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Abstract: Virtual autopsies (VAs) are non-invasive, bypassing many of the challenges posed by
traditional autopsies (TAs). This is a literature review about the sensitivity of the main VA techniques:
post mortem (PM) computed tomography (PMCT) and PM magnetic resonance (PMMR). This could
help to identify the most appropriate uses for VA, and where future research should focus. A
review was performed, searching for literature from the last 10 years regarding how sensitive VA is at
detecting common lesions that could cause or contribute to death. 33 studies were included. There was
strong agreement that PMCT had strengths in detecting: free gas; fractures; large fluid accumulations;
and calcifications. PMCT’s weaknesses included missing: pulmonary emboli; myocardial infarctions;
and visceral/soft tissue lesions. The strengths of PMMR were less widely agreed, but included
detecting: large fluid collections; myocardial infarctions; and visceral/soft tissue lesions. There were
no wide agreements on PMMR’s weaknesses due to a lack of literature. Therefore, VA is a useful
adjunct to TA; however, its drawbacks in reliably detecting common causes of death restrict its ability
to fully replace TA. Novel imaging techniques are being developed in order to bridge the current
gaps of VA, and make autopsies even less invasive.
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1. Introduction

Autopsies are the examinations of deceased patients which are performed in order to
determine the cause of death. As outlined in Figure 1, autopsies in England, Wales, and
Northern Ireland are carried out for three main reasons. Firstly, if the cause of death has
been clinically certified, but the attending doctor to the deceased has obtained consent from
the next of kin, an autopsy may be performed in order to learn more about the pathology
(hospital autopsy). Secondly, if there is no clinician involved in the care of the deceased
who can certify the cause of death, but the death is not suspicious, the Coroner may order
an examination (coronial autopsy). Thirdly, if the death was suspicious or potentially due
to criminal activity, it may involve both a police investigation as well as coronial interest,
and a more thorough autopsy would be performed in order to find the cause of death, and
to gain evidence to present in a court of law (forensic autopsy) [1].

Traditional autopsies (TAs) are invasive procedures, typically involving an external
examination of the body, and an examination of the internal organs which are obtained by
evisceration of the thorax, abdomen, and skull. This is coupled with a report surrounding
the circumstances of the death, provided by the Coroner’s office, as well as the medical
history of the deceased. If the cause of death cannot be found through macroscopic
examination of the viscera, samples may have to be retained for further histological,
toxicological, biochemical, and /or microbiological analysis.
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Figure 1. A tree diagram demonstrating the simplified general decision pathway undertaken when
ascertaining whether an autopsy is required, and if so, what type. There are various caveats to these
conditions but this diagram provides a general overview.

It is worth noting that coronial autopsies do not require informed consent from the
deceased’s next of kin in order to take place. However, the family and friends of the
deceased may be able to negotiate a limited TA on the basis of certain lesions within the
body. For example, if a clear cause of death has already been found upon thoracoabdominal
examination, the head and skull may not need to be opened in order to examine the brain.
In general though, if the next of kin object to an autopsy taking place on whatever grounds,
this will not affect the Coroner’s decision for one to be performed.

Due to a variety of reasons surrounding the challenges and disadvantages of TAs, the
use of radiological imaging for non-invasive examinations, or virtual autopsies (VAs), is
gaining traction. Most commonly, post mortem (PM) computed tomography (PMCT) and
PM magnetic resonance (PMMR) are being used in various applications to garner more
information surrounding the cause of death. VAs also increase the use of non-invasive and
minimally invasive examination techniques available to pathologists, thereby reducing
the necessity to fully open the body in order to perform an autopsy [2]. As radiological
technology advances, the idea of using VA techniques as a substitute, rather than just an
adjunct, for TA is gaining popularity.

This paper aims to review the literature and ascertain the current position of how PM
imaging is being used in the context of coronial autopsies, and where both the limitations
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and potential advances to these novel examination practices may lie at this time. This paper
will not be addressing the use of PM imaging in specialist paediatric or forensic autopsies.

The Challenges of Traditional Autopsies

There are a variety of different reasons behind the drive to find less invasive autopsy
examination techniques. Historically, an important rationale for this has been the reception
of TA by the public. In particular, among the Jewish and Muslim communities, the disfig-
urement and dissection of the deceased is seen as desecration, and there is a requirement to
bury the body as soon as possible without any unnecessary delay [2,3]. That said, studies
have shown that the wider general public also prefers the concept of non-invasive VA
in comparison to invasive TA [4,5]. There may still be lingering public objection to TAs
following the Alder Hey and Bristol organ scandals in the 1990s, where inappropriate
and unconsented tissue retention took place. There is also evidence that the public may
have cosmetic concerns regarding the large incisions made during TA [6]. Finally, it seems
that VA images are perceived to be more acceptable than photographs taken at TA by
non-medicolegal professionals in the Coroner’s court and the autopsy report, if images are
to be included [7-10].

Further, the outbreak of the ongoing COVID-19 pandemic in early 2020 demonstrated
a need for safer autopsy alternatives to TA, where VA often provided efficient and dignified
examinations for potentially infected cases. This achieved faster turnaround times for the
release of the deceased into the care of the nominated undertaker, and also minimised the
contact between mortuary staff and the deceased; these issues were of grave importance
at a time when both the pathogenicity and transmissibility of the SARS-CoV-2 virus were
poorly understood. Scanning the deceased for VA may also have helped save precious time
and resources as health services were pushed to their capacity and staffing limits during
the pandemic [11].

