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1. Introduction

1.1 Forensic autopsy of myocarditis in Denmark

In Denmark, suspicious deaths, deaths of unnatural manner and unexpected deaths must be
reported to and investigated by the police. In most cases, a medico-legal external examination is
performed by the police and a Medical Doctor of Health (Sundhedsloven, Kap 55)*. The final
decision on whether to proceed to a forensic autopsy is made by the police and relies on the
Danish legislation. According to Danish law a forensic autopsy shall be performed when death is
caused by a criminal act or is suspected, when the manner of death cannot be established with a
sufficient high degree of certainty during the medico-legal external examination or if the police for
other reasons find that an autopsy is indicated (Sundhedsloven, Kapitel 56)2. Furthermore, the
Ministry of Health has decided that an autopsy shall be performed in drug-related deaths. In
Denmark, a forensic autopsy is performed in 2.3% of all deaths, and 27% of all medico-legal
external examinations are followed by a forensic autopsy3. In the majority (approximately 90%) of
forensic autopsy cases, the manner of death is natural. Whether a forensic autopsy is performed
in myocarditis-related deaths will accordingly depend on the circumstances surrounding the
death. In myocarditis cases a forensic autopsy will often be performed in certain cases of sudden
unexpected death, un-witnessed death and some accident cases, while cases with a medical
history of heart disease or other severe illness, will frequently be deselected, because both the

cause and manner of death can be presumed.

A standard forensic autopsy in Denmark is preceded by an investigation of the death performed by
the police, where information regarding circumstances of the death; lifestyle of the deceased,
especially concerning the abuse of alcohol, medicine and illicit drugs; and medical history from
relatives, general practitioner and hospital files is collected. The autopsy is often performed
several days after death and includes an external and internal examination, with an evaluation of
all organs. At the Department of Forensic Medicine, Aarhus University, where this project has
been conducted, the heart of the deceased is handled according to a department-specific protocol

concerning the routine examination of the heart®. This protocol includes a detailed macroscopic

Aln 2005, the specific department protocol was accredited according to general criteria; DS/EN is/IECL7020, 2005
(latest version).



examination followed by a histological investigation. Routinely, the histological examination
includes four myocardial specimens from the heart, which are sampled from four different
locations. In selected cases, additional sampling from other locations, such as the conductive
system, is performed. Toxicological screening and supplementary laboratory tests for diabetes,
metabolic disorders and infections are performed when considered relevant for establishing the
cause of death. Molecular autopsy according to the existing guidelines has not yet been integrated
as a diagnostic procedure, but it has been performed in selected cases. Virological examinations
have only been performed in a minority of cases in the past but are becoming increasingly more

common.

Myocarditis constitutes a very important unsolved challenge in the practice of cardiovascular
medicine. An early and accurate diagnosis is important because myocarditis is a significant cause
of severe cardiac disease, including sudden cardiac death (SCD), especially in young individuals™®.
Furthermore, viral myocarditis is a potential precursor of dilated cardiomyopathy (DCM), which is
a major cause of cardiac transplantation7. In the practice of forensic medicine, an accurate
evaluation of myocardial inflammation is necessary to establish the correct cause of death. Many
different criteria for the diagnosis of myocarditis have been proposed in recent years, and several
guidelines have been recommended® ™. Histopathological evaluation is recommended as the gold
standard for a definite myocarditis diagnosis, and a combination of histological, immunological
and immunohistochemical examinations should be performed. However, the histological diagnosis
of myocarditis remains challenging and is continuously debated. Recent improvements of
molecular diagnostic tests have helped uncover viral etiologies, and routine polymerase chain
reactions (PCR) for the detection of viral genomes are now included in the recommendations to
enhance the diagnostic contribution of the histological examination®*°. Despite this inclusion, only
a few studies on the etiologic role of cardiotropic viruses in myocarditis-related deaths have been

published™™**.

The routine collection of myocardial tissue samples from all deceased individuals at the
Department of Forensic Medicine, Aarhus University, has provided an opportunity to
retrospectively study the histopathological and virological characteristics in myocarditis-related
deaths and to evaluate the results by including a large control group of deceased individuals with

normal hearts.



