagnetic
component that could interfere with the magnetic field. Sec-
ondly, the entire disposal has to fit in the 32-channel head coil
and be well stabilized to limit movement artifacts.

Choice of container

For the performance of our first postmortemMRI examination
on a human ex situ heart, we used a predefined protocol with
sequences usually used in clinical practice to enable a radiol-
ogist to read the obtained images. The prepared heart was put
in a simple and thin plastic recipient, and placed in the MRI
device. Quality of the first images was satisfying for the
majority of sequences but for some of them, we observed
movement artifacts (Fig. 4a). We had to understand why such
artifacts were seen in some sequences and not in others. It
appears that the tray of the MRI device vibrates due to gradi-
ent switching, as movement artifacts were only observed in
gradient echo sequences (Table 1: T1 3D sequence). The
choice of a plastic recipient to maintain the heart in vertical
position during MRI examination seemed the easiest and

Fig. 2 Preparation of ex situ hearts and spatial localization. a For PMMR
examinations, hearts were maintained in a system of two containers made
of glass: a small glass (arrow) inside a larger, heavy glass (arrowhead).
The hearts were introduced to the system in a vertical position. Space
between the two containers was filled with flour (dashed arrow). bA cork

stopper containing a capsule of vitamin E was placed in the thoracic
ascending aorta (1), and a second cork stopper (with no vitamin E
capsule) was placed in the pulmonary trunk (2). c MRI image of the
orientation system with the ascending aorta (1), the capsule of vitamin E
(3) in the cork stopper , and the left ventricle (4)

Table 1 Sequence parameters for PMMR

Sequence TR
(ms)

TE (ms) Slice thickness
(mm)

DFOV
(cm)

T1 3D 1,900 2.4 0.6 16×16

T2 fat/sat 3D 2,800 352 0.9 20×20

T1 fat/sat 704 8.8 2 20×20

T2 6,100 105 2 20×20

T2 fat/sat 7,000 105 2 20×20

T2 13,280 96;105;201 2.5 20×20

TR time of repetition, TE time of echo, FOV field of view, ms millisec-
onds, mm millimeter, cm centimeter
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cheapest solution, but this setup was not heavy enough to
absorb the vibrations transmitted by the table and led us to
increase the weight of the setup. Limited by the size of the
container which had to fit in the 32-channel head coil, we tried
to fill free spaces around the heart in the container with
ordinary sand, but sand contained metallic particles and gen-
erated important artifacts (Fig. 4b). We tried decorative sand,
which did not generate any artifact, but it is expensive and its
density shows great variation according to the provider, caus-
ing inconstant weight distribution. The best compromise to
create a setup with sufficient weight and justifiable costs was
to use a system of two glasses of different diameters with thick
bottoms and walls. The two glasses were placed one within
the other, and the space between the two glasses was filled
with wheat flour. Flour has the advantage of being easy to get,
cost efficient, and user-friendly, and its variability of density is
negligible. We deliberately did not add water to the setup
instead of or in addition to flour, because water MRI signal
could interfere with the studied heart MRI signal.

Filling of cardiac cavities

The analysis of cardiac parenchyma required the individu-
alization of the walls of the two ventricles from the inter-
ventricular septum. To do this, we attempted to use a small
balloon of a urinary catheter, but it generated magnetic
susceptibility artifacts (Fig. 4c) impeding the analysis of
the myocardium in some sequences. The use of small poly-
styrene balls avoided these artifacts, as they do not emit any
signal. However, their handling is inconvenient because of
static electricity. Furthermore, their introduction into the
ventricle cavity and their removal are complicated and time
consuming. We found modeling clay to be an ideal material
providing sufficient stability to keep the ventricle walls
separated and is shapeable, permitting its easy introduction
into glove fingers or wrapping in cellophane paper, in order
to be removed quickly and completely. Modeling clay
showed a low signal in T1-weighted and no signal in T2-
weighted MRI sequences.

