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Abstract The virtual autopsy and post-mortem imaging methods are
relatively novel methods used in medicine to determine cause and
manner of death. They can also be exceptionally useful in the process
of identification. Although they have numerous advantages, they are
still not implemented in practice to a sufficient extent because the
methodology has not yet been validated, and studies that deal with
legal and practical implications of those methods are relatively scarce.
In this article we describe basic principles and advantages of the
methodology, explore related legal and practical issues, and present a
case of virtual autopsy in practice on the mummified remains of St.
Ivan Olini from Church of St. Blaise in Vodnjan (Croatia).
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1

Introduction

In the most general sense, an autopsy is considered as an internal and external
examination of a dead body with the aim of revealing the cause of death (Fernando,
2008). There are usually two main purposes to conduct an autopsy: forensic and
clinical/medico-legal. In the clinical context, the main objective of an autopsy is to
discover how a patient has died, but it has been also used for decades as a crucial
tool in the process of teaching and training medical students. Unlike the clinical
autopsy, a medico-legal autopsy has many objectives, including identification,
estimation of the time of death, analysis of the injuries (identification,
documentation, and assessment of their importance), identification of natural
diseases, identification of poisons, as well as identification of medical treatments
(Payne-James et al., 2014). A primary component of an autopsy is the dissection of
a body, which not only can very often be traumatic for the family of the deceased,
but also can be unwelcome or even forbidden in different cultural and religious
settings (Krentz et al., 2016; Mohammed & Kharoshah, 2014; Payne-James et al.,
2014; Thali et al., 2009). In some situations, an autopsy is performed when there is
no objective need for performing it, whereas, on the other hand, sometimes it is
necessary but not sufficient to only perform an autopsy to obtain all information
needed. Therefore, many countries in modern times employ advanced nondestructive imaging techniques commonly used in every-day diagnostic procedures
that can provide a number of additional data and sometimes even replace the
conventional autopsy (Thali et al., 2009; Payne-James et al., 2014).
The most important type of post-mortem imaging is “virtual autopsy” (also known
as Virtopsy®), coined by Prof. Richard Dirnhofer from Bern University (Wirtschaft,
2001). Virtual autopsy uses 3D imaging as opposed to the visual examination of the
body. To accomplish internal examinations of the body, the virtual autopsy uses
multi-sliced computed tomography and/or magnetic resonance imaging and/or
surface scanning techniques, whereas for other types of testing it can employ postmortem angiography or biopsy using the robot. Like traditional autopsy, the aim of
virtual autopsy is to assess injuries, the cause and manner of death, and identity
(Schweitzer et al., 2014; Thali et al., 2009). However, it has a potentially broad
application in the modern era where numerous objections to traditional, invasive
autopsy are lodged on legal, ethical and religious grounds (Thali et al., 2009).
There are numerous advantages to the virtual approach. First, the virtual autopsy is
a non-destructive method of examination, so that relatives of the deceased are more
likely to accept this kind of post-mortem examination, especially because it
overcomes many ethical and religious considerations. Second, in contrast to the
traditional autopsy, use of virtual autopsy allows for the acquisition of data that is
not dependent upon one examination and examiner, i.e., on the experience and
methodology of dissection techniques. Third, use of virtual autopsy allows for the
collected data to be standardized. Fourth, another major benefit of virtual autopsy
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is that it allows the possibility of an unlimited number of experts to be involved
from any part of the world. Fifth, in additional to opening up the possibility for
international cooperation on the part of various experts in the field, virtual autopsy
also allows for the possibility of reopening the case when the body is buried or
cremated. Lastly, virtual autopsy can be useful for other forensic purposes, as it can
be partially applied also on the living victims. virtual “autopsy” is particularly useful
for analyses when the injuries are healed (Bolliger & Thali, 2015; van Kan et. al.,
2017).
Application of MSCT, often called post-mortem CT (pmCT) in this context (Blum
et al., 2018), is nearly synonymous with the virtual autopsy procedure. In practice,
MSCT scanning is most often applied to all methods that are included in virtual
autopsy (Zimmermann, 2011). The major strength of CT is the possibility of
locating and visualizing fractures, foreign bodies, accumulation of fluids, and gases
(Blum et al., 2018; Bolliger & Thali, 2015; Makino et al., 2017). It is also important
in postmortem ballistic analysis, as it enables analysis of injuries, as well as bullet
path within and outside the the body (Garetier et al., 2017; Tuchtan et al., 2017; van
Kan et al., 2017). Moreover, CT is used to perform angiography in order to visualize
traumatic vascular pathologic conditions, as well as to identify and diagnose various
cardiovascular diseases, and can reveal numerous natural causes of death as well
(Ross et al., 2014).
MRI, on the other hand, can be used in situations where CT has certain inherent
limitations; namely, in the examination of soft tissues and organs. In comparison to
the CT, MRI can more clearly identify various pathologies as well as injuries
located on the soft tissue (Bolliger & Thali, 2015; Ling, 2010).
Post-mortem biopsy and surface scanning are also integral parts of the full virtual
autopsy procedure. Post-mortem biopsy is usually performed for sampling the organ
parts for histological analyses, but it can also be employed for sampling tissues and
fluids necessary for microbiological and/or toxicological analyses. Another
advantage of post-mortem biopsy is that it uses the robot for sampling, thus
decreasing the possibility of infection (Bolliger & Thali, 2015). Surface scanning,
on the other hand, has distinct advantages since it can provide valuable information