2. General Overview of Imaging in Autopsy

One of the main methods for PM imaging is the use of X-ray images, a technique that
has been used for a relatively long time now [10]. PM X-ray images allow clear visualisation
of fractures and radio-opaque foreign bodies within the deceased, and in this way are useful
in guiding TAs in certain circumstances, for example in traumatic deaths. This imaging can
also limit the TA, perhaps by providing information that would be difficult to access during
the invasive examination, such as fractures in areas like the base of the skull which would
require extensive, time-consuming, and delicate dissection. Another benefit for taking
X-ray images is the portability and speed. However, a pitfall for this imaging method is
its two-dimensional quality; to gain any appreciation of structures in a three-dimensional
state, multiple X-ray images must be obtained, often through laborious manoeuvring and
balancing of the body into many different positions for each image [10]. This is a tedious
process and in terms of coronial investigations, its usage is limited to specific circumstances
and deaths.

2.1. PMCT

As such, the evolution of more modern, three-dimensional clinical imaging techniques
has taken place, and these imaging methods have emerged into PM investigations, instead
of being used only with living patients. The current availability of imaging methods for VA
are largely PMCT techniques. Full body PMCT scanning is growing in usage for coronial
autopsies, for example where there are large Muslim or Jewish communities [12]. PMCT is
also available privately in Wales and the South of England for families who wish to avoid a
TA for their loved ones [12]. The cost of a private PMCT for the next of kin in these areas is
quoted as £500-£1500 [13-15].
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2.2. PMMR

Whilst PMCT techniques are currently at the forefront of VA in England and Wales,
PMMR methods are also available. The difference in the use of current VA methods may
explain the disparity in the amount of studies reported on PMCT and PMMR; namely,
there is a lot more literature on the former than the latter. Practically, there are many areas
in which PMCT is superior to PMMR. PMCT is both cheaper and faster to perform than
PMMR, with a PMCT taking around five to ten minutes to perform in comparison to the
approximate hour taken for PMMR [4,16,17]. PMCT is also more widely available across
England and Wales; together, these may be the main reasons for the currently more frequent
use of PMCT over PMMR [12,16,18,19]. However, one advantage of PMMR over PMCT
is that MRI scanning does not use radiation in order to acquire images [20], rendering it
a safer VA technique for mortuary technicians, who tend to be the team members who
manoeuvre the bodies in and out of the scanners. On the other hand, one issue posed by
the use of PMMR is metal artefacts within the body; the presence of metal can not only
distort the images on the scan, but may even disrupt the body if ripped out by the strong
magnetic fields used to image [21].

2.3. Overview of the VA Procedure

Typically, the current method for VA is to perform a full-body scan; this would be
undertaken alongside an external examination of the body by a pathologist. As with TA,
this is in conjunction with scrutiny of the Coroner’s office report detailing the circumstances
surrounding the death, as well as the medical records of the deceased [22]. The imaging
would then be interpreted by a radiologist, who then offers either a cause of death to the
pathologist, or a recommendation for TA; a TA would be recommended in the instance that
the scan is inconclusive regarding cause of death, or when there is a degree of uncertainty
regarding any significant lesions on VA. The radiologist’s report will be considered by the
pathologist, who will either proceed with a TA anyway, or complete the cause of death
form on the basis of the lesions seen at VA and the opinion of the radiologist.

2.4. VAus. TA

There are many advantages of VA over TA. The images obtained through VA serve as a
permanent record of the autopsy, unlike during TA, where the body goes on to be destroyed
by cremation or decomposition in burial without any evidence of the lesions except in the
pathologist’s report. Not only would the records of VA enable pathologists to more readily
seek second opinions, but they would also allow more scrutiny of autopsies, which could
help to improve the quality of autopsy reports being produced by pathologists [23-25].

Further, nearly 40% of all deaths being reported to the Coroner in England and Wales
require an autopsy [26]; the increased speed of an accurate VA in comparison to TA has
the potential to help with the management of this huge workload for the mortuary and
pathologist. This could also improve turnaround times to release the body, a positive for
the loved ones of the deceased, but also regarding mortuary storage capacity [8]. This
time-saving and service expansion is also of importance considering the current shortage
of pathologists across England and Wales who are willing to perform TAs [27]. Indeed,
perhaps the emergence of non-invasive investigations would encourage more pathologists
to continue performing PM investigations instead of choosing to opt out.

Lastly, another advantage of VA over TA is the lack of physical contact involved with
the body, since the scans are performed with the deceased remaining zipped in a body-bag.
As aforementioned, this proved to be essential during the COVID-19 pandemic, in order
to reduce the risk of the SARS-CoV-2 virus infecting mortuary staff and pathologists; the
transmission of bloodborne and airborne diseases would be reduced by a lower number of
TAs. Further, this practice contains any entomological infestations of a decomposing corpse
within the body-bag, reducing the risk of infestation spreading to other bodies as well as
within the mortuary itself, particularly during the hot summer months. A non-invasive
autopsy also means that fewer sharp instruments are used, reducing the risk of needlestick
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injuries for mortuary staff and pathologists, as well as further transmission of bloodborne
diseases [28].

However, there is a caveat: these advantages of VA can only be achieved through
accurate diagnoses. If a VA is performed and no cause of death can be found, the TA may
have to be performed anyway. This combination of TA following VA would result in an
invasive examination regardless, as well as prolonged turnaround times in comparison to
TA alone, not to mention the cost of both autopsies instead of one. As such, the accuracy
and effectiveness of VA techniques must be optimised in order to justify using VA as a first-
line investigation into the cause of death, as well as the financial and spatial investments in
setting up such services.

Finally, it is an unfortunate fact that not every mortuary, particularly public mortuaries
which are not part of a hospital, has the space or funding to realistically consider on-site
installation of VA scanning facilities. This would mean transferring bodies to other facilities
in order to perform scanning, which is timely and costly. If mortuaries do have scanners
on site, they may have to share the usage with scans for living patients; this juggling
could mean longer waiting times for autopsies to take place, depending on how busy the
hospital is.

3. Materials and Methods

A ot of the literature surrounding VA provides opinions on the strengths and weak-
nesses of both PMCT and PMMR, particularly surrounding PMCT owing to its relative
ubiquity and lower costs. The results of the studies are rarely consistent; some provide
statistics, whereas others provide less specific results, and more of a general overview.
Table 1 demonstrates trends of opinions on the individual sensitivity of both PMCT and
PMMR to detect specific lesions found commonly at coronial autopsy.