2. Background

2.1 Definition

Myocarditis refers to an inflammatory disorder of the myocardium and is characterized by an
infiltration of immunocompetent cells and the non-ischemic degeneration of cardiac myocytes.
Myocarditis can be classified by causes (e.g., viral, bacterial, protozoal, toxic or hypersensitivity),
histology (e.g., lymphocytic, neutrophilic, eosinophilic, granulomatous or giant cell) or clinical
presentation (e.g., acute, fulminant or chronic). In 1995, myocarditis was defined by the World
Health Organization/International Society and Federation of Cardiology Task Force as an
inflammatory disease of the heart muscle diagnosed by established histological, immunological
and immunohistochemical criteria® *°. The definition was made as part of several changes in the
definition and classification of inflammatory heart diseases. The new classification also included
inflammatory cardiomyopathy, defined as myocarditis in association with cardiac dysfunction.
Despite its rather clear-cut definition, the diagnosis and classification of myocarditis continue to
prompt considerable debate, particularly because the clinical and histological diagnoses of

myocarditis show little correlation'®™®,

2.2 Historical view

The term myocarditis, as we know it today, has slowly developed since the 19th century. In the
beginning, heart diseases were classified as valvular or non-valvular; the non-valvular diseases
were generally termed “carditis” and most likely included a variety of cardiac conditions.
Myocarditis as an isolated condition of the myocardium was first described by Soberheim in
1837%. The diagnosis was primarily made on auscultation and at autopsy, but simple light
microscopic examinations were also performed. The etiology was in generally obscure. In 1878,
Ruhle first described myocarditis as part of an infectious disease, but it was considered to be part
of a systemic infectious disease, not an isolated illness affecting the heart™. This specificity was
not defined until the beginning of the 20°th century. Identification of a myocardial lesion by the
presence of a specific cellular response led to the understanding of different possible origins. Thus,
myocardial changes resulting from vascular conditions began to be separated from inflammatory

myocarditis. However, specific attention to myocardial inflammation based on a viral or bacterial



infection was not given until the middle of the 20th century. As different techniques emerged
(e.g., culture techniques and electron microscopy), the first viruses were isolated from individuals
diagnosed with myocarditis in 1945. The first viruses isolated were Influenza virus A and
Coxsackie-virus B. With the first transvenous endomyocardial biopsy (EMB) completed in 1963, the
material that was accessible for diagnosis increased significantly?. Since then, a broad spectrum of
different microorganisms has been identified as causes of myocarditis, as have a variety of non-

infectious causes.

2.3 Incidence

The frequency of myocarditis has been estimated in several studies, and the results are highly
variable. Passarino et al. found an autopsy frequency of myocarditis of 0.5% in a series of

2122 piaz et al found

consecutive autopsies, while Burlo et al. found it to be 5.1% in a similar study
myocarditis to constitute 1.3% of all natural deaths’. In an Australian study, myocarditis was found
to cause 12% of SCD in young people, while a Spanish study only found it to cause 1% 2.
Geographic differences may partially explain these dissimilarities, but discrepancies in the
classification and interpretation of myocardial inflammation are likely of greater importance. The
studies estimating the frequency of myocarditis are characterized by significant differences in
applied methods, numbers of sections examined and numbers of investigators, which are all
important factors affecting the myocarditis diagnosis. Myocarditis has been reported to be over-

diagnosed®*; however, it may instead be under-diagnosed, and the true frequency of myocarditis

is unknown.

2.4 Etiologies

Myocarditis can result from a wide spectrum of causes, including infectious pathogens and toxic
and hypersensitivity reactions (see Table 1). Viral infection is responsible for the majority of
myocarditis cases in western countries. However, despite several well-described etiologies, the

underlying cause of myocarditis often remains unidentified.
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RNA viruses:
Picornaviruses: Enteroviruses, hepatitisvirus
Paramyxovirus: Respiratory syncitial virus

DNA viruses:
Adenoviruses
Erythrovirus: Parvovirus B19
Herpesvirus: Human herpesvirus 6 A/B,
Cytomegalovirus, Epstein-Barr virus,
Varicella zoster virus
Retrovirus: HIV

Bacteria:
Chlamydia pneumoniae, Chlamydia psittasi
Haemophilus influenzae
Legionella
Clostridium species
Salmonella species
Staphylococcus species
Streptococcus species
Treponema pallidum
Borrelia burgdorferi

Protozoa:
Trypanosoma cruzi

Autoimmune diseases:
Dermatomyositis
Rheumatoid arthritis
Systemic lupus erythematosis
Wegener's granulomatosis
Sjogren syndrome
Inflammatory bowel disease
Giant cell myocarditis
Rejection

Drugs:
Clozapine
Catecholamines
Chemostatica
Cocaine
Antibiotics

Radiation

Table 1. Causes of myocarditis.