and can be especially useful for accurate depiction and three-documentation of the
body surface in real color (Bolliger & Thali, 2015; Ebert et al., 2016).
Virtual autopsy methods have a special role in the forensic context when the identity
of the person is not known and the remains are skeletonized, putrefied or mutilated,
or in cases of mass disasters, as they can provide identification data and enable
analyses of injuries (Dedouit et al., 2014b).
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Identification can be conducted by the comparison of post-mortem and ante-mortem
data. The most useful approach is dental image comparison or comparison of
specific anatomical structures, such as frontal sinuses, normal variations on the
skeleton, degenerative changes on the bones, healed (ante-mortem) fractures,
calcifications, congenital, and other types of abnormalities and diseases (Bolliger &
Thali, 2015; Dedouit et al., 2014b, Ebert et al., 2016; Gascho et al., 2018; Thali et
al., 2010;). If ante-mortem images are not available, the only solution is a
reconstructive identification, which is basically the process of constructing one’s
biography based on anatomical features and anthropological standards. This process
usually consists of an estimation of sex, age at death, population affinity, and
average stature but it can also include an examination of specific pathological and
traumatic changes, as well as normal variations (Dedouit et al., 2014b; Iscan &
Steyn, 2013; DiMaio & Francis, 2001).
Another identification means also is to examine foreign bodies such as surgical
devices or implants. Those materials include prostheses, peacemakers, wires, plates,
screws, etc. (Bolliger & Thali, 2015). The detection, location, and visualization of
foreign bodies are of great importance in forensic science not only because this is
essential for the reconstruction of the event and analysis of injuries but also because
it allows for the examination and visualization of material evidence. Furthermore,
images and 3D models can provide very accurate dimensions of the objects, which
is of special importance in cases of evidence that has identification value, e.g. bullet
fragments. MSCT images can also reveal the type of material the analyzed objects
are comprised of and thus provides potentially useful evidence in forensic matters.
It accomplishes this by measuring radiopacity, i.e. a relative inability of radiation to
pass through a specific material (Liu & He, 2018). Most importantly, all of the
abovementioned analyses and procedures can provide data not only without
destroying the evidence but also even without touching the evidence (Bolliger &
Thali, 2015). Recently, (Baier et al., 2017) showed that important evidence can be
printed on 3D printers, and those models can be used as demonstrative evidence in
court. In their case, they used a CT scan of the victim’s skull to make a printable
model they presented at the trial to demonstrate the injuries and the type of weapon
used. As scans obtained by virtual autopsy can also be easily converted to 3D
models, this example shows a great potential of combining virtual autopsy with 3D
printing technologies in the future. These scans could be used to examine not only
crucial body parts, like in the above case, but also a wide variety of forensic physical
evidence like weapons and bullet parts.
An additional benefit of using the virtual autopsy in court is the fact that it can
reduce the negative impact of exhibiting disturbing photos on the family, jurors, and
judges (Bolliger & Thali, 2015). Virtual autopsy visualization also has the salutary
benefit of improving and easing communications between legal experts and forensic
scientists. In that way, forensic experts can present complex findings using 3D
illustrations or animations, in a fashion which is much more comprehensive than
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using traditional autopsy methods, while at the same time being simpler and more
easily understood by those who are not familiar with a particular scientific field or
methods (judges, jurors, lawyers etc.) (Zimmermann, 2011).
Virtual autopsy and post-mortem imaging methods are usually perceived as
alternatives to traditional medico-legal autopsies. However, their application can be
much more expansive if we consider that virtual autopsy can be used in tandem with
the real autopsy so as to capture the benefits both methods have to offer. Virtual
autopsy is particularly useful in cases involving decomposition or complex fractures
because this method preserves the integrity of anatomical structures. On the other
hand, in cases of gas embolism, virtual autopsy can provide valuable information
not only on the presence of the gas but also its distribution and amount (Bolliger
and Thali, 2015). Virtual autopsy can be used before an autopsy along with external
examination to determine if there is actual need to perform an autopsy in a particular
case (Zimmermann, 2011).
Therefore, virtual autopsy, conducted completely or partially, can evidently provide
valuable data for both the forensic sciences and the legal system. Nevertheless,
unlike traditional forensic methods, and despite its many benefits and advantages
over the traditional autopsy, as previously discussed in this paper, virtual autopsy is
still relatively underrepresented in forensic and legal literature. Thus, it is not widely
known to what extent the methods of the virtual autopsy are applied in practice and
whether they are accepted in different legal systems. Also, even though procedures
and potential applications are elaborated upon in the literature, the authors could not
locate many examples of complete cases. This lack of literature makes it difficult
for scientists and practitioners without experience in virtual autopsy to gain
sufficient knowledge and critical insight into the application of its methods.
In this article, we aim to explore the extent to which methods included in the virtual
autopsy are actually employed in practice, accepted and included in the law and
regulations. A further goal of the study is to provide a concrete example of the
application of the methodology and to show principles of virtual autopsy in practice,
particularly in cases with greater time lapse. In the first part of the paper we will
analyse legal context and practice, whereas, in the second part of the paper, we will
present the case of the virtual autopsy on the mummified remains of St. Ivan Olini.
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2