Table 1. A broad summary of conclusions and findings from studies regarding the strengths and
weaknesses of both PMCT and PMMR in their sensitivity in detecting various clinical and pathological
PM findings that may contribute to finding the cause of death. This is not in comparison to autopsy,
but rather as a general overview of whether each imaging method is able to detect certain pathologies
when performing VA. This table also clearly demonstrates an unfavourable imbalance in the amount
of literature examining PMMR in comparison to PMCT, which may reflect fewer PMMR facilities
available for VA use.

Relatively Sensitive Relatively Non-Sensitive

PMCT PMMR PMCT PMMR

Bony injuries

General fractures [1,9,16,23,24,29-42] [41]
Rib fractures [36,40,42,43] [18]
Free gases and fluids
Gas accumulations [9,16,23,30,31,33,34, [18]
e.g., pneumothorax, pneumoperitoneum 36,38,40,42,44]
Large fluid collections [1,16,23,24,30,31,33, [16,18,24]
e.g., haemothorax, haemopericardium, ascites 34,42,45-48] T
Small blood collections [9,23,33,45]
Cardiac findings
Aortic ruptures [38]
Aortic dissection [1] [16] [16]
Arterial and valvular calcifications [1,16,24,34,45,46,49] [24,49]

Structural cardiac and coronary vascular information,

e.g., structural abnormalities, arterial stenoses,
atherosclerosis, coronary thromboses,
cardiomyopathies

[1,24,29,31,34-36,50,51] [24]

Myocardial infarction [16,24,52] [1,16,24,31,46,49,50,53,54]
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Table 1. Cont.
Relatively Sensitive Relatively Non-Sensitive
Lesion PMCT PMMR PMCT PMMR
Myocardial fibrosis [36]
Heart failure [34]
Infective endocarditis [1]
Cardiac cause of death (without specifying) * [46] [55]
Pulmonary findings
Pulmonary embolism [1,16,24,29,31,39,53,54] [16,24]
Pneumonia [1,30,46,54] [24,29,34,39] [24]
Pulmonary oedema [1,34]
Pleural effusions [30,31,34,36,40,46]
Soft tissue injuries
Visceral /soft tissue lesions [18,24,41,44] [9,31,32,35,36,38,40]
Intramuscular haemorrhage [18,41] [23,36]
Gastrointestinal findings
Pancreatitis [1]
Gallstones [1] [24] [24]
Cirrhosis/fatty liver [1]
GI ulcers [1,24] [24]
Gl ischaemia [1] [24] [24]
GI haemorrhage [30] [29,34]
Other findings
Intracranial findings, e.g., herniations and midline
shifts, tumours, mfgrcts,gabscesses, cerebral oedema L2220 o L2
Intervertebral/spinal findings [23] [37]
Meningitis/encephalitis [1]
Neoplasms [1,30,45] **
Abscesses [1]
Foreign bodies [1,34,36]
Sepsis [24,29] [24]
Intoxication [1,31,34,40,46]

* These studies noted that the VA was able to detect that the cause of death was cardiac, but that this was unspecific.
** his study noted that PMCT was able to detect neoplasms but only when nearing 1 cm in size.

For the contents of Table 1, the University of Manchester online library (https://www.
library.manchester.ac.uk/) (accessed from 19 April 2022 to 10 June 2022) was used to find
studies which researched the strengths and weaknesses of each VA method in detecting
various lesions which could contribute to ascertaining the cause of death in the deceased.
Papers were searched between 2012 and present, with search terms including: “autopsy”;
“post mortem”; “imaging”; “CT”; and “MR”. Any literature reviews found were also used
as a source for references, but conclusions from reviews were not directly used as a data
source. Earlier studies published before 2012 with large sample sizes were used as a source
for literature through their citation lists of later studies which had referenced them. Only
studies published in English were used.

Omitted literature included: studies that included only paediatric or foetal autopsies; studies
including under 20 cases per mode of imaging; and studies which only performed and analysed
combined PMCT/PMMR VA instead of comparing both imaging methods individually.

Some of the studies did include a small number of bodies belonging to children
above the age of one; however, since these studies were primarily adults, they were
included. Additionally, although this paper does focus on coronial autopsies only, studies
that researched forensic autopsies were also read, before being cherry-picked if any of
their results concerned natural or non-suspicious findings that could apply to coronial
autopsies too.

Further, many studies focussed on detecting lesions within specific areas of the body,
instead of performing a general VA. Some of these more targeted studies were included if
their focus was appropriate for application in a general VA. For example, a study research-
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ing PM neuroimmunology would have been deemed too specialised for day-to-day VA
application in coronial autopsies.

Some studies included a sufficient sample size, but the numbers of individual patholo-
gies found within the bodies were small; any conclusions made by the studies in relation
to these sparse lesions were not included in these data. For example, if a study reported a
100% detection rate for aortic dissection by PMMR, but only two of the bodies from their
sample had this lesion, this rate of detection was deemed insufficient to include in the
results since it reflected the 100% detection of only two present lesions. Further, if a study
demonstrated or claimed no clear strength or weakness for a VA method, these results were
not included in the table either. For example, if only 50% of myocardial infarctions found
at TA were detected by PMMR, this was deemed to be neither a demonstrable strength nor
weakness of the imaging technique.

Various steps were taken in order to minimise the effect of bias. Confirmation bias was
minimised by not collating all data into a table from the beginning, but instead drawing
conclusions of strengths and weaknesses from individual studies before adding all the
data together at the end. This was to avoid spotting certain trends within the data and
thereby seeking results from the literature to agree with these emerging patterns. Selection
bias was minimised by reading the abstracts of every study in both the citation lists of
earlier literature, as well as all of the studies which were presented by the online library
when these specific search terms were inputted; the abstracts of studies with titles that
were clearly not relevant for the purposes of this paper were not read, for example those
mentioning foetal autopsies.

