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Background.  Infectious diseases’ outbreak investigation requires, by definition, conducting a thorough epidemiological assess-
ment while simultaneously obtaining biological samples for an adequate screening of potential responsible pathogens. Complete 
autopsies remain the gold-standard approach for cause-of-death evaluation and characterization of emerging diseases. However, for 
highly transmissible infections with a significant associated lethality, such as COVID-19, complete autopsies are seldom performed 
due to biosafety challenges, especially in low-resource settings. Minimally invasive tissue sampling (MITS) is a validated new ap-
proach based on obtaining postmortem samples from key organs and body fluids, a procedure that does not require advanced bio-
safety measures or a special autopsy room.

Methods.  We aimed to review the use of MITS or similar procedures for outbreak investigation up to 27 March 2021 and their 
performance for evaluating COVID-19 deaths.

Results.  After a literature review, we analyzed in detail the results of 20 studies conducted at international sites, whereby 216 
COVID-19–related deaths were investigated. MITS provided a general and more granular understanding of the pathophysiological 
changes secondary to the infection and high-quality samples where the extent and degree of severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2)–related damage could be evaluated.

Conclusions.  MITS is a useful addition in the investigation and surveillance of infections occurring in outbreaks or epidemics. 
Its less invasive nature makes the tool more acceptable and feasible and reduces the risk of procedure-associated contagion, using 
basic biosafety measures. Standardized approaches protocolizing which samples should be collected—and under which exact bio-
safety measures—are necessary to facilitate and expand its use globally.
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The emergence of severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) in Wuhan, China, at the end of 2019, and its 
subsequent international spread to reach the status of pandemic 
[1], has changed the way we look at global health and how the 
world faces collectively the arrival of an infectious pandemic. 

Globally, SARS-CoV-2 has caused in the last 14 months over 167 
million clinical cases, and well above 3.5 million deaths globally 
[2]. Such figures, still on the rise despite the ongoing vaccination 
efforts, are demonstrative of the transformative impact and sheer 
magnitude borne by infectious diseases.

Substantial scientific progress in understanding corona-
virus disease 2019 (COVID-19) epidemiology and transmis-
sion and in the development of new preventive (including 
highly effective vaccines) and therapeutic strategies has been 
made throughout the first year of the pandemic. The amount 
of scientific knowledge generated in the last few months is un-
precedented, with over 100 000 scientific articles published on 
COVID-19 just in 2020 alone, representing approximately 4% 
of the world’s total research output [3]. With this extraordinary 
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excess of COVID-19–related literature, most relevant topics, in-
cluding disease burden and epidemiology, transmission, clinical 
characterization, prevention, treatment, and diagnosis among 
others, have been covered. In contrast, despite the vital role of 
autopsy in exploring the pathogenesis of emerging diseases, the 
number of postmortem studies of COVID-19–related deaths 
has been comparatively low, considering the high associated le-
thality of the disease [4–6]. The main reasons for this paucity 
include the declining rates of postmortem studies in general 
and the perceived biosafety hazards related to investigating new 
emerging pathogens such as COVID-19 in particular. Indeed, 
the biosafety risks and logistical challenges associated with the 
manipulation of bodies in a suspected COVID-19 death imply 
the need for biosafety level 3 (BSL-3) facilities [7] and negative 
air pressure [8], together with reinforced personal protective 
equipment (PPE). Admittedly, very few hospitals, even in high-
income countries, can meet these safety requirements to per-
form full autopsies for COVID-19 cases [9]. Some guidelines, 
however, do not advocate for the use of a BSL-3 room or neg-
ative pressure, but instead require delaying the procedure for 
a minimum of 3 days after death [10]. The latter requirement 
may be challenging to meet due to cultural considerations, in-
cluding the need for urgent burials and the potential emotional 
effects on the grieving families. In consequence, conducting full 
autopsies for COVID-19–related deaths remains challenging to 
perform in high-income settings, and essentially unfeasible in 
most low- and middle-income countries.

Minimally invasive tissue sampling (MITS), also known as 
postmortem biopsy or minimally invasive autopsy, could be a 
viable alternative to full autopsy for COVID-19 cases in those 
settings where autopsy is difficult to perform, is not considered a 
priority, or directly appears unfeasible [11]. MITS is a standard-
ized postmortem procedure, in which tissue samples from key 
organs (lungs, brain, liver, heart) and body fluids (blood, cere-
brospinal fluid) are obtained with core-biopsy needles without 
opening the body and without requiring any image-based guid-
ance tools [12]. The MITS, as we currently know it, was initially 
designed [13, 14] and first implemented by our group in 2013 in 
Mozambique [15–18] and Brazil [19] as part of a large research 
study, which aimed to validate MITS against full autopsy for 
its use in low-resource settings. These settings often lack qual-
ified personnel, infrastructure, and resources to perform com-
plete autopsies. In addition, one of the critical drawbacks of full 
autopsies in low-resource settings is its poor acceptability, due 
to the marked impact on the body of the procedure. These 2 
factors explain why postmortem examinations are seldom con-
ducted in these settings, beyond forensic examinations. Due 
to its simplicity (it does not require fully trained pathologists, 
as it can be successfully performed by minimally trained indi-
viduals) [20] and its minimal impact on the body, MITS has 
been shown to be more feasible and acceptable, and therefore 
easily deployable in settings with limited resources [21]. Only 

a few years after the validation of the technique conducted by 
our team between 2013 and 2015 in all age groups, including 
adults [17, 19], maternal deaths [18], children [15], neonates 
[16], and stillbirths [16], uptake of this innovative approach to 
postmortem sampling has been on the rise, and is driven by the 
high accompanying acceptability by the populations of many 
countries in sub-Saharan Africa and South-East Asia [22, 23]. 
Indeed, MITS is currently being successfully used in sub-Sa-
haran Africa, South Asia, and South America for different 
mortality research and surveillance efforts [24, 25]. Moreover, 
our group has recently conducted a few MITS procedures in 
a heavily burdened COVID-19 reference center in Spain in a 
basic autopsy room [26].

