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Lung dysfunction causes significant mortality and morbidity and

is a key organ in post-mortem investigation. Post-mortem (PM)

medical imaging is being increasingly used, with computed

tomography (CT) the most widespread modality. PMCT is used

either as a supplement or an alternative to autopsy, especially in

cases where autopsy is not possible or undesirable.

Unfortunately, natural PM-processes in the lung obscure

radiological interpretation in the dead, which accordingly is very

different from the living. Interpretationof PMCTthereforerequires

special training and experience. The lung is also relatively difficult

to examine during conventional autopsy, but diagnosis is

improvedby histological processing to allow exvivo identification

of infections and other pathological conditions. PMCT can

examine the lung in-situ and is even superior to autopsy in certain

aspects (especially for pneumothorax, small nodules and

showing extent of abnormalities). Ventilated PMCT can be used

to mimic clinical breath-hold procedures to improve overall

pulmonary imaging quality.
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Introduction
The lung is a vital organ, with chronic respiratory diseases

causing over four million annual deaths worldwide [1] and

several diseases of the lung rank in the most common

causes of death [2], even in developed countries. In the
www.sciencedirect.com 
European Union, 8% of all mortality was caused by

respiratory disease in 2015 [3]. Mortality caused by pul-

monary trauma adds to the lung’s significance in forensic

investigation. Therefore, investigating pulmonary factors

contributing to death is important.

Post-mortem CT versus autopsy in death-
investigation
Overall, the incentive for post-mortem (PM) investiga-

tion falls into three basic themes: 1) unnatural death,

particularly in cases of legal interest, 2) natural death,

where the cause is unknown and a Medical Certificate for

the Cause of Death is required, or 3) natural death, to

investigate and establish factors that may have contrib-

uted to death, of known or unknown cause, to provide

lessons to inform society or medical care.

To gain a full diagnostic understanding of what has

happened before and after death follows a similar process

to clinical medicine: starting with medical history, exter-

nal examination and then a logical sequence of diagnostic

tests, including medical imaging, tissue biopsy and pos-

sibly surgical exploration. PM investigation differs to this

mainly by having a considerably lower threshold for

surgical exploration (autopsy), which historically has been

successful and therefore currently considered as the ‘gold

standard’. However, there are variations to the extent of

death-investigation, based on the ‘level or proof’

required. This has led to the concept of PM medical

imaging, either as an adjunct to traditional PM-investiga-

tive methods, or as a replacement for autopsy [4�,5��,6�,7].

Clinical information given by pulmonary function tests

offers diagnostic information that may not be available

via other stand-alone tests for pulmonary diagnosis; how-

ever, functional testing is not easily applicable to the

deceased. Imaging, and particularly computed tomography

(CT) scanning is important in the clinical diagnosis of lung

conditions, but histology is often required at some point in a

patient’s pathway. As histological samples may be taken

under PMCT scan guidance, histology is not specifically an

advantage of autopsy, although autopsy delivers better

specimens than the typical CT delivered 14-gauge cores.

PMCT struggles compared with macroscopic investiga-

tion of the lung for three basic reasons: firstly, whereas

scans of the lungs in clinical practice are performed during

breath-hold after inspiration, the lungs may be collapsed

in death, which is of considerably reduced radiological

diagnostic ability. The degree of pulmonary expansion in

death is variable and affected by manner of death and the

position at cadaver after death. Factors which may all
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2 Physiology of the diseased lung
reduce lung volumes include abdominal girth, develop-

ment of PM-abdominal gas, and supine head down posi-

tion [8��]. Secondly the lungs may be “water logged” by

lividity or terminal congestion (Figure 1), and thirdly the

CT scan does not offer the additional factors of feel, smell

and colour that may distinguish many of these processes.

PMCT also has some advantages over autopsy, especially

in the pleural space where pneumothorax under tension

with fatal ‘mediastinal shift’ is, contrary to autopsy inves-

tigation, easily recognised (Figure 4c). Practically,
Figure 1

(a)

(c) 

Post-mortem changes. (a): Normal lungs after suicide by hanging: clear lun

death and lack of cardiac component causing raised pulmonary venous pre

combination of pulmonary congestion and post-mortem lividity with a horizo

dense and ground glass opacities, and thickening of broncho-vascular bund

congestion in patient dying of heart disease, congestion is generally worse 

there has been prolonged cardiopulmonary resuscitation (note rib fractures 

interval (10 days) after death due to acute myocardial infarction, where con

cause can shift into pleural effusions.
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imaging data can be easily archived, and assessed by

any expert in any place and at any time.