4. Results

Table 1 provides an outline of how widely-acknowledged the levels of sensitivity
for different lesions for both PMCT and PMMR VA methods are. This table is also a
clear demonstration of the imbalance between the number of studies reporting on PMCT
and PMMR.

4.1. VA: The Strengths

As outlined in Table 1, PMCT and PMMR both have different strengths regarding their
sensitivity in detecting different pathologies. It is widely agreed that PMCT is particularly
sensitive when detecting: fractures; large fluid collections including blood and effusions;
ectopic air; calcifications; and intracranial findings. Most of these specific strengths render
PMCT a particularly useful tool for investigating traumatic deaths. Indeed, PMCT has been
found to actually be more sensitive than TA in the detection of bony injuries [56], excluding
rib fractures. However, it is worth mentioning that this is often due to the location of the
fractures, many of which may not be found in routine dissections, such as in the limbs, face,
and neck [8,38,57]. However, because PMCT allows the documentation of bony injuries
located in these hard-to-reach areas, in this way, a more thorough examination of fractures
in traumatic deaths can be performed without performing a more invasive dissection. This
also provides a huge benefit for the next of kin of the deceased who may wish to view the
body following autopsy; dissection of the face is often a disfiguring process [10]. If these
procedures can be avoided, it can only be a positive outcome for the bereaved.

Further, through its ability to differentiate between densities, PMCT allows the differ-
entiation of bone, fat, water, and gases [17]. In particular, the ability of PMCT to image free
gas accumulations renders it an extremely useful tool in the diagnosis of deaths involving
ectopic air which would be immediately lost upon evisceration, demonstrating a strong
advantage of PMCT over TA [23,54,58,59]. Namely, the pathologist must have a high degree
of suspicion for a pneumothorax, pneumoperitoneum, or gas embolism in order to test for
these findings prior to commencing full evisceration of the body; the use of PMCT would
detect the gas accumulations within the body in these cases, and therefore could act as a
screening tool for such causes of death which may be easily missed at TA. Even if tests
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for these accumulations of free gases were performed prior to full evisceration at TA, the
PMCT would still be useful in detecting smaller collections of gases.

Conversely, PMMR complements PMCT in its sensitivity of contrasting pathologies.
PMMR has been shown to have use in the detection of soft tissue abnormalities and lesions,
as well as intracranial findings, although these conclusions are far less widely agreed than
the strengths of PMCT due to there being fewer studies reported. Nonetheless, this strength
in imaging pathological soft tissues renders PMMR a valuable tool in the non-invasive
examination of intracranial and cardiac deaths [16,60]. For example, PMMR could allow
the examination of the most superior region of the spinal cord, which is often severed and
damaged at TA during removal of the brain [10]. This is particularly helpful given the
generally poor performance of PMCT to detect soft tissue lesions and cardiac pathologies,
with the exception of arterial calcifications.

Further, intramuscular haemorrhages and lymph node swellings have been found
to be detectable by PMMR, demonstrating its potential use in investigating deaths by
hanging or applied pressure to the neck [41,61]. However, it is worth mentioning that
PMCT would likely be necessitated in conjunction with PMMR in such deaths, since bony
and cartilaginous fractures, for which PMMR has a lower sensitivity, are valuable diagnoses
when considering death due to neck injury [41,61]. That said, one retrospective study did
find that PMCT often missed fractures of the hyoid bone and laryngeal cartilages; whether
this was down to inexperience of the PM radiographic interpretation, at least in part, was
unclear, although in most cases the lesions were still not detected even during revision of
the imaging [23].

4.2. VA: The Weaknesses

As summarised in Table 1, the glaring Achilles” heels of PMCT seem to be the detection
of: pulmonary emboli; visceral and soft tissue lesions; and cardiac pathologies (excepting
vascular calcifications). Unfortunately, together, these are common causes of death encoun-
tered by the autopsy pathologist. This means that in many cases, PMCT will be unhelpful
in detecting any lesions at all relating to the cause of death, so either a PMMR or TA would
need to take place afterwards anyway.

As outlined above, PMMR is widely acknowledged to be superior to PMCT when it
comes to detecting pathology within soft tissues and organs. This suggests that together,
PMCT and PMMR could cover a lot of pathological ground when performing a VA. How-
ever, since there is a lot less literature on PMMR than on PMCT, these conclusions are not
as widely acknowledged. In fact, there was such a sparsity of literature surrounding the
weaknesses of PMMR that no wide agreements or clear conclusions could confidently be
drawn from the data. For example, one study comparing both PMCT and PMMR diagnoses
with TA results found that PMCT was unable to detect a single cause of death due to
myocardial infarction or pulmonary embolism out of a possible 27 cases [16]. Within the
same study, PMMR only detected half of the deaths due to myocardial infarction. Another
study found that PMMR had strengths in identifying a cardiac cause of death, but that
detection of an acute myocardial infarction over other cardiac causes of death was less
sensitive [55]. As such, it seems that more research may need to be performed in order to
set a standard against which lesions by PMMR could be confidently determined.

Unfortunately, there are many common pathologies that have been noted by multiple
studies to commonly missed upon both PMCT and PMMR, including: pulmonary emboli;
intestinal infarction; sepsis; metabolic conditions; intoxication; meningitis; pancreatitis;
perforated peptic ulcers; and coronary heart disease [21,24,27,29]. Again, since these are
not especially rare PM findings, the role for either VA method, or even using both together,
to perform an entire examination does seem limited.
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5. Discussion
5.1. Sensitivity vs. Specificity

Whilst PMCT and PMMR may be sensitive in detecting certain findings, many are
not specific and do require further dissection at TA in order to ascertain the cause of death
and avoid misdiagnosis. For example, PMCT may detect a haemopericardium, but it is
not able to reliably indicate whether this was caused by a vascular rupture or a ruptured
transmural myocardial infarction [1,24,62]. Again, PMCT can detect a pneumoperitoneum,
but will often not be able to locate the perforation [1].