Examples of virtual autopsy application in Europe: legal context and
practice

Virtual autopsy, in some form, is performed across the globe. Although the form
can vary depending on the country and specifics of a case, in most cases the
prevailing method of choice is CT imaging. This can be achieved by post-mortem
CT (pmCT), a device specially designed for this type of examination but also very
often in everyday work on in-hospital devices. Virtual autopsy/post-mortem
imaging can, in theory, serve as a substitute for the traditional autopsy. In practice,
however, it usually is employed to help determine whether an autopsy is truly
necessary (Zimmermann, 2011). Currently, the only literature the authors located
that provides an overview of the application and legislation regarding the virtual
autopsy is an article by Zimmermann (2011), who conducted a comprehensive
analysis and contacted many experts from different countries to provide necessary
information. Here, we will briefly summarise the most important findings that cover
the topic and will provide information about virtual autopsy in the European
framework.
Switzerland, the country where the virtual autopsy method was born, has been a
leader in post-mortem imaging (Zimmermann, 2011). In fact, Bern is, to the best of
our knowledge, the only place where virtual autopsy with all included procedures
is implemented (pmCT, pm CT angio, pmMRI, pm biopsy, and surface scanning).
However, virtual autopsy is utilized more frequently in health research than in
practice, where it is reserved only for special cases. In practice, pmCT is performed
along with autopsy as an adjunct method, i.e., when a responsible person has already
decided that there is a need for an autopsy. In criminal trials in Switzerland, imaging
has already been accepted as reliable and therefore admissible evidence in several
forensic cases (Zimmermann, 2011; Nissan, 2012).
In Denmark, CT imaging usually supplements an autopsy in all cases involving
unknown or suspected death. Sweden employs a similar practice, but not all cases
include pm imaging. Also, many other European forensic institutes, like those in
France, use in-hospital CT and perform imaging, but only as an adjunct to autopsy
(Zimmermann, 2011).
On the other hand, some countries perform forensic imaging as a triage for an
autopsy, i.e. to determine if a specific case needs an autopsy. In Germany, for
example, CT imaging is in some cases a part of the external inspection that usually
proceeds an autopsy. Based on the information provided by those two methods
together, a practitioner can make the decision whether to perform an autopsy or not.
The pm imaging sometimes can also replace traditional autopsy, but it is particularly
common in cases of sudden infant death syndrome (SIDS) (Zimmermann, 2011).
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In the United Kingdom, the pm imaging methods can be used as a triage, but they
also are performed in the majority of cases involving suspicious deaths in tandem
with an autopsy. Also, sometimes they can be an alternative to the classical autopsy,
most commonly in high risk cases such as HIV or other infections (Zimmermann,
2011). Recently, post-mortem imaging techniques have been used in investigating
pediatric forensic deaths (non-accidental injuries and sudden unexpected deaths in
infancy), as well as in perinatal autopsies (Arthurs et al., 2017).
Italy makes available the possibility of performing routine post-mortem imaging as
a triage and the prosecutor can authorize pathologists to conduct post-mortem
imaging to supplement an autopsy. Interestingly, in mass fatality cases that include
more than ten victims, post-mortem imaging techniques such as CT and MRI have