Historically, and perhaps as a result of the perceived fear 
of unacceptable risk of procedure-associated contagion, post-
mortem investigations, and in particular full autopsies, have 
been scarcely utilized for the investigation of infectious disease 
outbreaks. The existing exceptions include, among others, a 
variety of full autopsy studies conducted in outbreaks of mea-
sles [27], hand-foot-and-mouth disease [28], leptospirosis [29], 
H1N1 influenza A  [30], and previous coronavirus outbreaks 
[31]. MITS has been more widely used for the study of specific 
infections such as human immunodeficiency virus (HIV) or 
tuberculosis [32–34]. Variations of MITS, such as more lim-
ited targeted postmortem biopsies of a few key organs such 
as the brain, liver, or lungs, have also been proposed and used 
in the past for the investigation of specific infectious diseases 
occurring in outbreaks, including Nipah virus infections in  
Bangladesh [35], yellow fever in Brazil [36], malaria deaths  
in Malawi [37], or even Ebola deaths [38], although their use 
in viral hemorrhagic fever outbreaks remains extremely lim-
ited. In this respect, protocolized MITS (as opposed to simpler 
targeted postmortem biopsies) could offer a more structured 
and protocolized approach that may provide highly valuable 
information, including histopathological and microbiological 
analyses of the body as a whole, and not only of targeted single 
organs. MITS may allow a more robust identification of the 
cause of death of individuals who otherwise may not be ame-
nable to an easy investigation [39].

In this study we review the published studies that have used 
MITS or similar approaches in suspected or confirmed cases 
of COVID-19, focusing on the sampling protocols, patholog-
ical findings, and biosafety aspects. We also discuss why MITS 
might be an adequate approach to expand the use of post-
mortem studies during COVID-19 and other infectious disease 
outbreaks in those settings lacking resources and infrastructure 
to perform full autopsies.

METHODS

We conducted a bibliographical search for original peer-
reviewed articles in the electronic databases PubMed and 
Scopus up to 27 March 2021 using the following search terms: 
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“Minimally Invasive Autopsy,” “Minimally Invasive Tissue 
Sampling,” “postmortem biopsy,” “post-mortem needle biopsy,” 
or “post-mortem core-needle biopsies” in combination with 
“COVID-19” or “SARS-CoV-2” to screen for papers on MITS-
like procedures in confirmed or suspected cases of COVID-19. 
A total of 53 publications were initially documented. Three ad-
ditional papers were identified after reviewing the references. 
After removing the duplicates, 49 articles remained for further 
screening. Subsequently, 14 articles were excluded after re-
viewing the abstract due to absence of original results (misclas-
sified reviews or perspective articles). Then, we reviewed the 
full text and further excluded 15 papers, given that 7 of them 
focused on needle or punch biopsies in live patients and 8 in 
which the body was opened (partial or full autopsies). The 
methodology and laboratory results of the remaining 20 articles 
were reviewed in detail.

RESULTS

Characteristics of the Selected COVID-19 MITS Studies

Between February 2020 and March 2021, 20 journal articles re-
porting MITS or similar postmortem procedures in suspected 
or confirmed COVID-19 cases were published. Thirteen studies 
(65%) conducted MITS during the first 6 months of the out-
break. Three studies (15%) were conducted in the first trimester 
of 2020 [40–42], all of them in Wuhan (China). Sixteen of the 20 
studies (80%) consisted of case series, whereas 3 were individual 
case reports (15%); 1 study did not report the number of cases 
(5%). The largest series of MITS consisted of 41 cases and was 
conducted in Brazil between March and June of 2020. None of 
the studies included a complete autopsy on the same body per-
formed after the MITS.

Geographical Distribution of COVID-19 MITS Studies

A total of 216 COVID-19 MITS procedures have been re-
ported (considering that at least 1 MITS was conducted in the 
study not reporting the number of MITS procedures): 214 of 
them performed in adults (99%) and 2 in children (1%). Eight 
studies (40%) have been conducted in Asia (7 in China and 1 
in Iran), 6 (30%) in South America (all of them in Brazil), 4 
(20%) in Europe (Spain, The Netherlands, Belgium, and Italy), 
1 (5%) in North America (United States), and 1 (5%) in Africa 
(South Africa). No MITS studies from low-income countries 
were identified. No data on MITS studies were found from the 
Pacific (including Australia), Central America, or former Soviet 
Union countries. Table 1 outlines the 20 peer-reviewed post-
mortem studies in COVID-19 cases using an MITS approach. 
Figure 1 illustrates the geographic distribution of COVID-19 
MITS performed in the world.

Biosafety Rooms in COVID-19 MITS Studies

The biosafety characteristics of the rooms were reported in only 
4 studies (20%). Of them, 2 studies used autopsy rooms with 

negative air pressure [43, 44] and 2 used negative air isolation 
wards [42, 45]. One additional study conducted in South Africa 
specified that MITS procedures were conducted in the intensive 
care unit, but no data on whether negative pressure was avail-
able in the room were included [10].