Another common issue was the ability of VA to differentiate between causes of high
pulmonary density, although there is seemingly no consensus on this matter within the
literature. Some studies claim that whilst PMCT can detect an increased attenuation in
pulmonary parenchyma, its ability to differentiate between pulmonary oedema, perhaps
due to heart failure, pneumonic consolidation, and even hypostasis, is poor [1,24,34,50,63].
One of these studies mentioned that although they found that lobar pneumonia could often
be detected by PMCT due to its localisation, there was a risk of mistaking other pulmonary
pathologies for infection [1]. Other studies reported that PMCT was able to accurately
differentiate between pneumonia and pulmonary oedema [30,46,52].

5.2. The Current Potential Uses for VA

Whilst a high sensitivity with low specificity may mean that VA cannot replace TA
in many cases, it can certainly serve a purpose to guide the TA, informing the pathologist
where lesions may lie. For example, even if PMCT cannot provide the aetiology of increased
pulmonary density, its ability to detect this finding could guide the pathologist to perform a
more thorough examination of the lungs. Similarly, VA findings may be able to indicate the
presence of certain pathologies, even if those pathologies themselves cannot be detected.
For example, although PMCT cannot reliably detect visceral lesions themselves, its ability
to locate blood collections may help to suggest that organ damage may be present nearby,
since haemorrhage often accompanies many significant visceral injuries [64].

On the other hand, using similar methods, the VA could also potentially rule out
other areas of the body where no obvious findings were detected; for example, PMMR
could play a role in ruling out pathological intracranial findings, meaning that an invasive
examination into the skull would not be necessary. Therefore, the VA could limit the TA to
one anatomical region: a more acceptable autopsy for the bereaved, but also a method for
streamlining the pathologist’s dissection and examination.

There are also clear strengths for VA, promoting its use as an adjunct to TA in particular
circumstances of death. For example, the great ability of PMCT to detect fractures would
enable the pathologist to provide a far more thorough report regarding injuries to the
deceased in traumatic deaths, without having to spend time dissecting hard-to-reach areas.
This would save time and also render the TA less invasive.

VA could also be a useful screening tool to test for causes of death which are commonly
missed at TA. For example, should the case history suggest that a pneumothorax may be the
cause of death, a test may be performed at TA before full evisceration is completed and the
ectopic air is lost. However, PMCT could screen for pneumothoraces in cases where there
may be a scanty case history, or where there is no high suspicion of pneumothorax. Given its
high sensitivity for free gas accumulations within the body, a PMCT could therefore either
flag up a pneumothorax for the pathologist to confirm at TA, or if the scan is conclusive
enough to prove a deadly pneumothorax, avoid TA altogether.

VA could also have use as a triage tool; this may have been useful during the COVID-
19 pandemic, especially at the start when the dangers of infection from an infected body
posed to pathologists and mortuary staff were largely unknown. For example, an option
could be to scan all bodies arriving at the mortuary in order to check for common pul-
monary changes found in individuals infected with the virus. Namely, these are most
commonly bilateral ground glass opacities, often with a ‘crazy-paving’ appearance, and
consolidation [65-68]. This could have helped to triage cases with high suspicion of SARS-
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CoV-2 infection, prompting a nasopharyngeal swab of the deceased for virological PCR
testing to confirm the pulmonary cause of death, thereby avoiding a full TA. Unfortunately,
this would not have been possible at first, since it would have taken time to identify what
specific pathological changes should be expected in the bodies of those infected with the
SARS-CoV-2 virus, through performing TAs on deceased, infected patients, as well as
through ante mortem (AM) scans obtained from living, infected patients. Further, we must
acknowledge that, particularly in the cases of new and emerging diseases, TA will always
serve to support scientific research and help us to understand new illnesses through histo-
logical examination; a mortuary service performing VAs alone would not have provided
information surrounding the histological changes seen in deceased patients infected with
the SARS-CoV-2 virus.

In conclusion, despite the pitfalls of PMCT and PMMR, VA can serve as a useful
adjunct to TA in certain cases, providing extra information or guiding the TA. VA may be
able to limit, or even replace a full TA, in cases with specific causes of death where VA is
found to be highly sensitive and specific for certain lesions. Perhaps in the interest of saving
time and money, cases could be cherry-picked through careful scrutiny by the pathologist
of both the medical history of the deceased and the report of circumstances surrounding
the death. This triaging system could allow an informed decision as to whether PMCT or
PMMR would be most appropriate for each specific VA, in order to reduce the necessity for
subsequent VA or TA in order to find the cause of death. Further, VA could also be used as
an adjunct to screen for deaths and lesions that may be commonly missed at TA, providing
more accurate causes of death in such cases, but also aiding the pathologist in performing a
more complete and thorough autopsy.

5.3. The Challenges of VA

Despite these potential uses for VA as an adjunct to TA, an issue which must be
considered should be the role of interpreting VA images. Due to a number of PM changes
that occur in the human body, the interpretation of both PMCT and PMMR imaging is
not identical to that of AM scans. These significant PM changes detected by VA include
phenomena such as: increased pulmonary parenchymal density due to hypostasis [63];
increased levels of intrarectal and intrahepatic gas [69]; shrinking of the adrenal glands,
kidneys, and spleens [70]; presentation of bilateral opacities and bronchovascular bundle
thickening in lungs without pulmonary pathologies [71]; differences in the presence of
intravascular air, intestinal distension, and pleural effusions between patients who received
CPR and those who did not [44,60]; the false-positive appearance of a subarachnoid haem-
orrhage upon imaging [1,72]; loss of grey-white matter differentiation within the brain [44];
and the production of intraosseous, intracranial, and intraperitoneal gas by decomposi-
tion [24,73]. Indeed, one study found that 9.7% of all clinically relevant PMCT findings
were due to PM changes in the body [30]. These changes, by their nature of occurring
after death, are not encountered routinely by clinical radiologists; as such, their detection
could mimic or mask other pathologies, and therefore mislead VA interpretation when
utilised by a radiologist unfamiliar with or untrained in PM imaging [23,45,60,74]. As such,
the high incidence of such PM changes as well as their potential implications regarding
misdiagnosis may suggest that further training into PM radiology is required for routine
VAs to take place [30].