Development of PMCT with focus on the lungs
Since the first reports of using CT for PM-investigation

[9,10], PMCT has effectively mirrored the development

and availability of CT scanning itself. Currently, PMCT

is used almost routinely at forensic institutes in developed

countries [11�] and PM-imaging — so called ‘Forensic

Imaging’ — has become an established field with its own

society [12] and journal [13]. Protocols for PMCT are not
(d)

(b)
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gs are common in this scenario, presumably due to erect position at

ssure. (b): Patient dying of myocardial infarction showing a

ntal plane (closed arrows), bilateral (symmetrical) shadowing including

le (increased peri-bronchial density (open arrow)). (c): Severe

in cases of obesity, raising the diaphragm in supine state, and where

(arrow)). (d): Pleural effusions (asterisks) seen after a long post-mortem

gestion may be expected. After an interval, alveolar fluid from any
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Post-mortem pulmonary CT imaging Hansen and Morgan 3
conceptually different from clinical protocols. However,

in the deceased, there are no concerns over exposure to

ionising radiation from x-rays and scan time is not

restricted by, for example, capacity for breath holding.

To improve radiological interpretation of lungs in the

deceased, especially the reduced radiological diagnostic

ability due to reduced volume or even collapse, techni-

ques for insufflating the lung have been developed. In the

living, CT during breath hold after full inspiration helps

clear atelectasis and dependent changes, making any

interstitial or nodular changes more apparent [14,15].

In three publications Germerott and colleagues pio-

neered a methodology to try and mimic clinical inspira-

tory breath hold [16��,17,18]. The methodology is based
Figure 2

(a)

(c) (d

(b

Pre (a), (c) and post (b), (d) ventilated lungs (4 kPa (40 mBar or 40 cmH2O))

disease (ILD) (c), (d). In both cases there is a visible increase in lung volume

and broncho vascular thickening that largely clears on ventilation, leaving b

emphysema (closed arrow in (b)) and the ‘honeycombing’ pattern of ILD (in 
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on positive pressure inflation, usually provided by a home

ventilator; accordingly the procedure for inflation was

referred to as ‘ventilation’, and ‘ventilated-PMCT’

(VPMCT) is the now a widely adopted title for the

procedure in the forensic imaging society [19]. The three

studies demonstrated the VPMCT concept in five non-

trauma [16��], and six chest trauma (one stab-wound and

five gunshot wound) cases [18]. A further ten non-trau-

matic cases were used to optimise inflation pressure for

VPMCT, which was found to be optimal at an overpres-

sure of 4 kPa (equivalent to 40 mBar or 40 cmH2O) [17].

The studies reported ‘clearly visible’ and measurable

increases in lung volumes and also a ‘clearly visible’
reduction in both lung density and PM ground glass

opacification (GGO) during VPMCT, suggesting that
)

)
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 in patient with emphysema (a), (b) and end stage interstitial lung

. The pre-ventilation images show diffuse ground glass opacification

ehind the features of air trapping, hyperinflation and bullae of

(c), (d)), consistent with their clinical CT scan appearance.
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4 Physiology of the diseased lung
VPMCT could lead to better radiological evaluation of

the lungs [16��]. VPMCT examples are given in Figure 2.

The initial work above reported difficulties due to air

leakage in about half the cases where a continuous posi-

tive airway pressure (CPAP) face mask was used. Leakage

was proposed as a reason for inadequate lung inflation,

which could cause motion artefacts. This problem was

investigated by Robinson and colleagues, who developed

a methodology for placing a supraglottic airway in cada-

vers, and successfully and easily inserted these airways in

17/18 cases [20�]. Except for one case, the methodology

proved possible even in cadavers where rigor of the jaw-

muscles can challenge insertion. Pressure was set at

4 kPa, but although making a ‘seal’ around the larynx

was better than using a facemask, it was not always

complete, resulting again in air leak into oesophagus

and distending the stomach in nine cases. A complete

solution to the problem of leakage was presented by

Rutty et al. [21��] in describing techniques for obtaining

a ‘definitive’ (i.e. leak proof) airway for VPMCT. The

study concluded that, compared to attempting insertion

of an endotracheal tube orally, which can be very difficult

due to rigor, inserting an endotracheal tube via a crico-

thyrioidotomy incision was a straight-forward and rapid

technique and worked better than a standard tracheos-

tomy tube. This simple and minimally invasive procedure

could be easily learned by non-specialists (such as PM-

technicians), and importantly did not obscure forensic

investigation of the neck area [21��]. The techniques

described can potentially help the living by using emer-

gency department doctors to perform the crico-thyrioi-

dotomy incisions for VPMCT. The advantage of this

would be twofold; improving their emergency clinical

skills and helping the PMCT service. Care must be taken

both in the mortuary and CT scan if these procedures are

undertaken due to risk of infection from pathogens such

as TB and COVID-19.