Sampling in COVID-19 MITS Procedures

Thirteen studies (65%) used imaging methods to guide MITS; 
most of them (10/13; 77%) used ultrasound guidance. Two 
studies (10%) included only limited sampling of 1 specific 
type of tissue [46, 47], and did not include lungs or other or-
gans key to cause-of-death attribution. In 11 studies (55%), 
the sampling was mainly limited to the lungs or to the lungs 
plus liver and/or heart. Six studies (30%) [44, 48–51] con-
ducted a complete MITS, targeting a wide range of organs, 
and following the methodology proposed for MITS as a sub-
stitute of complete diagnostic autopsy [12]. Brain was sam-
pled in 2 studies (10%), both with the guidance of ultrasound 
technology.

Laboratory Analyses in the Samples Collected in COVID-19 MITS

All of the MITS studies included histological evaluation of 
the samples routinely stained with hematoxylin and eosin. 
Twelve studies (60%) performed at least 1 laboratory test to 
confirm the presence of COVID-19 virus in the collected sam-
ples. Of them, 4 studies (33%) applied only reverse transcrip-
tase–polymerase chain reaction (RT-PCR), 2 (16%) used only 
immunohistochemistry (IHC), 2 only electron microscopy 
(16%), and 4 (33%) used both RT-PCR and other complemen-
tary testing (IHC or electron microscopy). Table 1 depicts the 
type of ancillary COVID-19 tests conducted in tissue samples 
in each study.

Among the 8 studies that applied SARS-CoV-2 RT-PCR in 
tissue samples, in 4 studies (50%) molecular analysis was con-
ducted only in lung samples, 2 (25%) in lung and heart and/or 
liver, 1 (12%) in lung and bone marrow, whereas only 1 study 
applied it in a wide range of organs [44]. The SARS-CoV-2 ge-
nome was common in the lung samples [43, 44, 48, 52], which 
usually showed high viral loads. Although less frequently, viral 
RNA was also detected in heart [43, 58], liver [43, 58], testicles 
[46], and periodontal samples [50]. Immunohistochemistry for 
SARS-CoV-2 was consistently positive in scattered damaged 
type II pneumocytes [40, 48, 54]. Electron microscopy depicted 
viral particles in alveolar cells [52], bronchial mucosa [48], or 
endothelial cells [43].

Main Pathological Findings in the COVID-19 MITS and Its Concordance 
With Those Reported by Full Autopsies

Among the 16 MITS studies that targeted the lungs, diffuse al-
veolar damage in different stages was observed in all [40–45, 48, 
49, 51, 52, 54–59] except 1 study [50]. Diffuse alveolar damage 
was frequently associated with interstitial lymphocytic infiltrate 
(viral pneumonia) and superimposed bacterial pneumonia. 
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Thrombotic lesions have been reported in 11 articles (55%), 
usually in the lungs (8; 73%) or kidneys (1; 9%), and occasion-
ally in multiple sites (2; 18%). The lack of specific lesions in the 
lungs and the thrombotic phenomena have been consistently 
reported in most of the COVID-19 full autopsy series [60–65], 
which have not reported any additional relevant or specific 
COVID-19–related findings [60].

Mild inflammatory changes in the myocardium were not 
uncommon (3; 15%) [44, 41, 48]. Severe myocarditis has 

exceptionally been reported in 1 pediatric patient [50], who was 
diagnosed with multisystem inflammatory syndrome (MIS-C). 
Interestingly, viral particles were observed in this case in the car-
diac cells using electron microscopy [50]. Myocarditis has also 
been rarely observed in COVID-19 complete autopsies in adults 
[63] and rarely in adolescents [66], although no viral particles 
were seen in cardiomyocytes in these adult patients.

Hemophagocytosis in the bone marrow has been reported in 
most of the MITS cases conducted in Spain [54], and has also been 

Table 1.  Summary of Studies That Used Minimally Invasive Tissue Sampling in COVID-19 Cases During Pandemics

Study [Reference] Country

No. of 
MITS Pro-
cedures Period of Study

Mean Age 
(Range), 
Years

Imaging 
Guidance Collected Tissue Samples

RT-PCR for 
COVID-19 in 
Tissue (Yes/No)

Other Test(s) 
for COVID-19 
in Tissue

1 Zhang et al [40] China 1 Before March 
2020

72 (N/A) No Lungs No IHC

2 Xu et al [41] China 1 Before January 
2020

50 (N/A) No Lungs, heart, liver No …

3 Tian et al [45] China 4 Before April 
2020

73 (59–81) No Lungs, heart, liver Yes …

4 Yao et al [48] China 3 Before May 
2020

70 (63–79) No Lung, heart, liver, kidney, spleen, 
bone marrow, pancreas, sto-
mach, intestine, thyroid, and skin

Yes IHC, EM

5 Wu et al [52] China 10 Before June 
2020

70 (39–87) Yes (US) Lungs Yes EM

6 Li et al [42] China 30a February–March 
2020

69 (39–91) Yes (US) Lungs No …

7 Duarte-Neto [49] Brazil 10 March 2020 69 (33–83) Yes (US) Lungs, heart, liver, kidneys, spleen, 
brain, skin, skeletal muscle, and 
testis

Yes …

8 Dolhnikoff et al [50] Brazil 1 Before October 
2020

11 (N/A) Yes (US) Lungs, heart, liver, spleen, kidneys, 
brain, inguinal lymph node, skel-
etal muscle, and skin

Yes EM

9 D’Onofrio [51] Belgium 18 April–May 2020 80 (72–84) Yes (CT) Lungs, heart, liver, spleen, kidneys, 
abdominal fat

Yes …

10 Flikweer et al [55] The Neth-
erlands

7 March–April 
2020

74 (58–83) Yes (US 
and CT)

Lungs No …

11 Matuck et al [53] Brazil 7 Before No-
vember 2020

47 (8–74) Yes (video-
scope)

