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Introduction: Whole-body autopsies may be crucial to understand coronavirus disease 2019 (COVID-19) pathophysiology. We aimed to analyze pathological findings in a large series of full-body autopsies, with a special focus on superinfections.

Methods: This was a prospective multicenter study that included 70 COVID-19 autopsies performed between April 2020 and February 2021. Epidemiological, clinical and pathological information was collected using a standardized case report form.

Results: Median (IQR) age was 70 (range 63.75–74.25) years and 76% of cases were males. Most patients (90%,) had at least one comorbidity prior to COVID-19 diagnosis, with vascular risk factors being the most frequent. Infectious complications were developed by 65.71% of the patients during their follow-up. Mechanical ventilation was required in most patients (75.71%) and was mainly invasive. In multivariate analyses, length of hospital stay and invasive mechanical ventilation were significantly associated with infections (p = 0.036 and p = 0.013, respectively). Necropsy findings revealed diffuse alveolar damage in the lungs, left ventricular hypertrophy in the heart, liver steatosis and pre-infection arteriosclerosis in the heart and kidneys.

Conclusion: Our study confirms the main necropsy histopathological findings attributed to COVID-19 in a large patient series, while underlining the importance of both comorbid conditions and superinfections in the pathology.
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1. Introduction

In December 2019, Chinese health authorities reported an outbreak of 27 cases of pneumonia¬—seven of them with severe course—of unknown etiology. Later identified as coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), on 30 January 2020, and based on growing case notification rates, the World Health Organization (WHO) Emergency Committee declared a global health emergency (1). Since then, the number of cases has continued to grow, causing an unprecedented clinical situation where COVID-19 has emerged as the most consequential global health crisis since the era of the influenza pandemic of 1918 (2).

COVID-19 mainly manifests as dyspnea, fever, dry cough, and myalgia. However, clinical presentations are variable, ranging from mild flu-like symptoms to severe and fatal respiratory failure (3). Chronic comorbidities such as cardiovascular disease, hypertension, diabetes, and pulmonary disease have been identified as important risk factors for severe or fatal disease courses (4, 5). Additionally, other factors such as superinfections can complicate COVID-19 (6). Superinfections, especially caused by bacteria and fungi, increase the difficulties in diagnosis, treatment, and prognosis, and are determining factors in the evolution of COVID-19 (7). However, data on superinfections in COVID-19 is still limited.

It is also well established that COVID-19 may progress to a systemic disease involving multiple organs (3). Despite this, the pathophysiology behind organ damage remains unclear, in part due to the lack of sufficient studies with heterogeneous and significant sample sizes that include detailed post-mortem findings per organ (8). Autopsy findings may help to decipher mechanisms of disease, providing relevant information to guide therapeutic measures (9). Indeed, they have been essential to discover or clarify different medical disorders throughout the history of medicine (10), with a pivotal role in the management of unknown diseases, such as those caused by the three coronaviruses—SARS-CoV, SARS-CoV-2 and Middle East Respiratory Syndrome-Coronavirus (MERS-CoV)—emerging in the past two decades (11).

The aim of this study was to prospectively analyze necropsy findings in a large series of full-body autopsies, with a special focus on superinfections. This study is the result of the collaborative effort made by the Spanish Society of Infectious Diseases and Clinical Microbiology (SEIMC) and the Spanish Society of Anatomical Pathology (SEAP) during the first, particularly critical, months of the pandemic, in which Spain became the country with the second highest incidence in the world, with 104,118 positive cases detected and 9,387 deaths recorded (numbers as per April 1 2020) (12). Importantly, it is also worth noting that this study was conducted despite the lack of human and material resources on the healthcare system in those early times of the pandemic, as well as the notable shortage of autopsy rooms fulfilling appropriate biosafety requirements and protective equipment (12).



2. Methods


2.1. Study design

This was a prospective, multicenter study conducted in 10 hospitals between April 2020 and February 2021 in Spain. The study was approved by Hospital Universitario Reina Sofia local ethics committee (date of approval: 06/04/2020).