already replaced the traditional autopsy (Zimmermann, 2011).
Although medical practitioners have recognized the usefulness of virtual autopsy
and post-mortem imaging, the legal systems in most of the countries have been slow
to recognize that trend. That is to say, while those methods are not specifically
forbidden by law in most countries, nevertheless they are not specifically mentioned
in regulations either. Commonly, when regulations mention autopsy, they allow for
the possibility of implementation of other methods along with autopsy, but
regulatory language employs vague terminology such as “additional” or “other”
methods and we could locate no laws or regulations that specifically discuss usage
of post-mortem imaging or virtual autopsy, despite the fact that imaging techniques
like x-ray images have been used as evidence for decades (Zimmermann, 2011;
Thali et al., 2010).
Zimmermann (2011) also draws attention to numerous issues that may stem from
the law not being sufficiently developed in this area, thus leading to a legal vacuum
of sorts, such as issues pertaining to personal rights, informed consent, data privacy,
and proper methods of storing imaging material. Trumping those issues, however,
is probably the question of the acceptance or admissibility of post-mortem imaging
techniques in court, particularly in cases when the report of findings includes only
the stand alone results of imaging analysis without classical autopsy having been
performed. Also, sometimes the lack of legal structure and framework can hamper
this type of analyses as there is no particular legal basis that would form the basis
for a request for some of the post-mortem imaging procedures discussed above in a
criminal investigation.
In Croatia, for example, while The Law on Health Protection (Official Gazette
82/13) prescribes specific cases when the autopsy is mandatory, it fails to provide
any details about the specific procedures to be used. The Rulebook on the
Examination of the Dead and Determination of Time and Cause of Death (Official
Gazette 46/11) regulates autopsy in somewhat more detail, but only to the extent
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that it defines who can conduct an autopsy, what documents are necessary, and the
form of those documents. However, the Regulation does not specify the form the
autopsy procedure should take. Accordingly, not only is the Regulation silent on
issues pertaining to virtual autopsy, post-mortem imaging, and other supplementary
methods, but additionally the Regulation contains no descriptions of the
“traditional” autopsy procedure either. Although Regulations do not mention novel
or additional methods related to the autopsy, according to Croatian legislation and
practice, the court has the discretion to accept any method that can aid in the trial
(if they are not specifically forbidden). However, we do not have sufficient data to
inform us on the question of the number of medical and legal medicine examiners
that rely upon this technology to present their opinion to the court. However, to the
best of our knowledge, there is no systematic education of law enforcement agencies
about the many benefits and advantages that virtual autopsy can provide.
In order to contribute to the development and acceptance of these alternative
methods in the legal system it is crucial to raise awareness of their existence and
utility and to provide a comprehensive and complete example of the implementation
of their methodology in practice. As we are not able to present actual forensic cases
due to legal restrictions and data privacy protection, in the following chapter we
will present the case of a virtual autopsy on the mummified body of St. Ivan Olini
and describe the methodology used and the results obtained.
3