Lungs, heart, liver, kidneys, spleen, 
brain, skin, skeletal muscle, 
testis, periodontal tissue

Yes …

12 Bruce-Brand et al [56] South 
Africa

4 June–July 2020 59 (58–65) No Lungs No EM

13 Roncati et al [43] Italy 3 Before June 
2020

53 (44–67) No Lungs No EM

14 Prieto-Pérez et al [54] Spain 33 March–April 
2020

79 (53–98) No Lungs, bone marrow No IHC

15 Yang et al [46] China 12 Before May 
2020

65 (23–75) Yes (US in 
4 cases)

 Testes No No

16 Nucci et al [47] Brazil NR Before August 
2020

NR Yes (US) Diaphragm and intercostal muscles No …

17 Mauaud et al [57] Brazil 41 March–June 
2020

55 (22–88) Yes (US) Lungs No …

18 Monteiro et al [58] Brazil 28 Before January 
2021

50 (0.6–83) Yes (US) Lungs No …

19 Brook et al [44] USA 5 April–June 202077 (58–91) Yes (US) Lungs, liver, spleen, kidney, heart, 
testes, breast, skeletal muscle, 
abdominal fat

Yes IHC, ISH sub-
genomic 
mRNA 
assay

20 Beigmohammadi et al [59] Iran 7 Before June 
2020

67 (46–84) Yes (US) Lungs, heart, liver No …

Abbreviations: COVID-19, coronavirus disease 2019; CT, computed tomography; IHC, immunohistochemistry; EM, electron microscopy; ISH, in-situ hybridization; MITS, minimally invasive 
tissue sampling; N/A, not applicable; NR, not reported; RT-PCR, reverse transcriptase–polymerase chain reaction; US, ultrasound.
a10 out of 30 cases have been previously reported by Wu et al [52].
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observed in a few complete autopsies in patients with COVID-
19 [65, 67, 68]. This finding has also been reported in the spleen 
and the lymph nodes [65, 67, 68]. Hemophagocytosis (in spleen 
and lymph nodes) was also reported in a pediatric MITS case in 
Brazil [50]. No relevant findings were observed in 2 MITS studies 
targeting the brain [49, 50], although a few autopsy series have 
reported encephalitis [69, 70], meningitis [70, 71], or brain hem-
orrhage [70]. Finally, one of the MITS studies [43] reported high 
numbers of naked megakaryocyte nuclei in the bone marrow and 
lungs, which was also described in complete autopsy studies [72].

One of the MITS studies investigated periodontal tissue [53] 
and showed the presence of SARS-CoV-2 RNA as well as cel-
lular vacuolization. Viral RNA was detected in the periodontal 
samples up to 24 days after symptoms’ onset [53]. In this regard, 
none of the full autopsy studies included this type of tissue in 
the sampling protocol. Two MITS studies explored the effect of 
COVID-19 on testicles in 22 cases [46, 49]. Although viral RNA 
was rarely detected, histological abnormalities included orchitis 
[49] and changes in Sertoli cells [46]; in addition, the presence 
of angiotensin-converting enzyme 2 (ACE2) receptor, a target of 
SARS-CoV-2, has been shown in germ cells [46]. Table 2 shows 
relevant histological findings in the COVID-19 MITS studies.

DISCUSSION

Potential Role of MITS in Future Pandemics: How to Scale Up Its Use

The investigation of infectious disease outbreaks requires, by 
definition, conducting a thorough epidemiological evalua-
tion while simultaneously obtaining biological samples for an 

adequate screening of the potential responsible pathogens. 
However, for diseases with a high associated lethality there are 
serious concerns that postmortem evaluations may be exceed-
ingly risky and not necessary. This is clearly exemplified by the 
limited studies evaluating the pathological lesions in patients 
who died of COVID-19. While for certain infections (eg, Ebola 
hemorrhagic fever) the risks of postmortem evaluation may out-
weigh the benefits, it would appear clear that the evaluation of 
tissues and bodily fluids may provide insights into the patho-
physiology of new emerging infections and the relevant host re-
sponse. This was the case for COVID-19, whereby postmortem 
examinations were initially neglected [4], but once the biosafety 
of the procedure was established and could be organized, these 
examinations started to provide extremely valuable informa-
tion [73], which had not necessarily been anticipated through 
the accumulated clinical knowledge. Notably, MITS-like studies 
conducted in China during the first months of the COVID-
19 outbreak [40–42] provided one of the first postmortem re-
ports with valuable insights into COVID-19–associated tissue 
damage. Understanding the underlying changes in this infection 
at the organ level allows a more granular understanding of the 
pathophysiology of emerging infections such as SARS-CoV-2, 
and a more tailored design of preventive and therapeutic (in-
cluding adjuvant treatments) interventions.

This review highlights the need for MITS studies to im-
prove their description of biosafety precautions undertaken 
during MITS so as to allow other investigators to reproduce 
the methodology and thus enable postmortem research for 

Figure 1.  Geographic distribution of the COVID-19 MITS procedures performed in the world since the start of the pandemic. The number of MITS procedures performed in 
each country is shown in the map. Abbreviations: COVID-19, coronavirus disease 2019; MITS, minimally invasive tissue sampling.



MITS in Outbreaks and Pandemics  •  cid  2021:73  (Suppl 5)  •  S477

similar outbreaks. It also supports the need to develop a more 
standardized approach (ie, a common protocol) for the specific 
use of MITS for outbreak investigation. In addition, the use of 
different analyses in the MITS samples obtained for outbreak 
research, particularly for novel diseases, should be upgraded. 
Indeed, MITS samples have proven to be suitable to perform a 
range of ancillary SARS-CoV-2 testing in tissues [43, 44] and 
thus to evaluate the viral damage throughout the body.