2.2. Study cohort

Patient demographic, epidemiological and clinical information was extracted from the case records of COVID-19 patients who died and were autopsied. The following inclusion criteria were established: (a) SARS-CoV-2 infection confirmed by real-time reverse transcriptase-polymerase chain reaction (rRT-PCR) testing on nasopharyngeal swabs; (b) death related to active COVID-19 infection or its complications; (c) informed consent for autopsy from relatives according to the usual local procedures; and (d) informed consent for the inclusion of samples in the local Biobank. Patients were excluded from the study if COVID-19 diagnosis had been exclusively performed by serological methods, if they presented advanced or terminal disease, and in case of inadequate level of safety of the autopsy room.



2.3. Autopsy procedures

Autopsies were performed using the specific guidance for post-mortem and collection detailed in the study protocol to reduce the risk of transmission of infectious pathogens during and after post-mortem examination. Autopsies were performed in biosafety level 3 (BSL3) or equivalent autopsy rooms (compliant with Centers for Disease Control and Prevention [CDC] guidelines and recommendations of the Spanish Ministry of Health) with airflow control and airborne infection control procedures, including use of appropriate personal protective equipment.

A consensual specific protocol was approved by all participating centers before the start of this prospective study. The protocol included all steps from the introduction of the body to the autopsy room, to the end of the postmortem analysis. Two methods were allowed: (1) organ extraction and sampling, and (2) organ inspection with in situ sampling.

Histological findings were collected systematically by (1) a questionnaire in which the presence or absence of various histological findings was evaluated; and (2) a histology report issued by the pathologists of each participating center and subsequently systematized by a committee of pathologists.

Our study was conducted between the first and third waves of COVID-19. Thirty-two (45.7%) necropsies were performed during the first wave (January 31 – June 21, 2020), 31 (44.3%) during the second wave (June 22 – December 6, 2020), and 7 (10%) during the third wave (December 7, 2020 – March 14, 2021).



2.4. Tissue samples and histological staining

Tissues from the lung, trachea, heart, liver, kidney, spleen, central nervous system, testicles, lymph nodes and bone marrow were collected. Samples were processed in two different ways according to their subsequent use: (1) fresh samples in RNAlater® for the Biobank; or (2) samples in 10% formaldehyde solution for optical microscopy and histopathological assessment. Tissue samples for optical microscopy were processed using hematoxylin and eosin staining (H&E). Special stains (i.e., silver or Gram) or immunohistochemical stains were performed locally and guided by histological findings in each case.

Immunohistochemical analysis (SARS-CoV Spike antibody, Rabbit Pab, Antigen Affinity Purified. Sino Biological) was performed in pulmonary, testicular, liver and lymph node samples in a total of 56 cases.



2.5. Statistical analysis

A descriptive analysis of the data was performed using frequency analysis techniques. Continuous variables were expressed as median (interquartile range, IQR) or mean (standard deviation, SD), and categorical variables as frequencies. Univariate and multivariate analyses were performed to analyze possible infection-associated factors. value of ps <0.05 were considered as statistically significant.

The analysis was carried out using R v4.1.0 and Phyton v3.7 software.




3. Results


3.1. Patient baseline characteristics

Between April 2020 and February 2021, a total of 71 necropsies were performed, one of which corresponded to a young child and consequently was excluded from the study. The number of autopsies according to the hospital in which they were performed is shown in Supplementary Table S1. Out of the 70 patients included, 75.71% were men (n = 53); median age was 70 (range 63.75–74.25) years. Patient baseline characteristics are summarized in Table 1. Most patients (90%, n = 63) had at least one comorbidity prior to COVID-19 diagnosis, the most frequent being the presence of vascular risk factors. The mean (SD) number of comorbidities per patient was 2.42 (1.52). Additionally, 60% of the patients (n = 42) had received regular treatment for at least one of their comorbidities prior to COVID-19 diagnosis, 16 (22.84%) of whom received systemic or inhaled corticosteroids.