Fig. 3 Visualization of coronary
arteries with the contrast agent
Angiofil®). a T1-weighted
transverse sequence in short axis
showing coronary arteries filled
with contrast agent (white
circles). b MIP (maximum-
intensity projection)
reconstruction of the coronary
arteries (white arrows). RV right
ventricle, LV left ventricle, RCA
right coronary artery, LCA left
coronary artery

Fig. 4 Various artifacts observed during the testing of different protocols
and material. a Movement artifacts (white dashed arrows) caused by
vibrations of the MRI table. b Metallic artifacts (white arrows) induced
by metallic particles in sand that was used to weight the containers. c

Artifacts of magnetic susceptibility (white circle) caused by a different
amplitude of magnetization between the air in a balloon, introduced into
cardiac cavities in order to prevent their collapse, and the parenchyma
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Positioning of the heart

As the heart had to be examined ex situ, reproducible posi-
tioning was crucial. The simplest way to perform MRI would
have been in a horizontal position, but the risk was to there
was a risk of compression of the coronary arteries, which
could prevent detailed analysis and possibly lead to misinter-
pretation of atherosclerosis or stenosis. We determined that
vertical positioning was the best way to examine the heart ex
situ, as it avoided compression of the vessels and allowed for
filling of the coronary arteries with contrast agent, “assisted by
gravity.” Indeed, as explained in the next paragraph, manual
filling of the coronary arteries with a catheter was difficult and
we observed that filling was better in cases in which we
performed an initial instillation of the contrast agent, waited
a few minutes with the heart vertically positioned, and then
performed a second instillation. On the other hand, this verti-
cal positioning choice generated new problems concerning
spatial localization, which was not the same as in daily clinical
practice, and the MRI software did not offer the option of
choosing an “upright position” in the technical parameters.
Moreover, it was difficult to recognize the standard radiolog-
ical anatomy of the heart without in situ anatomical land-
marks. A solution was found with the introduction of a cork
stopper into the thoracic ascending aorta and another one in
the pulmonary trunk. Cork stoppers had a number of advan-
tages, such as their diameter, which was close to the diameter
of the thoracic ascending aorta and the pulmonary trunk, their
stiffness, and their MRI-compatible composition. So that we
could quickly locate the different structures of the heart, a
capsule of vitamin E was introduced into the cork stopper
placed in the thoracic ascending aorta. Vitamin E is oily and
showed little signal in T1-weighted sequences, and it was easy
to differentiate it from the two major vessels (Fig. 2c) and
from other structures in the heart. To further facilitate spatial
orientation, the heart was always placed into the head coil in
the same position, with the anterior side of the heart facing the
entrance of the magnet and in the vertical position.

Coronary MR angiography

A major issue with respect to filling the coronary arteries with
contrast agent was to find a catheter that was flexible enough
to permit an easy introduction as far as possible into the
vessels without tearing them and without inducing atheroscle-
rotic plaque migration. Therefore, we deemed small plastic
catheters with a corresponding diameter to be the best choice
for instilling contrast agent into the vessels. For our study, we
chose cardiac catheter introducers that had passed their expi-
ration date. Evenwith this innovation, it was difficult to fill the
coronary arteries properly, due to their small size and the high
viscosity of the contrast agent. Dilution of the oily contrast
agent with 50 % paraffinum perliquidum, together with

passive vessel filling “assisted by gravity,” enabled us to fill
the vessels (Fig. 3b).

Our next task was to find a way to maintain the contrast
agent in the vessels. Ligature of the coronary arteries near their
ostia was not optimal, because of the loss of information
concerning the proximal first millimeters of the vessels. How-
ever, it was the best procedure we could find. We tried to use a
small balloon from a urinary catheter placed in the aorta to
plug the ostia from the outside, but since the contrast agent
was oily, the balloon could not be maintained in place and the
contrast agent flowed out.

Choice of MRI sequences

When choosing MRI sequences, we relied on clinical practice
and experience in the field of cardiac MRI examinations, with
the following restrictions: sequences with proton displace-
ments such as time of flight (TOF), dark blood, and late
gadolinium enhancement sequences [21, 22] require living
patients, cannot be applied to PMMR. Since the MRI device
that we used was dedicated to clinical brain research, the
software did not contain cardiac-specific sequences. Indeed,
some standard clinical sequences, such as proton density-
weighted (PD-weighted) sequences, were missing. Moreover,
we had to comply with a predetermined time schedule for
performing MRI examinations; this limited the examination
time to 1 h per case and compelled us to optimize the choice of
sequences. The usefulness of sequences is determined by the
indication for the exam, and the specific parameters of the
sequences are determined by the chosen coil and the magni-
tude of the magnetic field; in our case, it was 3 Tesla. Since it
is a small organ, ex situ examination of the heart allowed for
the use of a 32-channel head coil and thus a small field of view
(FOV) of 16–20 cm. Thin slices with a thickness of 0.6–
2.5 mm were chosen, which enabled high-resolution images
(Table 1). As in clinical practice, our set of acquisitions
contained T1-weighted (Fig. 3a) and T1-weighted fat-saturat-
ed sequences (Fig. 5a), which permitted a thorough analysis of
the anatomical structures of the myocardium and the coronary
arteries. Our set of sequences also contained T2-weighted
(Fig. 5b) and T2-weighted fat-saturated sequences (Fig. 5c),
which are useful for detecting subsequent edema in cases of
myocardial infarction [23–26]. Two sequences were acquired
in 3D (T1 3D and T2 Fat/Sat 3D), which allowed for post
processing, such as maximum-intensity projection (MIP)
(Fig. 3b) and reconstruction of images in different axes
(Fig. 6a, b).