Our findings suggest that less invasive postmortem sampling 
methodologies, such as MITS, can efficiently provide relevant 
information that may help understanding of a novel disease 
where hesitancy to perform postmortem procedures may exist 
due to the high associated lethality of the disease. MITS, by 
decreasing biosafety hazards associated with more invasive pro-
cedures, appears to be an excellent tool to research outbreaks.

In this respect, our experience confirms that MITS can be 
of the utmost importance in the investigation of infectious di-
sease outbreaks. As many of these outbreaks frequently start in 
settings where the feasibility and general acceptance of post-
mortem investigations remain challenging, its comparative ad-
vantages in terms of feasibility and acceptability should place 

MITS as the preferred investigation. The use of MITS in future 
pandemics may accelerate the generation of scientific know-
ledge around any emerging infection, thus facilitating a more 
evidence-based design of strategies to mitigate their harm.
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Table 2.  Histological and Other Relevant Laboratory Findings in COVID-19 Minimally Invasive Tissue Sampling

Study [Reference] Lung Findings
Thrombi/ 
embolism

Site of Thrombi/ 
embolism Other Relevant Findings

1 Zhang et al [40] DAD No … …

2 Xu [41] DAD No … Mild mononuclear infiltrates in heart and 
liver; lymphopenia

3 Tian [45] DAD; BCP No … …

4 Yao [48] DAD; BCP Yes Kidney Mild myocarditis; hypocellular bone marrow 
and spleen

5 Wu [52] DAD; bacterial and fungal 
coinfection

Yes Lungs …

6 Li et al [42] DAD Yes Lungs …

7 Duarte-Neto [49] DAD; BCP Yes Kidney, spleen, heart, 
skin, testis, and liver 
sinusoids

Pleomorphic cytopathic effects on the respi-
ratory epithelium

8 Dolhnikoff et al [50] Mild alveolar exudate Yes Lungs, kidney Myocarditis, endocarditis, pericarditis

9 D’Onofrio [51] DAD; bacterial and fungal 
coinfection

Yes Lungs …

10 Flikweer et al [55] DAD; organizing pneumonia Yes Lungs …

11 Matuck et al [53] N/A No … Cellular/nuclear pleomorphism and 
vacuolization in periodontal tissue

12 Bruce-Brand et al [56] DAD; organizing pneumonia; BCP Yes Lungs Prominent type 2 pneumocyte hyperplasia; 
pulmonary infarction

13 Roncati et al [43] DAD Yesa Lungs Clusters of megakaryocytes in the lungs

14 Prieto-Pérez et al [54] DAD; BCP Yes Lungs Hemophagocytosis in bone marrow

15 Yang et al [46] N/A No … Swelling, vacuolation, and cytoplasmic rare-
faction of Sertoli cells

16 Nucci et al [47] N/A … … Muscle fibers with degeneration and atrophy

17 Mauaud et al [57] DAD; BCP; pulmonary infarction Yes Lungs …

18 Monteiro et al [58] DAD … … …

19 Brook et al [44] DAD … … Mild perivascular lymphocytic infiltrate in 
the heart

20 Beigmohammadi  
et al[59]

DAD; BCP … … …

Abbreviations: BCP, bronchopneumonia; COVID-19, coronavirus disease 2019; DAD, diffuse alveolar damage; N/A, not applicable.
aFibrin-rich platelet caps in small capillaries.



S478  •  cid  2021:73  (Suppl 5)  •  Bassat et al

References
1.	 Ke R, Sanche S, Romero-Severson E, Hengartner N. Fast spread of COVID-19 

in Europe and the US suggests the necessity of early, strong and comprehensive 
interventions. Version 2. medRxiv [Preprint]. April 15, 2020. doi:10.1101/2020.0
4.04.20050427. Accessed 19 September 2021.

2.	 Oxford Martin School, University of Oxford, GCDL. Coronavirus (COVID-
19) deaths—statistics and research—our world in data. Available at: https://
ourworldindata.org/covid-deaths. Accessed 11 April 2021.

3.	 Else H. How a torrent of COVID science changed research publishing—in seven 
charts. Nature 2020; 588:553.

4.	 Salerno M, Sessa F, Piscopo A, et al. No autopsies on COVID-19 deaths: a missed 
opportunity and the lockdown of science. J Clin Med 2020; 9:1472.

5.	 Ledford H. Autopsy slowdown hinders quest to determine how coronavirus kills. 
Nature 2020. doi: 10.1038/d41586-020-01355-z.

6.	 Parekh U, Kanchan T, Krishan K. Inexplicable COVID-19! Would pathological 
autopsy be the panacea? Acta Biomed 2021; 92:e2021175.

7.	 Loibner M, Langner C, Regitnig P, Gorkiewicz G, Zatloukal K. Biosafety re-
quirements for autopsies of patients with COVID-19: example of a BSL-3 
autopsy facility designed for highly pathogenic agents. Pathobiology 2021; 
88:37–45.

8.	 Lacy JM, Brooks EG, Akers J, et al. COVID-19: postmortem diagnostic and bio-
safety considerations. Am J Forensic Med Pathol 2020; 41:143–51.

9.	 Fusco FM, Scappaticci L, Schilling S, et al; EuroNHID Working Group. A 2009 
cross-sectional survey of procedures for post-mortem management of highly 
infectious disease patients in 48 isolation facilities in 16 countries: data from 
EuroNHID. Infection 2016; 44:57–64.