Therefore, the challenge remains with both pathologists having little radiological
training, and radiologists having little training in the interpretation of PM images [7]. Even
the clinical approach of the radiologist has been noted to differ between AM and PM cases;
the focus of AM scans is to interpret and guide treatment for the future, whereas the inter-
pretation of PM scans centres on looking backwards as to how the pathological findings
came to arise [74]. Currently, multi-disciplinary collaboration and good co-operation be-
tween pathologists and radiologists is recommended for the interpretation and application
of VA [7,27]. It is also imperative that the reporting radiologist should have adequate
experience in the interpretation of PM scans as well as knowledge of PM changes that
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occur within the body. However, whether this would mean more radiological training for
pathologists, more PM training for radiologists, or even the union of both specialities and
conception of a new role, such as a “necroradiologist”, remains to be answered [19,74-77].

That said, further research into novel techniques used to combat PM changes in the
deceased may help to negate the need for more radiological specialisation. For example,
experimental use of PMCT coupled with continuous positive airway pressure ventilation
has been trialled in order to combat the collapse of pulmonary parenchyma in order to
better differentiate between pathology and PM changes [7]. Artificially filling the lungs
with air seems to improve the detection of smaller lesions and pathologies by reducing the
impact of hypostatic changes on the images of pulmonary parenchyma [78].

A further challenge for VA is financial cost, which is always an important consideration
for any service funded by the public authority. One study investigating the feasibility of
performing VA in daily practice observed that the financial hospital cost of a single PMCT
scan was the same as the clinical AM CT scanning of four body regions [79]. This was the
same cost as performing minimally invasive CT-guided needle biopsies, regardless of how
many samples were taken. The specific figures for the aforementioned procedures were not
published within the paper; nonetheless, it raises the issue of whether VA replacing TA is
financially viable for many institutions.

Similarly, another issue lies in the fact that even though many lesions can be detected
by one method of VA or another, this would require two scans: a PMCT and a PMMR. This
would be a huge expense, more time-consuming, and also is unrealistic in many instances;
there is already a shortage of either scanner for mortuaries to access, let alone two types
of scanner per VA. Even if both a PMCT and a PMMR scan could be performed, there are
still a number of common pathologies that are commonly missed by both VA methods. In
these cases, three examinations would need to be carried out: one PMCT scan; one PMMR
scan; and finally one TA. When a single TA would be sufficient to determine cause of death,
more work must be done to ensure the reliable diagnosis of these common causes of deaths
by VA before it can be considered a replacement for TA.

Lastly, one further weakness of VA is simply the lack of colour in the images. Colour,
and indeed smell, can both be valuable tools for the pathologist when determining the cause
of death [10]. For example: the faint smell of alcohol often present when the deceased was
intoxicated at the time of death; the classic ‘blue bag” appearance of a haemopericardium
upon removal of the sternum; or the dark discolouration of an ischaemic bowel.

5.4. Limitations of This Review

One issue concerning the data collection for this review was the variety throughout
the content of the literature. The studies varied hugely between one another in many areas:
whether they were testing sensitivity or specificity; whether or not the studies were blinded;
whether the studies were looking for causes of death only or recording all lesions; how
many radiologists and pathologists were working on the autopsies; the experience that
those particular staff members had in the interpretation of VA; the experience that those
same staff members had regarding PM changes within bodies; the extent and variety of PM
changes present within the bodies; and whether the various findings were reported as data
or as general conclusions. To add to this variety, the sheer number of different but specific
lesions made the data difficult to group and present in a way that was not just a single
claim from a single study; hence Table 1 demonstrates a broader overview of grouped
pathologies. The disparities in the different focuses and methods of the literature made
more specific conclusions difficult.

A further limitation to this review was the inability to assess the overall accuracy of
VA to find the correct cause of death. There were so many different standards against which
research groups worked and based their conclusions upon: some studies reported varying
degrees of certainty and possibility decided by the radiologists, whereas others used more
of a binary decision as to whether VA had found the cause of death. Further, a small
number of studies, in the event of their VA finding a certain cause of death according to



Forensic Sci. 2022, 2

707

their methods, would then not perform a TA. Whilst we do not question the expertise of the
radiologists or pathologists regarding these decisions, it does raise the issue of no control
autopsy being available against which to compare the VA findings and their specificity.

Similarly, in the specific cases of ectopic air, there remains the issue of the blind
studies. The detection of gas accumulations was the second most widely agreed strength
of PMCT within the literature, following fractures. However, in the blind studies, where
TA was performed by pathologists who had not had access to the PMCT results, these
gas accumulations would likely have often been missed. This is due to the testing of
ectopic air not being a particularly routine procedure performed in every single TA. As
such, the detection of any gas accumulations at VA may not have frequently had a control,
since it would have been immediately lost upon evisceration if not specifically tested
for beforehand.

6. Emerging Techniques for VA

Despite the array of challenges surrounding VA, there are undoubtedly strengths for
both PMCT and PMMR, and their various advantages over TA are driving the development
of new techniques. These novel methods may help to tackle the weaknesses of both VA
methods, as well as help them to provide a more reliable and thorough examination of
the deceased.