Virtual autopsy of St. Ivan Olini

3.1

Background

As previously mentioned, a virtual autopsy can be performed not only immediately
after a person has died but also after some time period post death. The lapse of time
can be months or years, but as we shall see, sometimes can be even centuries and
millennia. Research on historical cases support this claim (Mihanović et al., 2017;
Appleby et al., 2015; Dedouit et al., 2014a; Kristóf et al., 2015) but especially
interesting cases are those of the remains with mummified tissues, as the preserved
soft tissue and skeletal remains allow for the evaluation of pathological findings and
assessment of the probable cause of death. For example, the study of a young male
mummy from Peru revealed him to be a part of a sacrifice ritual (Cobo, 2010).
Radiographs of a mummy of an infant from the Pachacamac site in Peru revealed
the presence of a stone knife in the neck base (Eeckhout & Owens, 2008).
Additionally, research on an Egyptian mummy demonstrated the usefulness of an
MSCT for investigating the method of mummification (Jackowski et al., 2008). One
of the most interesting cases from the historical and forensic viewpoint was the case
of King Tutankhamun, where the methodology used for analysis revealed additional
important information. Namely, a previous historical hypothesis that he died in a
battle was rejected as no perimortem trauma was found on MSCT images.
Furthermore, researchers discovered that he suffered from several disorders such as
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bone necrosis, Köhler disease II, clubfoot and oligodactyly. The possible cause of
death was a consequence of a leg fracture that could had been caused by a fall, and
which could progress and be lethal in combination with his malaria infection
(Markel, 2010; Hawass et al., 2010).
The mummies of special interest are those of saints, due to growing interest from
religious groups, and for cultural, and heritage reasons. Mummified bodies of saints
can be attributed to three historical periods: ancient Roman time, the Middle Ages
and modern times. Mummies from the Roman period are mostly in the form of body
parts, whereas medieval mummies are usually fully preserved. It is believed that
mummification of most of the medieval mummies was natural due both to
favourable conditions in catacombs as well as the burial ritual with balms (Petaros
et al., 2012). In the modern period, the bodies have mostly been subjected to
artificial mummification in order to preserve the bodies for religious purposes
(Fulcheri, 1996). The majority of mummified saint bodies in Europe are located in
geographic areas with strong Christian heritage, mostly in Italy, but also in Spain
and Portugal. As Italy and Croatia are sharing their borders on the Adriatic Sea, it
is not surprising that throughout history some of the mummies had been transferred
to Croatia. An example of such a transfer can be found in the church of St. Blasius
in Vodnjan, which curates both the mummified bodies of saints as well as
mummified body parts. These mummified bodies were transferred to Croatia from
Italy by the painter and collector Gaetano Gressler (Del Ton, 1929) during the
French revolution. Gressler left the collection as a permanent heritage to the church
and the municipality, under the contract with the pontiff of the parish church of St.
Blasius and city authorities in 1818. In 2009, the mummified bodies of the saints
were brought to the University of Split and Clinical Hospital Center in Split,
Croatia, for the purpose of radiographical examination. In our study, we tested the
forensic imagining approach on mummified remains of St. Ivan Olini and
performed a virtual autopsy of the body.
3.2

Choice of the imaging methodology

We took several radiographic methods into consideration before radiographic
imaging. The first method was two-dimensional digital radiographic imaging,
which often serves as an imaging technique in radiological studies of mummies
(Lynnerup, 2010; Cosmacini & Piacentini, 2008). The advantage of this method is
that it can be performed using mobile equipment (mobile x-ray unit, phosphor plate,
digitizer), so x-ray examination could be made inside the church premises. But this
method would not be useful to obtain a 3D image and the assessment of the state of
preservation of soft tissues. The second method of choice was magnetic resonance
imaging (MRI). For this methodological approach, the remains would need to be
taken out of the sarcophagi where they were stored in. Although it is often thought
that mummified tissue could not be studied using MR imaging because of the low
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water content in mummies, ultrashort echo time technique proved to be useful in
the evaluation of mummified tissue (Öhrström et al., 2013; Panzer et al., 2013a).
However, the major limitation to this technological approach was the possible
presence of the metal parts usually stored along with relics of saints (Mihanović et
al., 2017).
The third method taken into consideration was an examination by the MSCT
(Bushong, 2013). Although there is a possibility of using a mobile MSCT device,
we ultimately rejected this approach because of its high cost. An advantage of
MSCT is that it provides superior details of the anatomic structures, mainly because
of its higher spatial resolution (Öhrström et al., 2013). To acquire high-quality
imaging, the MSCT device has to fulfil minimal technical characteristics, such as
the spatial resolution of 25 lp/mm (line pair per millimetre) and the possibility of
archiving raw data. Multidetector computed tomography offers a detailed
noninvasive analysis of objects on/in the mummies with 3D imaging and it is
frequently used in the study of mummies (Saleem & Hawass, 2014; Davey et al.,
2013; Panzer et al., 2013b; Dedouit et al., 2010; Jackowski et al., 2008). MSCT
provides a reconstruction of the axial tomographic plane using a computer by
multiple measurements from several hundred projections during a single rotation of
360º. By movement of the table during imaging and the rotation of the x-ray tube
and detectors, a volumetric or spiral scanning data is acquired, enabling the
evaluation of data from the volume of the scanned object (Pettersson & Allison,
1998).
3.3

Transport and storing

As the degree of preservation of mummified remains was not known and had yet to
be analyzed, the transport of the remains was the most hazardous part of the study.
The transport and preparation for examinations needed careful preparation in order
to prevent further damage to the bodies and to enhance the possibility of proper
radiographic imaging.
For the purpose of the transport of the mummified saint bodies, the wooden coffins
were made in specific measurements that allowed passing of the casket through the
MSCT device (open bore: 70 cm). The coffins were made by the Croatian
Restoration Department. Also, a thin wooden laminate was prepared in order to
transfer the bodies from the sarcophagi to coffins without contact and destruction
of the material.
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3.4