10.	 Conseil Supérieur de la Santé, Bélgique. Procédure pour les hôpitaux: prise en 
charge d’un patient possible ou confirmé COVID-19. Available at: https://covid-
19.sciensano.be/sites/default/files/Covid19/COVID-19_procedure_deaths_
FR.pdf. Accessed 19 September 2021.

11.	 Rakislova N, Ismail MR, Martinez A, et al. Minimally invasive autopsy: a more 
feasible and safer alternative to conventional autopsy in the COVID-19 pandemic 
era? Med Clin Sci 2020; 2:1–5.

12.	 Rakislova N, Fernandes F, Lovane L, et al. Standardization of minimally invasive 
tissue sampling specimen collection and pathology training for the Child Health 
and Mortality Prevention Surveillance Network. Clin Infect Dis 2019; 69(Suppl 
4):S302–10. doi: 10.1093/cid/ciz565.

13.	 Castillo P, Ussene E, Ismail MR, et al. Pathological methods applied to the inves-
tigation of causes of death in developing countries: minimally invasive autopsy 
approach. PLoS One 2015; 10:e0132057.

14.	 Martínez  MJ, Massora  S, Mandomando  I, et  al. Infectious cause of death de-
termination using minimally invasive autopsies in developing countries. Diagn 
Microbiol Infect Dis 2016; 84:80–6.

15.	 Bassat Q, Castillo P, Martínez MJ, et al. Validity of a minimally invasive autopsy 
tool for cause of death determination in pediatric deaths in Mozambique: an ob-
servational study. PLoS Med 2017; 14:e1002317.

16.	 Menendez  C, Castillo  P, Martínez  MJ, et  al. Validity of a minimally invasive 
autopsy for cause of death determination in stillborn babies and neonates in 
Mozambique: an observational study. PLoS Med 2017; 14:e1002318.

17.	 Castillo P, Martínez MJ, Ussene E, et al. Validity of a minimally invasive autopsy 
for cause of death determination in adults in Mozambique: an observational 
study. PLoS Med 2016; 13:e1002171.

18.	 Castillo P, Hurtado JC, Martínez MJ, et al. Validity of a minimally invasive au-
topsy for cause of death determination in maternal deaths in Mozambique: an 
observational study. PLoS Med 2017; 14:e1002431.

19.	 Palhares AEM, Ferreira L, Freire M, et al. Performance of the minimally invasive 
autopsy tool for cause of death determination in adult deaths from the Brazilian 
Amazon: an observational study. Virchows Arch 2019; 475:649–58.

20.	 Bassat Q, Ordi J, Vila J, et al. Development of a post-mortem procedure to reduce 
the uncertainty regarding causes of death in developing countries. Lancet Glob 
Health 2013; 1:e125–6.

21.	 Maixenchs  M, Anselmo  R, Martínez  Pérez  G, et  al. Socio-anthropological 
methods to study the feasibility and acceptability of the minimally invasive au-
topsy from the perspective of local communities: lessons learnt from a large 
multi-centre study. Glob Health Action 2019; 12:1559496.

22.	 O’Mara Sage E, Munguambe KR, Blevins J, et al. Investigating the feasibility of 
child mortality surveillance with postmortem tissue sampling: generating con-
structs and variables to strengthen validity and reliability in qualitative research. 
Clin Infect Dis 2019; 69:291–301.

23.	 Maixenchs M, Anselmo R, Zielinski-Gutiérrez E, et al. Willingness to know the 
cause of death and hypothetical acceptability of the minimally invasive autopsy in 
six diverse African and Asian settings: a mixed methods socio-behavioural study. 
PLoS Med 2016; 13:e1002172.

24.	 Salzberg NT, Sivalogan K, Bassat Q, et al; Child Health and Mortality Prevention 
Surveillance (CHAMPS) Methods Consortium. Mortality surveillance methods 

to identify and characterize deaths in child health and mortality prevention sur-
veillance network sites. Clin Infect Dis 2019; 69:262–73.

25.	 Chawana R, Baillie V, Izu A, et al. Potential of minimally invasive tissue sampling 
for attributing specific causes of childhood deaths in South Africa: a pilot, epide-
miological study. Clin Infect Dis 2019; 69:361–73.

26.	 Rakislova N, Marimon L, Ismail MR, et al. Minimally invasive autopsy practice in 
COVID-19 cases: biosafety and findings. Pathogens 2021; 10:412.

27.	 Vargas PA, Bernardi FD, Alves VA, et al. Uncommon histopathological findings in 
fatal measles infection: pancreatitis, sialoadenitis and thyroiditis. Histopathology 
2000; 37:141–6.

28.	 Chan LG, Parashar UD, Lye MS, et al; Outbreak Study Group. Deaths of children 
during an outbreak of hand, foot, and mouth disease in Sarawak, Malaysia: clinical 
and pathological characteristics of the disease. Clin Infect Dis 2000; 31:678–83.

29.	 Del Carlo Bernardi F, Ctenas B, da Silva LF, et al. Immune receptors and adhesion 
molecules in human pulmonary leptospirosis. Hum Pathol 2012; 43:1601–10.

30.	 Mauad T, Hajjar LA, Callegari GD, et al. Lung pathology in fatal novel human 
influenza A (H1N1) infection. Am J Respir Crit Care Med 2010; 181:72–9.

31.	 Sessa F, Salerno M, Pomara C. Autopsy tool in unknown diseases: the experience 
with Coronaviruses (SARS-CoV, MERS-CoV, SARS-CoV-2). Medicina (B Aires) 
2021; 57:309.

32.	 Taylor AW, Blau DM, Bassat Q, et al; CHAMPS Consortium. Initial findings from 
a novel population-based child mortality surveillance approach: a descriptive 
study. Lancet Glob Health 2020; 8:e909–19.