6.1. PM Angiography

Cardiovascular diseases are very common causes of sudden death in adults living in
developed countries [9,29,80]. This fact, along with the pitfalls of both PMCT and in many
cases PMMR to identify coronary vascular pathology, has helped to drive the evolution
of VA into angiographic use. There has been great development in the practice of PM an-
giography (PMA), whereby PMCT coronary angiography (PMCTA) and PMMR coronary
angiography (PMMRA) can be performed by combining PM scanning with the injection of
intravascular contrast agents. These methods help to bypass the limitations of PMCT and
PMMR by providing detailed coronary imaging in the cases of cardiac-related deaths [7,81].
PMCTA and PMMRA allow minimally invasive opacification imaging of the cardiac vas-
culature, through intravascular infusion of contrast agent into the coronary arteries via
a small incision into the left common carotid artery and subsequent catheterisation. The
main benefits of PMA include the same general advantages that VA has over TA, and also
the ability to detail vascular occlusions and stenoses without the destruction of the cardiac
tissues from dissection, as is the case during TA [81].

Further, PMA allows the visualisation of hard-to-reach areas along with those which
may prove difficult to dissect due to post-surgical scarring and anastomoses [81]. PMA can
also be used to visualise vasculature of other regions, including the abdomen, head, and ex-
tremities, potentially in the investigations of haemorrhagic or ischaemic pathologies [11,81].
Some VAs even include whole-body PMA to visualise the vasculature of the entire body [81].

Some studies have found that PMMR has strengths lying in identifying areas of my-
ocardial ischaemia, with evidence that PMMR can detect even hyperacute myocardial
damage which may not be visible at both TA and histological examination at such early
stages [60,81,82]. It is worth noting that the pathology seen in PMMRA would also be found
using PMCTA, and so in the interest of finances and scanner availability, PMCTA would
seem to be the preferable choice for PMA [81]; however, the complementary strengths of
PMMR and PMA make them useful techniques for thorough cardiac examination during
VA. Notably, the strength of PMCT in locating arterial calcifications may be used to asso-
ciate heavy calcifications with an increased probability of significant vascular occlusion;
however, this method cannot accurately determine the degree of occlusion and therefore
may warrant further research [11]. PMCT may sometimes be able to detect ischaemic
myocardial thickening found in cases of chronic infarction, but it is not a sensitive method
for investigating deaths caused by myocardial infarction [81].
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Perhaps surprisingly, it has been found that PMCTA is still possible even in heavily
decomposing bodies and those infested with maggots, although the diagnostic value does
decrease; this is due to the destruction of tissues due to autolysis and putrefaction [73,83].
Whilst there is not much literature in this area, the findings may provide an avenue for
future studies.

In terms of where we may see PMA explore in the future, the use of lipophilic contrast
agents has been found to enhance infarcted myocardium [82,84]; this could be extremely
useful in obtaining a more comprehensive understanding of the cardiac pathology through
PMA techniques alone, without having to perform further scans or even a TA as well.
These specialist methods for non-invasive cardiac PM examination are great steps towards
bridging the gap of soft tissue imaging in VA.

6.2. Pulmonary Emboli—A Major Pitfall of VA

Pulmonary emboli are a relatively common cause of death encountered by the coronial
autopsy pathologist [1,85,86]. Unfortunately, this means that the ability of VA to detect
clots within the pulmonary vasculature remains a huge challenge.

One recent study has trialled the use of PMCTA in order to better visualise the pul-
monary arteries, and thereby attempt to tackle the weakness of VA in its ability to detect
pulmonary emboli [87]. In this study, using CT-guidance to inject contrast medium into
the right ventricle allowed the visualisation of the pulmonary arteries and therefore high-
lighted any filling defects. This is similar to an earlier study where again, PMCTA was
used to identify large clots within the pulmonary arteries [86]. Another singular case study
showed that performing chest compressions on the deceased shortly after death (within
an hour or so) could restore blood flow to the pulmonary arteries and therefore distribute
peripherally injected contrast medium to the area for PMCTA [88]. However, this method is
not practicable for application on bodies requiring a coronial autopsy, since these cases need
time-consuming administration before an autopsy can be performed. This is also alongside
the fact that very few people die, are found, and then are brought to the public mortuary
within such a short space of time. Overall, whilst these studies were successful in detecting
any large arterial blockages, there was still the issue of differentiating between clots formed
during either AM or PM coagulation; this would often result in a TA being performed
anyway in order to examine the embolus. However, the presence and visualisation of filling
defects was a useful tool in flagging up cases with suspicions of a pulmonary embolism
being the cause of death.

Further studies have researched PMMR and its use in cases of fatal pulmonary em-
bolism. One small study used PMMR to detect pulmonary emboli in eight cases [89];
whilst they found that the VA was useful for detecting filling defects within the pulmonary
arteries, again, the challenge to differentiate between AM and PM clots persisted. Another
case study has demonstrated a potential use of proton density PMMR images to differ-
entiate between AM and PM clots in cases of potential pulmonary embolism [85]; this
was achieved by providing more detailed soft tissue differentiation, and thereby helped
to differentiate more uniform pulmonary emboli from more disorganised PM clots. It is
encouraging to see work tackling the diagnosis of the fatal pulmonary embolism by VA,
but there is still a long way to go before this gap is bridged.

6.3. VA-Guided Biopsies

An issue remains that even if VA can identify regions of pathology within a body,
tissue samples may still be required for full histological examination by the pathologist.
As such, even if the VA has successfully identified lesions, an invasive examination of the
body may still be required in order to retrieve visceral samples. However, new methods
are being developed in order to sample tissues from inside the body, without fully opening
the body up. One strategy to make autopsies as minimally invasive as possible has been
the use of CT-guided needle biopsies. This method relies on performing a VA and using
the pathological findings on the scan to indicate where histological samples should be
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removed, before taking small pieces of tissue via needle biopsies from the viscera without
fully opening the body.