St. Ivan Olini’s biography

The mummified body evaluated in this study is that of St. Ivan Olini. He was born
in Venice in 1225 and became a priest at the age of 43. He was especially engaged
at the time of the plague, as he helped the ill and the dying. After his death in 1300,
his body was buried in a sarcophagus. His body was later transferred to the church
of St. Sebastian. In 1400 Pope Bonifacie IX made a declaration which is still kept
by the side of the Olini mummy. Francesco Bembo, the Venice bishop, formalized
the worship of Olini in the church of St. Sebastian and worshiping permission also
confirmed the patriarch Giovanni Tiepolo in 1622 (Del Ton, 1929; Jelenić, 2000).
3.5

Imaging procedure and analysis

The examination was performed on an MSCT device, Somatom 16 (Siemens,
Erlangen, Germany), which has 16 rows of detectors and the spatial resolution of
30 lp/mm. The body was spirally screened in two acts due to coffin length of 200
cm. Scanning parameters were: 120 kVp, 162 mA, protocol name – Body Angio
Routine, Convolutional Kernel B30f. The slice thickness of acquisition slices was
160.75 mm, and were afterward reconstructed to 2-mm-slice thickness for 2D
images. All data was stored on a CD, and the database in the device was deleted
afterward. Using software DICOM viewer, Osirix v.3.9.4 (Pixmeo, Geneva,
Switzerland) 2D images were post-processed with Multiplanar reconstruction
(MPR) and Volume Rendering Techniques (VRT). Also, we analyzed the values of
Hounsfield Units (HU) on different locations through the entire scan so as to
differentiate bones, remains of the soft tissue, other materials and artifacts. The
Hounsfield scale shows “relative densities determined by CT”. On the Hounsfield
scale, water is defined with 0 HU, whereas the air is defined with -1000 HU
(Johnson et al., 2014).
After the reconstruction, an interdisciplinary team reviewed the images and drew
the conclusions about the mummification process, its state of preservation,
preserved anatomical structures, and pathological findings. The interdisciplinary
team consisted of one radiology expert, three biological anthropologists, one
anatomist, and one pathologist/court medicine examiner. The decisions on final
interpretations were made by consent.
3.6

Results

All CT values of soft tissues were negative and smaller than those of an unmummified body with water-containing soft tissues. The examination of the
anatomical structures revealed that the remains of internal organs were preserved.
Brain tissue remains (CT values-505 HU) were visible on the inner surface of the
parietal bones because of the body position – lying on the back with the head
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positioned on the left side (Figure 1). The remains of the lungs and other internal
organs were also visible and were positioned on the posterior and/or distal side due
to post-mortem body position. VRT 3D method revealed that the ligaments were
preserved and were well visible particularly near joint surfaces. The remains of all
major muscular groups were also preserved. Blood vessels were clearly visible,
especially arteries and veins.

Figure 1. The position of the head and remains of soft tissues.

No pathological and traumatic changes were seen on the remains of the soft tissues.
Also, the examination of the body did not reveal any signs of artificial
mummification (Jackowski et al., 2008).
All bones were in their anatomical position and completely preserved. The
examination of the skeleton revealed pathological changes on the sacrum and the
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lower limb. The posterior laminae of all the sacral vertebrae were not fused, forming
a wide canal. According to Eubanks et al. (Eubanks & Cheruvu, 2009), the defect
would be graded as stage III (“pan-sacral”) closure failure (S1–S5 vertebrae).
Myelomeningocele, meningocele, or lesions communicating with the environment
were not visible so that we made the diagnosis of the spina bifida occulta (a hidden
form of the bifid spine) (Figure 2).

Figure 2.VRT 3D image, sacrum, posterior view.

Also, the rotational deformities of the left hip, the femur, and the tibia were visible
(Figures 3 and 4).
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Figure 3. VRT 3D image, anterior view of external rotation of the left hip.

Figure 4.VRT 3D image, anterior view of the lower extremities.
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We also found clubfoot deformity on the left foot (talipes equinovarus) (Figure 5).

Figure 5.VRT 3D image, deformity of the left foot.