33.	 Garcia-Basteiro AL, Hurtado JC, Castillo P, et al. Unmasking the hidden tubercu-
losis mortality burden in a large post mortem study in Maputo Central Hospital, 
Mozambique. Eur Respir J 2019; 54:1900312.

34.	 Karat AS, Omar T, Tlali M, et al. Lessons learnt conducting minimally invasive 
autopsies in private mortuaries as part of HIV and tuberculosis research in South 
Africa. Public Health Action 2019; 9:186–90.

35.	 Gurley ES, Parveen S, Islam MS, et  al. Family and community concerns about 
post-mortem needle biopsies in a Muslim society. BMC Med Ethics 2011; 12:10.

36.	 Duarte-Neto AN, Monteiro RAA, Johnsson J, et al. Ultrasound-guided minimally 
invasive autopsy as a tool for rapid post-mortem diagnosis in the 2018 Sao Paulo 
yellow fever epidemic: correlation with conventional autopsy. PLoS Negl Trop Dis 
2019; 13:e0007625.

37.	 Milner DA Jr, Dzamalala CP, Liomba NG, Molyneux ME, Taylor TE. Sampling of 
supraorbital brain tissue after death: improving on the clinical diagnosis of cere-
bral malaria. J Infect Dis 2005; 191:805–8.

38.	 Zaki  SR, Shieh  WJ, Greer  PW, et  al. A novel immunohistochemical assay for 
the detection of Ebola virus in skin: Implications for diagnosis, spread, and 
surveillance of Ebola hemorrhagic fever. J Infect Dis; 179 Suppl 1:S36–47. doi: 
10.1086/514319.

39.	 Bassat Q. Minimally invasive autopsy: welcoming a new tool for cause of death 
investigation in children in resource-constrained countries. J Trop Pediatr 2017; 
63:249–52.

40.	 Zhang  H, Zhou  P, Wei  Y, et  al. Histopathologic changes and SARS-CoV-2 
immunostaining in the lung of a patient with COVID-19. Ann Intern Med 2020; 
172:629–32.

41.	 Xu Z, Shi L, Wang Y, et al. Pathological findings of COVID-19 associated with 
acute respiratory distress syndrome. Lancet Respir Med 2020; 8:420–2.

42.	 Li Y, Wu J, Wang S, et al. Progression to fibrosing diffuse alveolar damage in a 
series of 30 minimally invasive autopsies with COVID-19 pneumonia in Wuhan, 
China. Histopathology 2021; 78:542–55.

43.	 Roncati L, Ligabue G, Nasillo V, et al. A proof of evidence supporting abnormal 
immunothrombosis in severe COVID-19: naked megakaryocyte nuclei increase 
in the bone marrow and lungs of critically ill patients. Platelets 2020; 31:1085–9.

44.	 Brook  OR, Piper  KG, Mercado  NB, et  al. Feasibility and safety of ultrasound-
guided minimally invasive autopsy in COVID-19 patients. Abdom Radiol (NY) 
2021; 46:1263–71.

45.	 Tian S, Xiong Y, Liu H, et al. Pathological study of the 2019 novel coronavirus disease 
(COVID-19) through postmortem core biopsies. Mod Pathol 2020; 33:1007–14.

46.	 Yang M, Chen S, Huang B, et al. Pathological findings in the testes of COVID-
19 patients: clinical implications. Eur Urol Focus; 6:1124–9. doi: 10.1016/j.
euf.2020.05.009.

47.	 Nucci  RAB, Dolhnikoff  M, Saldiva  PHDN, Jacob-Filho  W. Ultrasound-guided 
minimally invasive autopsy of respiratory muscles as a safe and cost-effective 
technique in COVID-19 pandemic era. Acta Cytol 2021; 65:276–8.

48.	 Yao XH, Li TY, He ZC, et al. A pathological report of three COVID-19 cases by 
minimally invasive autopsies. Chinese J Pathol 2020; 49:411–7.

49.	 Duarte-Neto AN, de Almeida Monteiro RA, da Silva LFFFF, et al. Pulmonary and 
systemic involvement of COVID-19 assessed by ultrasound-guided minimally in-
vasive autopsy. Histopathology 2020; 77:186–97.

50.	 Dolhnikoff M, Ferreira Ferranti J, de Almeida Monteiro RA, et al. SARS-CoV-2 
in cardiac tissue of a child with COVID-19-related multisystem inflammatory 
syndrome. Lancet Child Adolesc Health 2020; 4:790–4.

https://doi.org/10.1101/2020.04.04.20050427
https://doi.org/10.1101/2020.04.04.20050427
https://ourworldindata.org/covid-deaths
https://ourworldindata.org/covid-deaths
https://doi.org/10.1038/d41586-020-01355-z
https://covid-19.sciensano.be/sites/default/files/Covid19/COVID-19_procedure_deaths_FR.pdf
https://covid-19.sciensano.be/sites/default/files/Covid19/COVID-19_procedure_deaths_FR.pdf
https://covid-19.sciensano.be/sites/default/files/Covid19/COVID-19_procedure_deaths_FR.pdf
https://doi.org/10.1093/cid/ciz565
https://doi.org/10.1086/514319
https://doi.org/10.1016/j.euf.2020.05.009
https://doi.org/10.1016/j.euf.2020.05.009


MITS in Outbreaks and Pandemics  •  cid  2021:73  (Suppl 5)  •  S479

51.	 D’Onofrio V, Donders E, Vanden Abeele ME, et al. The clinical value of minimal 
invasive autopsy in COVID-19 patients. PLoS One 2020; 15:e0242300.