One recent study compared the quality of histological samples taken at TA with
pulmonary and hepatic tissue samples from the same bodies taken via CT-guided needle
biopsies [90]. It found that the lung biopsies missed the right diagnosis in over one third of
cases in which there was pulmonary pathology to find; however, for the hepatic biopsies,
over 90% of the samples showed findings that were consistent with the pathology found in
the samples taken at TA. Another similar study compared needle biopsy tissue samples
with tissue samples taken at TA, but from more organs: cardiac, pulmonary, hepatic, renal,
and splenic as standard, plus other tissues if lesions were also suspected elsewhere within
the body [91]. Here, it was found that the results of the minimally invasive autopsy agreed
with the cause of death found during TA in 92% of cases. However, this latter study
used both PMCT and PMMR for the VA and imaging-guided biopsies, which may explain
in part the higher yield of diagnostic histological samples. The results of both studies
show promise for VA-guided needle biopsies, and perhaps suggest that with further VA
training, wider access to both CT and MRI facilities, and improved sampling techniques,
the sensitivity and specificity of CT-guided needle biopsies may increase the use and
availability of minimally invasive autopsies.

6.4. PM Micro-CT

PM micro-CT (PMmCT) is the use of CT at a resolution high enough to image microme-
tres [81]; the limited resolution of hospital CT scanners means that micro-CT is performed
on specialised machines, although their availability is currently limited [92]. The current
PM use of micro-CT lies mainly in foetal autopsies, as well as providing detailed analysis of
subtle cartilaginous and bony fractures in forensic investigations [92,93]. However, PMmCT
has been found to provide cardiac detail to nearly the same level of histological examination
of tissue samples [81]. Since micro-CT can allow such high resolution imaging of internal
structures without any invasion or dissection of the specimen [94], perhaps future advances
in PMmCT and specialist training could one day lead to a completely non-invasive autopsy
without compromise of the detail and quality of the pathologist’s investigation.

6.5. PM Ultrasonography

In want of a less invasive, fast autopsy technique due to the COVID-19 pandemic,
a recent study has examined the use of PM ultrasonography (PMUS) as a non-invasive
autopsy examination method [95]. A much older study demonstrated that certain lesions
can be detected by PMUS, including: cardiac hypertrophy; fatty changes to the liver; and
ascites or intra-abdominal bleeding [96]. Whilst it is acknowledged that PMUS cannot
provide anywhere near the detail of PMCT and PMMR, perhaps it has use as a back-up
for non-invasive examinations in specific circumstances, given its dynamic nature and
contemporaneous imaging. It could also help to guide the TA in certain situations, for
example by locating haemorrhage in traumatic deaths and thereby potentially limiting
the extent of the invasive autopsy. However, given that ultrasound waves cannot travel
through air, it remains to be ascertained how much the gas production in decomposition
would hamper PMUS results [95]. That said, the ability of ultrasonography to detect air
through the fact that air very much disrupts its signal could perhaps work as a quick, cheap,
and easy screen for pneumothoraces in bodies before commencing TA. However, given
the prevalence, speed, and low cost of ultrasonography, the fact that there is very little
literature on its use in autopsies may betray an extremely limited capacity for PMUS.

6.6. Toxicological Deaths

Another current limitation to VA has been deaths involving drug toxicity, where blood
samples are required for further specialist toxicological analysis and often, little can be
seen upon imaging [12]. Whilst these toxicology samples can be taken as a minimally
invasive procedure through using a syringe to remove blood, typically from the femoral
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vein, the general consensus is that VA has limited use regarding the examination of these
toxicological deaths [34,64]. However, there is potentially an opening for the use of PMCT in
deaths by oral drug overdose; one study showed that in a cohort of 23 deaths by known oral
drug overdose, 87% of the PMCT scans performed showed high gastric radiodensity [97].
In a different study, another case was found to have high density gastric contents visible on
PMCT which was later correlated with ingestion of a large volume of organic solvent [31].
These findings of high gastric X-ray absorption could merit further research into the use of
PMCT for cases of death by suspected oral drug ingestion.

Another case study demonstrated the appearance of a large number of pills (which
turned out to be Bupropion) within the duodenum of a body, detected by PMCT [98].
Although the cause of death turned out to be intoxication by other substances, the presence
of so many tablets within the deceased on the scan was a clear indication of suicidal intent,
and could have been able to guide the autopsy in regard to sampling blood for toxicological
analysis through minimally invasive means. Again, whilst PMCT may not be able to
ascertain a cause of death in cases of lethal intoxication, there is a potential for its use as an
adjunct to evolve.

7. Conclusions

PMCT and PMMR each have individual strengths and weaknesses, in practical, fi-
nancial, and imaging terms. VA can provide detailed, non-invasive information about
the whole body, although for truly thorough imaging, at present, one method would not
be sufficient to adequately analyse all areas. There are still flaws in the ability of VA to
detect very common causes of death when used in general coronial investigations. As
such, VA is currently a useful adjunct or preliminary investigation method to TA, but not
a replacement just yet; the usefulness of VA seems to depend on the circumstances and
pathologies surrounding the death. However, together, VA and TA may be able to achieve
a more complete and thorough autopsy than either method alone. That said, since the role
of the coronial autopsy is to simply determine the cause of death, incidental lesions, no
matter how detailed, which do not contribute to the overall cause of death may often be of
little relevance to the pathologist and therefore the Coroner.

That said, VA is a useful tool in its unique advantages over autopsy in detecting
specific lesions common in certain circumstances of death, and so may have more useful
applications when cherry-picked for use in specific situations, such as traumatic deaths.
VA could also be used to focus a limited TA, or to enable a minimally invasive autopsy
through VA-guided biopsies; these uses acknowledge the ability of VA to detect lesions, as
well as its lower reliability in ascertaining their aetiology or specific nature.

As the availability of VA facilities, particularly PMMR, increases, it may be useful
to produce similar studies comparing VA using PMMR with TA, in order to balance the
literature, which currently heavily favours PMCT; this could give a wider insight into the
applications of VA and when they may best be used to complement TA. As technology
advances and imaging techniques continue to emerge and improve, VA may grow in its
use as an adjunct to TA, and autopsies may continue to become less and less invasive.
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