VPMCT was translated into paediatric and neonatal

PMCT in children aged 3–304 days by Arthurs and

colleagues [22�]. They found that VPMCT facilitated

delineation of normal and abnormal lung areas in 9 of

12 cases, which were judged ‘non-diagnostic’ in pre-

VPMCT scans, due to ‘almost complete white-out’ and

concluded that VPMCT therefore may be used in pedi-

atric lungs to exclude lung disease and, if required,

possibly guide biopsy sampling [22�].

Using post-mortem CT for investigation of
lung pathology
Radiologic interpretation of CT for the deceased is dif-

ferent from living and requires specialised training and

experience [23,24�]. A major challenge for PMCT is that

several normal pulmonary PMCT findings are shared

with pathological CT findings in living patients, particu-

larly for pneumonia [25] and pulmonary oedema [26].
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PM-changes such as livor mortis, or peri-mortem changes,

such as pulmonary congestion and oedema can obscure

normal lungs or pre-mortem pathological lung conditions

such as pneumonia, thereby hiding important diagnoses.

Dependent or hypostatic changes (sedimentation of

blood) due to livor mortis and mild pulmonary oedema

can be recognised by a level of opacification or a horizon-

tal plane (Figure 1b). However, significant pulmonary

congestion is a particular problem in those who have died

with increasing heart failure with increased pulmonary

venous pressure [27] (Figure 1c).

Many chronic lung conditions (and traumatic lung con-

tusions) are associated with GGOs and are therefore very

difficult to diagnose in death, although chronic lung

diseases often develop into emphysema (Figure 2b) or

honeycombing (Figure 2c,d) in their advanced stage,

which is more readily apparent.

A recent publication Gonoi et al. concluded that normal

pulmonary PMCT changes in adults increased with

increasing PM-interval (PMI) between 1.7 and 53 hours

(median 6.5 hours). These changes included opacities

with horizontal plane formation, diffuse opacities, diffuse

bronchovascular bundle thickening and symmetric opac-

ities in both lungs; cardiopulmonary resuscitation was

found to worsen these changes [28��]. At PMI >30 hours,

pleural effusions start to form due to natural fluid migra-

tion [29]. These stages are all shown in Figure 1. Ideally

for cardiorespiratory diagnosis PMCT should be per-

formed as rapidly as possible, but this is not always

practical.

Therefore opacities NOT showing horizontal plane for-

mation, NOR diffuse broncovascular bundle thickening,

were found to favour pneumonia, whereas pulmonary

oedema generally showed horizontal plane formation,

diffuse opacities and interlobular septal thickening

[28��]. It is probably more important, however, to take

into account the medical history leading to death and the

whole patient; for example, dense lungs in a PMCT of

patient presenting with sudden death having been

entirely well in earlier in the day favours pulmonary

oedema over pneumonia. Examples are given in Figure 3.

The challenging diagnosis of death by
drowning
Death by drowning is an important forensic diagnosis as

drowning accounts for �7% of all injury-related deaths

and a third of all unintentional injury-deaths worldwide

[30]. The diagnosis of drowning is very challenging,

particularly as a body found in water could have been

deliberately drowned, drowned due to failed safety pre-

cautions, or died a natural death before entering the

water, requiring thorough history, external and internal

examination [31,32�]. Several PMCT findings are consis-

tent with drowning. A patient who dies in the water,
www.sciencedirect.com



Post-mortem pulmonary CT imaging Hansen and Morgan 5

Figure 3

(a)

(c) (d)

(b)
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Infection: (a): Lobar pneumonia is relatively straight-forward to diagnose due to typical clinical appearance, asymmetry, and the non-horizontal

plane of the opacification (asterisks). (b): Symmetrical changes in bilateral basal pneumonia (asterisks) is suggestive of pneumonia findings, but

less certain. (c): Peripheral, non-dependent ground glass opacification changes (arrows) are not consistent with post-mortem change. Although

non-specific for infection, these changes are consistent with a positive COVID-19 test in a patient who died from myocardial infarction (d): 36-

year-old obese male who has died from COVID-19 pneumonia, showing a non-specific acute respiratory distress syndrome type pattern, similar to

severe congestion (in Figure 1c). The medical history was more important in making the PMCT diagnosis in this case.
rather than entering the water after death, may show more

fluid in air-cavities such trachea, bronchi and paranasal

sinuses and swallowed fluid in the stomach (during lar-

yngospasm a considerable quantity of fluid can be swal-

lowed). The lungs themselves may be variably water-

logged and may show lung expansion, ‘emphysema

aquosum’. The quantity of fluid in the lungs is variable,

and may be small if apnoea occurs shortly after laryngos-

pasm. The combination of laryngospasm and only a small

amount of fluid entering the lungs, often gives a charac-

teristic mosaic nodular appearance in the lungs

(Figure 4a,b) on CT with associated hyperexpansion as

shown by the medial pleural margins connecting anteri-

orly. As for normal pulmonary congestion after a
www.sciencedirect.com 
prolonged PMI, any fluid in the lungs can settle into

pleural effusions.