52.	 Wu  JH, Li X, Huang B, et  al. Pathological changes of fatal coronavirus disease 
2019 (COVID-19) in the lungs: report of 10 cases by postmortem needle autopsy. 
Zhonghua Bing Li Xue Za Zhi 2020; 49:568–75.

53.	 Fernandes Matuck B, Dolhnikoff M, Maia GVA, et al. Periodontal tissues are tar-
gets for Sars-Cov-2: a post-mortem study. J Oral Microbiol 2020; 13:1848135.

54.	 Prieto-Pérez  L, Fortes  J, Soto  C, et  al. Histiocytic hyperplasia with 
hemophagocytosis and acute alveolar damage in COVID-19 infection. Mod 
Pathol 2020; 33:2139–46.

55.	 Flikweert AW, Grootenboers MJJH, Yick DCY, et al. Late histopathologic char-
acteristics of critically ill COVID-19 patients: different phenotypes without evi-
dence of invasive aspergillosis, a case series. J Crit Care 2020; 59:149–55.

56.	 Bruce-Brand C, Allwood BW, Koegelenberg CFN, et al. Postmortem lung biop-
sies from four patients with COVID-19 at a tertiary hospital in Cape Town, South 
Africa. S Afr Med J 2020; 110:1195–200.

57.	 Mauad T, Duarte-Neto AN, da Silva LFF, et al. Tracking the time course of patho-
logical patterns of lung injury in severe COVID-19. Respir Res 2021; 22:32.

58.	 de Almeida Monteiro RA, Duarte-Neto AN, Ferraz da Silva LF, et al. Ultrasound 
assessment of pulmonary fibroproliferative changes in severe COVID-19: a quan-
titative correlation study with histopathological findings. Intensive Care Med 
2021; 1:199-207. doi:10.1007/s00134-020-06328-4.

59.	 Beigmohammadi MT, Jahanbin B, Safaei M, et al. Pathological findings of post-
mortem biopsies from lung, heart, and liver of 7 deceased COVID-19 patients. Int 
J Surg Pathol 2021; 29:135–45.

60.	 Remmelink M, De Mendonça R, D’Haene N, et al. Unspecific post-mortem findings 
despite multiorgan viral spread in COVID-19 patients. Crit Care 2020; 24:495.

61.	 Edler C, Schröder AS, Aepfelbacher M, et al. Dying with SARS-CoV-2 infection—
an autopsy study of the first consecutive 80 cases in Hamburg, Germany. Int J 
Legal Med 2020; 134:1275–84.

62.	 Grosse C, Grosse A, Salzer HJF, Dünser MW, Motz R, Langer R. Analysis of cardi-
opulmonary findings in COVID-19 fatalities: high incidence of pulmonary artery 

thrombi and acute suppurative bronchopneumonia. Cardiovasc Pathol 2020; 
49:107263.

63.	 Wichmann D, Sperhake JP, Lütgehetmann M, et al. Autopsy findings and venous 
thromboembolism in patients with COVID-19: a prospective cohort study. Ann 
Intern Med 2020; 173:268–77.

64.	 Bradley BT, Maioli H, Johnston R, et al. Histopathology and ultrastructural find-
ings of fatal COVID-19 infections in Washington State: a case series. Lancet 2020; 
396:320–32.

65.	 Dorward DA, Russell CD, Um IH, et al. Tissue-specific immunopathology in fatal 
COVID-19. Am J Respir Crit Care Med 2021; 203:192–201.

66.	 Craver  R, Huber  S, Sandomirsky  M, McKenna  D, Schieffelin  J, Finger  L. Fatal 
Eosinophilic myocarditis in a healthy 17-year-old male with severe acute res-
piratory syndrome Coronavirus 2 (SARS-CoV-2c). Fetal Pediatr Pathol 2020; 
39:263–8.

67.	 Núñez-Torrón  C, Ferrer-Gómez  A, Moreno  Moreno  E, et  al. Secondary 
haemophagocytic lymphohistiocytosis in COVID-19: correlation of the au-
topsy findings of bone marrow haemophagocytosis with HScore. J Clin Pathol 
2021:1–7;jclinpath-2020-207337. doi:10.1136/jclinpath-2020-2073.

68.	 Prilutskiy  A, Kritselis  M, Shevtsov  A, et  al. SARS-CoV-2 infection-associated 
hemophagocytic lymphohistiocytosis. Am J Clin Pathol 2020; 154:466–74.

69.	 Reichard RR, Kashani KB, Boire NA, Constantopoulos E, Guo Y, Lucchinetti CF. 
Neuropathology of COVID-19: a spectrum of vascular and acute disseminated 
encephalomyelitis (ADEM)-like pathology. Acta Neuropathol 2020; 140:1–6.

70.	 von Weyhern CH, Kaufmann I, Neff F, Kremer M. Early evidence of pronounced 
brain involvement in fatal COVID-19 outcomes. Lancet 2020; 395:e109.

71.	 Moriguchi T, Harii N, Goto J, et al. A first case of meningitis/encephalitis associ-
ated with SARS-coronavirus-2. Int J Infect Dis 2020; 94:55–8.

72.	 Fox  SE, Akmatbekov  A, Harbert  JL, Li  G, Quincy  Brown  J, Vander  Heide  RS. 
Pulmonary and cardiac pathology in African American patients with COVID-19: 
an autopsy series from New Orleans. Lancet Respir Med 2020; 8:681–6.

73.	 Maiese A, Manetti AC, La Russa R, et al. Autopsy findings in COVID-19-related 
deaths: a literature review. Forensic Sci Med Pathol 2021; 17:279–96.

https://doi.org/10.1007/s00134-020-06328-4
https://doi.org/10.1136/jclinpath-2020-2073