4

Discussion and conclusion

In this article, we elaborated upon the possibilities and advantages of implementing
methods of virtual autopsy; explored the legal background and practical application
of post-mortem imaging methods in Europe; and, presented all steps of the virtual
autopsy from the choice of imaging methodology to the final results of the virtual
autopsy. Through this broad study, we enabled a wider audience, including forensic,
medical, and legal experts to familiarize themselves with the science of forensic
imaging and virtual autopsy. This is crucial not only for the continuous development
of the methodology but also for acceptance of the methods in practice and for longterm adaptation of legal systems to novel technologies. As a general proposition,
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most legal systems will not find such methods admissible in evidence if they have
not gained general acceptance in the scientific community. To the best of our
knowledge, this is one of the rare studies that employed an interdisciplinary
approach and combined law, theory, and practice to show the possibilities of virtual
autopsy. The example that we provided in the study demonstrated that autopsy can
be successfully conducted even after seven centuries. Also, the examination of
pathological changes and disorders that we found of the mummified body can also
be applicable to contemporary forensic cases in the process of identification and
analysis of the cause of death.
The virtual autopsy and post-mortem imaging are surely the technology of future.
As we demonstrated, these methods have numerous advantages in determining the
cause and manner of death, identification, material evidence examination, and
interpretation. Additionally, they allow non-destructive analysis, which provides a
way of visualization and presentation that could overcome communication
problems between forensic and legal experts. However, they suffer from several
disadvantages at the moment, which is why they cannot substitute traditional
autopsy in all cases. Specifically, virtual autopsy cannot provide information about
the odour and texture of organs, as well as volume measurements, which may be of
great importance in diagnostics (Bolliger & Thali, 2015; Jakobsen et al. 2016).
Additionally, when dealing with poisoning as the cause of death, virtual autopsy
without toxicological analysis is not a viable option (Hayakawa et al., 2006). Also,
using only post-mortem imaging poses challenges in ruling out natural causes of
death. For example, arrhythmogenic coronary artery disease, which is the prevailing
cause of sudden deaths, cannot be determined using virtual autopsy (Bolliger &
Thali, 2015).
One of the closely related limiting factors is also the present lack of information and
available sources related to the degree of the inclusion of virtual autopsy and postmortem images in legal regulations and practice. Namely, to the best of our
knowledge, at present time the only available source that deals with the legal and
practical implications of virtual autopsy and post-mortem imaging is Zimmerman’s
study (2011), which is at this moment probably outdated. However, the Zimmerman
study has inherent limitations because it is based mainly on personal
communications and the study of regulations from only a few countries, and those
limitations make it impossible to obtain current data without conducting a novel and
systematic study of the implementation of virtual autopsy and post-mortem imaging
in Europe. According to the Zimmermann study (2011), virtual autopsy and postmortem imaging methods are not represented in laws and regulations, although the
application of additional methods, along with traditional autopsy when necessary,
is usually permitted. Due the present shortcomings in the law, virtual autopsy
methods are probably significantly under used in practice to the extent they could
be especially when we consider the advanced state of both their scientific and
technical development. Post-mortem imaging is mostly conducted in tandem with
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the traditional autopsy. This is true in some countries always, and in other countries
in special cases only. Less frequently, the methods are applied before an autopsy as
a triage procedure, in order to decide if a specific case needs an autopsy. Virtual
autopsy and post-mortem imaging as standalone methods in most countries are
reserved for specific cases, such as high-risk infection, SIDS or mass fatalities
(Zimmermann, 2011; Arthurs et al., 2017). The lack of resources and equipment
could also be a reason why the post-mortem imaging and virtual autopsy technology
is not utilized more frequently. Not all institutions have access to the necessary
imaging equipment, and even when they do, the equipment’s utility can be limited
in an in-hospital setting (Bolliger & Thali, 2015). This situation is probably mostly
the case in smaller countries which have limited resources. One of the important
issues is the intention of governmental bodies and legal systems to reduce the cost
(Bolliger & Thali, 2015). However, these institutions often lose sight of the fact
that, short-term cost layouts aside, in the long-term, the implementation of postmortem imaging can actually serve to reduce cost (Blokker et al., 2016). This
assertion is best confirmed by Zimmermann (2011) with the example of
Switzerland, where the price of a complete virtual autopsy is about 5000 AUD
(around 2300 €) while the price of a forensic autopsy is around 2500 AUD (about
1600 €). But, if we consider that in most cases a CT imaging is sufficient and only
costs around 500 AUD (about 320 €) per hour, the application of this technique can
lead to a significant price reduction (Zimmermann, 2011). Also, even in cases where
imaging is not used instead of traditional autopsy, application of post-mortem
imaging in the process of triage could result in price reduction because the number
of unnecessary autopsies could be minimized. There are also multiple non-financial
benefits associated with imaging that are important for the development of health
services and medicine in general. Primarily, it is the possibility of using imaging in