TABLE 1 Patient baseline characteristics.
[image: Table1]

Symptoms and main blood test parameters at baseline were assessed in 68 (97.14%) out of the 70 patients (two patients were transferred from other hospitals following the diagnosis of COVID-19 and clinical data could not be properly collected; Supplementary Tables S2, S3). Among symptoms, fever and dyspnea were most frequently reported. In blood tests, abnormalities in partial pressure of oxygen (PaO2), lactate dehydrogenase (LDH), C-reactive protein (CRP), D-dimer, ferritin and interleukin-6 levels were observed in most of the samples analyzed. Chest X-ray was performed in 94.28% (n = 66) of the patients, of whom 25.75% (n = 17) presented focal infiltration, 68% (n = 45) interstitial infiltrates or diffuse alveolar interstitial infiltrates and 12.12% showed a mixed pattern (Supplementary Table S4).



3.2. Infectious complications and patient evolution

Table 2 summarizes the main complications presented by the patients from diagnosis until death over the course of COVID-19 infection. As can be seen, 65.71% (n = 46) of the patients developed infectious complications; 13 (28.26%) presented with community-acquired infections at diagnosis—6 of whom also developed other infections over the course of their disease—and 39 (84.78%) developed at least one hospital-acquired infection other than COVID-19 during their hospital stay (Supplementary Table S5). The majority of patients who developed infectious complications presented at least one systemic bacterial infection. Fungal infections were detected in nine (19.57%) out of the 46 patients with infectious complications. Five patients presented bacterial and fungal co-infections. Regarding the etiology (Supplementary Table S6), bacteria from Staphylococcus spp. genus were the most prevalent, while fungal infections were mainly produced by Candida spp. followed by Aspergillus ssp.; in 15 patients with clinical presentations compatible with systemic infection, the causative pathogen could not be identified.



TABLE 2 Complications experienced by patients over the course of COVID-19.
[image: Table2]

Mechanical ventilation was required in most patients (75.71%, n = 53), being invasive in 48 of them (including 11 with systemic infection; eight with pneumonia and three with sepsis) and non-invasive in 19. The pharmacological anti-COVID-19 treatment administered to patients over the course of their disease and median time from diagnosis to treatment initiation are shown in Supplementary Table S7. Chloroquine, lopinavir/ritonavir and azithromycin were the most frequent administered drugs. With regard to time between the main events during the patients’ disease course, median time from hospital admission to exitus was 33.5 (range 11.5–38.5) days (Supplementary Table S8).

To identify possible factors related with infectious complications, univariate and multivariate analyses were performed (Table 3). In the univariate analysis, statistically significant differences in several variables were found between patients who presented infectious complications vs. those who did not have them. However, only length of hospital stay and invasive mechanical ventilation were found to be significantly associated with infections in the multivariate analysis (p = 0.036 and p = 0.0137, respectively). When bacterial infections were analyzed separately, length of hospital stay and C-reactive protein were statistically significant in the multivariate analysis (Supplementary Table S9). Due to sample size limitations, only univariate analyses were conducted for fungal infections (Supplementary Table S10).



TABLE 3 Variables associated with infection complications.
[image: Table3]

The causes of death are shown in Table 4. Respiratory distress (25.71%, n = 18) and respiratory failure (24.28%, n = 17) were the most frequent causes reported. However, in most patients (n = 68, 97.14%), additional causes other than SARS-CoV-2 infection were identified; SARS-CoV-2 was identified as the single cause of death in only two patients,. In 11 (15.7%) patients, infectious complications were reported as a main contributor to death (Table 4).