All of the sequences were acquired along the short axis of
the left ventricle, as in clinical routine; this also correlatedwith
how the organ dissection was performed by the forensic
pathologist in our institute. To avoid complicated manipula-
tions, we decided not to perform acquisitions in the right
ventricle axis, which is performed in clinical practice (e.g.,
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to detect dysplasia). We used the data from the 3D sequences
to reconstruct images along this axis (Fig. 6a, b). All of the
MRI acquisitions were available for analysis by a board-
certified and clinically trained radiologist. Currently, an inde-
pendent radiological study on a larger number of cases is
ongoing in order to evaluate the influence of the postmortem
delay and temperature on the image quality.

Limitations of the presented protocol

Manual filling of the coronary arteries was sometimes subop-
timal and completely dependent on the human manipulation.
However, to our knowledge, an injector device that would
enable filling of the vessels of an ex situ organ, such as the one
that is used with the MPMCTA method, does not exist.
Another limitation is that it was impossible to analyze the
proximal first millimeters of the coronary arteries due to their
ligature.

Because we did not have access to an MRI unit with
cardiac equipment, the presented scanning protocol was de-
veloped while using neurological equipment. Although the
principal choice of sequences is transferable to any other MRI
unit and any other piece of equipment, it will of course have to
be adapted to each unit specifically.

In this study, we did not investigate the influence of the
temperature of the examined heart on the quality of the im-
ages. As the temperature is an important criterion in MRI, this
point has to be clarified in future studies.

Investigation of MRI compatibility of Angiofil®

The contrast agent Angiofil® is regularly used in MPMCTA
[27]. As this method is routinely used in investigations of
cases of suspected natural death due to coronary disease, it
was important to test whether it could also be used for MRI
investigations, particularly because our center believes that
PMMR will eventually be employed after MPMCTA. There-
fore, we had to ensure that the contrast agent does not create
any artifacts that would contraindicate its application in
PMMR. Based on our results, there is no risk of contrast-
induced artifacts and Angiofil® is a suitable contrast agent for
MRI investigations. This fact can be explained by its compo-
sition. As it is an oily liquid, Angiofil® shows a massive fatty
signal in T1-weighted sequence, providing contrast to vessel
lumens, similar to any clinical MRI contrast agent. This, and
the already well-known fact that the oily liquid remains intra-
vascular even hours and days after its injection [28], makes it a
suitable contrast agent for ex situ MRI examination of organs.

Fig. 5 Acquisitions in short axis of the left ventricle. a T1 fat/sat-weighted sequence. b T2-weighted sequence. c T2 fat/sat-weighted sequence

Fig. 6 Reconstruction of
the right ventricle axis.
a T1-weighted sequence.
b T2 fat/sat-weighted sequence
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Our experience also showed that preparation of the contrast
agent differs slightly when used to examine ex situ organs. For
whole-body CT angiography such as MPMCTA, Angiofil®
has to be mixed with paraffinum liquidum (Brenntag, Swit-
zerland) [3]. In order to facilitate manual injection of the
contrast agent directly into relatively small vessels such as
the coronary arteries, we chose to use the less-viscous
paraffinum perliquidum to reduce the viscosity of the contrast
agent. With this mixture, it was possible to opacify the coro-
nary arteries even in their distal parts. An ongoing radiological
study is currently analyzing in detail the quality of the angio-
grams (filling of the arteries, presence of artifacts, etc.).

Conclusion

In this paper, we propose a standardized protocol for an ex situ
heart preparation procedure that includes coronary MR angi-
ography and PMMR examination of the prepared organ with
basic sequences that are routinely used in clinical MRI. This
protocol is reproducible, easy to use, and can be applied
relatively quickly. We also examined the MRI compatibility
of the oily contrast agent Angiofil®, which turned out to be
suitable for ex situ coronary MR angiography.
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