Using a quantitative approach to study density (CT-

numbers) the combination of hyper expansion and large

lung volumes leads to relative low density of the lungs on

PMCT in drowned cases compared to age-matched and

gender matched control cases [33�]. Recently, computer-

aided diagnosis of drowning- from non-drowning cases

was successfully demonstrated using a deep convolution

neural network; showcasing the potential of ‘machine

learning’ to PMCT lung analysis [34�]. To aid the drown-

ing diagnosis, methodologies such as histological identi-

fication of diatoms [35] and polymerase chain reaction
Current Opinion in Physiology 2021, 22:100436



6 Physiology of the diseased lung

Figure 4

(a)

(b)

(c)
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(a) and (b) Drowning: The lungs are well expanded. There was fluid in

the airways and sinuses in this case, but only a small amount of fluid

dispersed in the lungs. In axial view (a) the dispersal has a

characteristic mosaic nodular appearance. There is also pleural fluid

(asterisks), which may be related to up to 3-day post-mortem interval

before body was found. (b) Coronal view of the same lung as in A. (c)

Tension pneumothorax: Trapped air in the right haemothorax is

collapsing the right lung (asterisks) and displacing the mediastinum to

the left (arrows) compressing the left lung and great vessels, leading

to respiratory compromise and death.
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(PCR) testing for bacterioplankton [36] and next genera-

tion microbiological DNA-sequencing [37] may be use-

ful, if they can be matched to the water where the body

has been found. PMCT can aid the drowning diagnosis

indirectly by guiding tissue sampling and retrieval of

specimens from relevant tissues [38] percutaneously

and even semi-automated biopsy sampling procedures

during PMCT has been described [39,40].

Most recent developments in CT imaging of
the deceased lung
Whether PMCT of the lungs can be improved remains to

be seen. VPMCT offers potential, but does not solve the

problem of the overlapping appearance of some patholo-

gies and normal post-mortem changes. Xenon-enhanced

dual-energy CT can be used to assess form and function

of the lung in the living [41,42], but opportunities for

forensic diagnosis are probably limited (e.g. to air-trap-

ping). However, PM use may be helpful in the research of

disease in the living, because patients can consent for

scans to be performed after after their death to allow lung

investigations to be non-invasively performed on them,

that are not possible or practical in the living, such as

controlled studies to develop different protocols or tests

that study those who have died from respiratory diseases.

However, to be clinically informative these studies need

to account for post-mortem changes. Quantitative analy-

sis as a supplement to qualitative analysis is another

potential, exemplified by extraction of, for example,

volume and densities (CT-numbers) through manual-

and semi-automated region of interest (ROI) assignment

[16��,17,18,20�,21��,33�]. Lately, machine learning tech-

niques are also exploited to PM-imaging [34�,43�].

Conclusion
Lung diagnosis remains one of the most challenging

aspects of PMCT. However, as an adjunct to autopsy,

it provides information rapidly that is undoubtedly bene-

ficial, particularly by being more sensitive to pneumotho-

rax (Figure 4c) and patterns of pleural fluid (Figures 1d, 3

a) or blood, compared to autopsy. It is also useful to assess

the extent of processes observed macroscopically or his-

tologically over the whole lung volume. PMCT is also

more sensitive to small pulmonary nodules, when not

easily visible on the surface of the lung.

However, due to the problems discussed, PMCT may

struggle where it is used as a replacement for autopsy

[44,45]. Ultimately, this limits stand-alone PMCT either

to cases where the diagnosis is obvious (from the lungs or

elsewhere), such as acute vascular haemorrhage in body or

brain, or to cases where a judgement based on ‘balance of

probabilities’ is acceptable, after reviewing the case his-

tory, external examination findings and CT scan. The

most recent developments described above are still in

their infancy for pulmonary PMCT, but we expect that
www.sciencedirect.com
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the lung will receive much more attention in future

PMCT, and that these breakthroughs will further

advance PMCT as a tool for investigation of the lungs

of the deceased.
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