the teaching realm and for research purposes, which is also one of the main reasons
why scientists need to continually improve virtual autopsy/post-mortem imaging
and advocate their application in practice.
The method used for virtual autopsy in the present study showed that the digital
images acquired using MSCT were obtainable and of great benefit even when the
time lapse from death to imaging was significant and when the body was
mummified. The application of MSCT methodology on the body of Ivan Olini
revealed that the remains of internal organs, muscles and ligaments were preserved,
and as a consequence we were able to access the pathological condition of the
remains. Although we used only MSCT, as other methods were non-appropriate,
this method was sufficient to perform virtual examination. These results
demonstrate the vast potential and utility of the methodology, even in cases where
only one of the available methods can be used. Considering the fact that we were
dealing with a medieval mummified body, the possibilities of the application of
MSCT in the virtual autopsy of recent cadavers are nearly unlimited. One of the
additional advantages of these methods is the possibilities presented for the
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education of medical doctors, especially radiologists and legal medical examiners.
Our analysis revealed that Ivan Olini’s internal organs were preserved, which in
turn enabled us to perform the autopsy. Although we have examined the remains of
the soft tissues, we have not found any pathological or traumatic changes in them.
However, the examination of the skeletal features revealed numerous pathological
findings. The first finding was spina bifida occulta on the sacrum. Although the
earliest description of bifid spine was published in 1610, and Virchow first
described spina bifida occulta in 1875 (Simalcsik et al., 2011), the classification of
spinal dysraphism, including bifid spine, was not conceived until 2008 by Sav
(2008). He classified spinal dysraphism into three categories: spina bifida cystica,
aperta, and occulta. Spina bifida cystica involves myelomeningocele or
meningocele; spina bifida aperta involves lesions communicating with the
environment; and, spina bifida occulta indicates a hidden form of spinal dysraphism
with anomalies located at the bottom of the spine (Sav, 2008). The etiology of this
disease is yet unknown, but potential causative factors include the lack of folic acid
in pregnancy (MRC Vitamin Study Research Group, 1991), maternal nutritional
status, teratogenic factors and genetic factors (Lovett & Gatrell, 1988). The neural
tube closes at the 28th week of intrauterine life and the failure of closure along the
spine causes bifid spine (Fishman, 2003). The bifid spine is a very frequent
anomaly, and the frequencies of bifid spine vary among the published population
data from 1% to 30% (Albrecht et al., 2007). Although bifid sacrum is a relatively
common finding in the osteological material (around 10% of specimens) (Ortner,
2003), some authors have found isolated populations that have the prevalence of
sacral bifid spine of almost 30%. The most cases of bifid spine on the sacrum
reported in archaeological materials are spina bifida occulta (Simalcsik et al., 2011).
Some authors have associated bifid spine with other pathologies such as posterior
vertebral disk hernia or neurological abnormalities of the legs (Junghanns &
Schmorl, 1971) while some reported the cases with progressive deformities of a
lower limb (Brailsford, 1953). Other authors have demonstrated that patients with
bifid spine have several hip, knee and ankle rotational deformities. These
deformities can be either acquired or congenital. Some of the congenital deformities
include kyphosis, hip dislocations, clubfoot and rotational deformities of the lower
extremities. The acquired hip developmental deformities are usually caused by the
muscle imbalance and paralysis around the hip joint and can involve contracture,
subluxation, and dislocation. The knee can be affected by the flexion, extension,
valgus, instability and pain, which is the result of numerous factors such as static
forces of positioning, fibrosis of surrounding muscles, muscle imbalance and
fracture malunion. The bifid spine in the low lumbar area usually presents with
associated valgus knee deformity (Swaroop & Dias, 2009). The bifid spine can also
be accompanied with tibial torsion, which is then considered as part of a congenital
deformation (Swaroop and Dias, 2009). In the present study we found the bifid
spine, rotational deformities of the hip, femur, and tibia, as well as the clubfoot,
which indicates that those pathological changes were probably a consequence of a
congenital deformation.
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The case of the mummified body of Ivan Olini showed that the application of the
whole body MSCT, even without the use of other imaging techniques, can be
sufficient for drawing conclusions about the pathological changes and state of
preservation. Considering that the analysis was useful in historical person analysis,
its usefulness in the present day forensic context would be significantly greater, as
the analysis can provide nearly endless data on diseases and trauma and can serve
for comparative identification when ante-mortem data are available.
Taking into the consideration the advantages of the virtual autopsy, post-mortem
imaging techniques, and the results of the present study, we strongly recommend
that virtual autopsy should be used to a much greater extent both in legal medicine
and anthropology. One of the major initial steps in this process is to implement at
least MSCT imaging in forensic cases before employing a traditional autopsy or as
an adjunct method. This way we could enhance the quality of the results and their
presentation in particular cases, provide the possibility of second opinions and also
contribute substantially both to the long-term development of this methodology and
cost reduction. Also, when these methods are used more frequently in practice it
will enrich knowledge of the scientists and practitioners and probably become a
standard method in forensic pathology and radiology.
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