TABLE 4 Causes of death.
[image: Table4]



3.3. Necropsy findings

Out of the 70 necropsies performed, complete necropsies were carried out in 50 (71.42%) patients. A median of 9 (interquartile range [IQR] 25–75: 6–10) organs per necropsy were analyzed. The number of organs analyzed is detailed in Table 5 and main histopathological findings are summarized in Table 6. A median of 5 (IQR: 4–5) organs with histopathological findings per necropsy were observed. As observed in Table 7, COVID-19 is a systemic disease causing multiorgan damage. Detailed histopathological findings in all the organs are summarized in Supplementary Tables S12–S21. The most frequently affected organ was the lung (68 affected cases out of the 68 lungs analyzed, 100%) and the most common histopathological finding was diffuse alveolar damage (DAD; predominantly proliferative phase [88.23%, n = 60]). Acute fibrinoid organizing pneumonia (AFOP) was identified in 13 patients, with the typical fibrin deposition (or “fibrin balls”) along with plugs of organizing pneumonia in air spaces. All these patients also exhibited DAD.



TABLE 5 Organs analyzed in autopsies.
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TABLE 6 Analyzed organs in autopsies.
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TABLE 7 Multi-organ affectation in COVID-19 patients; simultaneous histopathological findings.
[image: Table7]

Histopathological findings were observed in 75% (48/64) of the hearts analyzed. The gross findings from the heart showed left ventricular hypertrophy (51.56%, n = 33). Five clear cases of acute myocardial infarction were identified with scattered individual cell myocyte necrosis in two cases. In the central nervous system (CNS) only 10 cases were available, and the most relevant findings were ischemia (20%, n = 2) and parenchymal infarct (30%, n = 3). No vasculitis was reported and increased microglia was observed. In 51 cases (75.56%) findings were compatible with pre-infection arteriosclerosis; 47 cases in the heart, 28 in the kidneys and 24 in both. Regarding the kidney, glomerular sclerosis was identified as the most frequent pre-infection histopathological finding. In the liver, the presence of steatosis (61.9%, n = 39) and hepatocyte necrosis (20.63%, n = 13) were the most frequent findings reported. Findings consistent with hemophagocytosis were detected in 16 (22.86%) cases, of which 15 were observed in the bone marrow and 1 in both the spleen and lymph nodes. Other findings included inflammation, edema, and metaplasia in the trachea and fiber necrosis in the muscle.




4. Discussion

The COVID-19 pandemic dramatically impacted on global National Health Service (NHS) in Spain. During the first wave of the pandemic, the Spanish NHS had to reorganize a large proportion of resources toward the management of patients with SARS-CoV-2 infection, and to implement (specific protocols of action [SPA]) to avoid the infection of healthy healthcare professionals and patients. In this scenario, autopsies were only performed occasionally in the few hospitals with BSL3 autopsy rooms, which belonged to the national network for performing autopsies in patients with high-risk infectious disorders, such as Creutzfeldt-Jakob disease. This clearly reinforces the high effort made by the NECROCOVID Study Group to conduct the present study.

It has been widely demonstrated that COVID-19 is a systemic disease (13), in which viral RNA is still present several days after death, most frequently in the respiratory tract and associated with severe and fatal organ damage (14). However, the exact pathophysiology behind organ damage remains unclear. Whole-body autopsies are an essential tool for determining the extent of organ involvement and consequently, for obtaining a more accurate diagnosis. Furthermore, they should be considered mandatory to define the exact cause of death, which would provide useful clinical and epidemiologic information, as well as pathophysiological insights to further provide therapeutic tools (9). Regrettably, due to several issues of infection control and for logistical and operational reasons, as previously mentioned, full-body autopsy studies of COVID-19 have been limited and, as with lung autopsy studies, often include few patients (8, 15). In a systematic review recently published including 46 studies from all over the world on post-mortem findings in COVID-19 patients (8), only 21 studies performed a multi-organ assessment. Of these 21 studies, the total number of patients autopsied exceeded 40 in only one of them. Similarly, in another systematic review including 50 studies, a total of 430 necropsies were included, but most of them were performed in specific organs (16). Here, we report full-body necropsy findings in 70 patients who died of COVID-19 in 10 different Spanish hospitals during the early stages of the pandemic. In our study, a median of 5 organs per necropsy (median of 9 organs analyzed/necropsy) presented histopathological findings, confirming the multisystemic nature of COVID-19. Thus, the existence of pathological findings in heart or kidney was associated with a high proportion of pathological findings in lung, liver, lymph nodes and CNS in most patients. Similarly, the presence of hemaphagocytosis in spleen, bone marrow and lymph nodes was suggestive of a systemic disease. Finally our study, in agreement with other international studies, also confirms that, with appropriate safeguards, autopsies of people who have died from COVID-19 can be performed safely and provide relevant information to medical research (17, 18).

In agreement with that previously reported (8, 19–22), the lung was the most affected organ (100% of the analyzed cases with histopathological findings) in our series. In almost all cases pulmonary findings included DAD with hemorrhage, hyaline membranes and pneumocyte damage, morphological features typically found in acute respiratory distress syndrome (ARDS) (23). DAD is a nonspecific pattern of interstitial pneumonia that evolves through three different phases: exudative, proliferative and fibrotic, although patients can present with more than one pattern, either simultaneously or consecutively (24). In our series, in which median time from hospital admission to death was approximately 1 month (33.5 [range 11.5–38.5] days), proliferative DAD was the most prevalent pattern, a phase that, along with early fibrosis, has been observed in patients who had a prolonged hospital stay (2.5–3 weeks onwards from hospital admission) (24–26). However, other additional factors could also explain the presence of fibrotic patterns, such as mechanical ventilation, required in three quarters of our cohort and found to be associated with fibrosing DAD in COVID-19 patients (25). Finally, in relation to respiratory histopathological findings, we found evidence of tracheal inflammation. Although tracheitis seems to be present in a subset of COVID-19 patients (27), we were not able to determine whether it was triggered by the infection or was an indirect consequence of mechanical ventilation.

Findings other than pulmonary abnormalities were also in line with those previously reported (8, 19, 22, 24, 28, 29). A great part of the patients presented arteriosclerosis affecting the heart and the kidneys, mainly due to pre-existing pathologies and comorbidities, such as hypertension and diabetes mellitus. In our series, most patients had at least one comorbidity, something that has been extensively observed in other studies (22, 27, 28, 30). Similarly, ischemic infarction in the CNS and acute myocardial infarction could be also indicative of this this high proportion of patients with comorbidities. In the liver, the second most common organ affected in COVID-19 (31), moderate steatosis and hepatic inflammation were the most common findings, probably due to drug-induced liver injury (DILI). As reported, DILI seems to be present in some COVID-19 autopsy examinations and could be due to the widespread use of hepatotoxic drugs such as antivirals, corticosteroids, immune modulators, acetaminophen, and antibiotics in these patients (31). Finally, regarding brain findings, although ischemia, infarction and increase of microglia could be compatible with the pathogenesis of SARS-CoV-2, age and atheromatosis cannot be ruled out as potential causes explaining those findings.

Importantly, in our study, the majority of the patients (65.71%) presented infectious complications over the course of the disease, in most cases due to bacterial systemic infections. This prevalence is high compared to previous reports, in which secondary infections were reported in a range of 5–27% of the cases (32–37) and in 32% of the cases in post-mortem studies (6). These results may, however, be explained by the elevated proportion in our series of critically ill patients requiring mechanical ventilation (75.71%) and with prolonged hospital stays, two factors proven to be significantly associated with secondary infections, as confirmed in our study (38). Although secondary infections do not seem to be the main cause of death in COVID-19 (38), they are recognized as a determining factor in the evolution of the disease, increasing the difficulties in diagnosis, treatment, and prognosis (7). Specifically, bacterial superinfection in patients with COVID-19 is related to disease progression and prognosis, increasing admissions to intensive care units, treatment with antibiotics, and mortality (39). Consequently, superinfections are a major risk factor for adverse outcomes in COVID-19, particularly in hospitalized patients with severe disease, and deserve special attention and management. Indeed, as observed in this study, in a not insignificant 15.7% of patients, infectious complications were reported as a main contributor to death.

The therapeutic options for COVID-19 have changed over the course of the epidemic. Initially, drugs were used on the basis of the results of very early studies, such as chloroquine, lopinavir/navir/ritonavir, azithromycin, ivermectin, or interferon beta-1b, which were subsequently not approved by the regulatory agencies for lack of efficacy and/or safety (40–42). This justifies the high number of patients in our study who were treated with chloroquine, lopinavir/ritonavir, or azithromycin. The first antiviral drug, remdesivir, was approved by the Food and Drug Administration (FDA) in October 2020 (43, 44). Regrettably, most of our patients could not be treated with this drug. Subsequent to the completion of our study, new antivirals such as nirmatrelvir + ritonavir (45) or molnupiravir (46) were approved. These drugs could have changed the prognosis of COVID-19 patients, but again, they could not be administered to the patients included in this study. Consequently, the results of our study cannot be extrapolated to populations of patients who have died from COVID-19 and who have systematically received an antiviral and a immunomodulatory treatment of proven efficacy.

SARS-CoV-2 has constantly mutated throughout the epidemic. This has led to the emergence of variants of the virus that are different from the original SARS-CoV-2 virus. The first variants (alpha, beta, and gamma) were considered variants of concern in December 2020. As our study was conducted between the first and third waves of COVID, the patients included in our study would have been infected with the original SARS-CoV-2 or with its first variants. The importance of the SARS-CoV-2 variant responsible for COVID-19 lies not only in its transmission capacity, but also in the severity of the symptoms it produces. Thus, it has been shown that the typical histological lung involvement associated with COVID-19 in cases of infection with the omicron variant (SARS-CoV-2 VOC from November 2021) is less frequent (50 versus 80–100%) and less severe than in previous variants (47). Therefore, the findings obtained in our study cannot be extrapolated to infections caused by variants of SARS-CoV-2 that emerged after our recruitment period. Similarly, it is worth noting that none of the patients included in our study had received vaccination against COVID-19. It is known that vaccination against SARS-CoV-2 has substantially modified the severity of COVID-19. Indeed, in a study that compared the necropsy findings of vaccinated and non-vaccinated persons against SARS-CoV-2, less pulmonary involvement was found in vaccinated patients than in non-vaccinated patients (59% vs. 91%) (47). Therefore, the frequency and intensity of involvement of the different organs observed in our study cannot be extrapolated to populations that have been vaccinated against SARS-CoV-2 either.

This study also has some limitations. First, results from the multivariate analysis must be interpreted cautiously, as the number of cases was limited. Second, given the nature of the study (real-world data obtained in routine clinical practice), the protocol for infection detection was not homogenous among participant centers, which could have an impact on the frequency of infections observed. Third, this study was conducted in the hospital setting, so deaths occurring outside this environment were not registered. Finally, as previously discussed, due to the period in which this study was conducted, important factors affecting the course of the disease were not considered and consequently, results cannot be extrapolated to certain populations. Despite these limitations, we believe that our study helps to expand our knowledge on the impact of COVID-19 at both clinical and organ levels.

In summary, in this study we have confirmed the main necropsy histopathological findings attributed to COVID-19 in a large series of patients, from whom an extensive collection of Biobank samples will also be available for further studies. The wide range of clinical, laboratory, radiological and pathological parameters that were collected on a systemic basis is notable, as well as the overall collaborative effort made to conduct this study during the early phases of the pandemic, in which there was a critical shortage of autopsy rooms and protective equipment.

Our results stress the importance of both comorbid conditions and bacterial and fungal superinfections in the critical COVID-19 patient, and must be taken into account as an integral part in patient management.
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