Viral causes

Several studies have examined the presence of viral genomes in the myocardium. Multiple viruses

have been detected, but their frequencies are highly variable as shown in Table 2. Furthermore,

the number and types of viruses examined are different from study to study.
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Author Number of cases Material Viruses examined Results
Jin et al. N=48 patients with EMB Enterovirus Enterovirus 10%
1990%° clinically suspected
myocarditis or DCM
Why et al. N=120 consecutive EVMB Enterovirus Enterovirus 34%
199428 patients with
histological myocarditis
or DCM
Martin et al. N=34, children with EMB and autopsy Enterovirus Total: 68% PCR
1994% clinical suspected samples CMV positive in study group
myocarditis Adenovirus
HSV .
Control cases: 17 Adenovirus 40%
children with Enterovirus 21%
congenital heart HSV 5%
disease/HCM CMv 2%
Hufnagel et al. N=526 patients with EMB Enterovirus Total: 7% PCR positive
2000% histological Adenovirus
myocarditis CMV oy, 3.20
Adenovirus 2.4%
Enterovirus 1.3%
Bowles et al. N=773 patients EMB and autopsy Adenovirus Total: 38% PCR
2003%° children and adults) samples (FFPE tissue Enterovirus positive of patients with
with clinical suspected  samples) CMV myocarditis
myocarditis n=624) or Parvovirus
DCM (n=149) HSV Adenovirus 23%
EBV Enterovirus 14%
RSV CMV 3%
Influenza A virus Others <1%
Pankuweit et al. N=110 patients with EMB Parvovirus Total: 28% PCR
2003%° suspected IHD (36 with Coxsackievirus positive in the project
histological Adenovirus group
inflammation)
Parvovirus 15%
Controls: 28 patients Coxsackie- 6%
with hypertension virus
Adenovirus 6%
Controls: PCR 7%
positive for
parvovirus
Mantke et al. N=153 explanted Tissue samples from Enterovirus Total: 54% PCR
20043 hearts transplants Adenovirus positive
Parvovirus
CMV Enterovirus 27%
Influenzaviruses CMV 22%
Adenovirus 14%
Parvovirus 10%
Influenzavirus 0%
Kuhl et al. N=172 consecutive EMB Parvovirus Total: 100% PCR
2005 patients with biopsy Enterovirus positive (inclusion
proven viral Adenovirus criteria)
myocarditis HHV-6

Parvovirus 37%
Enterovirus 33%
HHV-6 10%
Adenovirus 8%
Parvovirus+

HHV-6 12%

12



Author

Number of cases

Material

Viruses examined

Results

Kyt et al. N=40 patients with Autopsy samples Adenovirus Total: 43% PCR
2005 myocarditis as cause (FFPE tissue samples)  Entero positive in the project
of death CMV group
Parvovirus CMV 38%
Controls: 18 accidental HHV-6 Parvovirus 10%
deaths Rhinovirus Enterovirus 3%
Influenzavirus A + B HHV-6 3%
Others
negative 0%
Controls: 17%
(1 parvovirus;
1 HHV-6)
Mahrholdt et al. N=128 patients with EMB Adenovirus Total: 92% PCR
20063 clinical suspected Enterovirus positive of the cases
myocarditis (87 with Parvovirus with histologically
histological CMV myocarditis
inflammation) HHV-6
EBV Parvovirus 56%
HHV-6 18%
Parvovirus+
HHV-6 17%
Others <1%
Guarner et al. N=27 patients with Autopsy samples Adenovirus Enterovirus 18%
2007%2 histological myocarditis  (FFPE tissue samples)  Enterovirus Adenovirus 0%
Kindermann et al. N=181 patients with EMB Adenovirus Total: 44% PCR
20083 clinical suspected Enterovirus positive
myocarditis Parvovirus
HHV-6 Parvovirus 29%
EBV HHV-6 11%
Enterovirus 6%
EBV 3%
Adenovirus 2%
Schenk et al. N=69 random autopsy  Autopsy samples Parvovirus Parvovirus 66%
2009%° cases
Koepsell et al. N=26 cases with Autopsy samples Parvovirus Parvovirus 86%
200913 myocarditis diagnosed  (FFPE tissue samples)
at autopsy Controls:
Parvovirus 26%
Controls: 19 autopsy
cases without
significant cardiac
disease
Kuethe et al. N=100 patients who Tissue samples from Parvovirus Total: 90% PCR
2009 underwent open heart  surgery Bocavirus positive
surgery
Parvovirus 85%
Bocavirus 5%
Mahfoud et al. N=124 with clinically EMB Enterovirus Total: 47% PCR
2011% suspected myocarditis Adenovirus positive
(immunohisto-chemical Parvovirus
inflammation in 54 EBV .
cases) HHV-6 Parvovirus 33%
CMV HHV-6 8%
Influenzavirus EBV 6%
Enterovirus 4%
Adenovirus 2%
Gaaloul et al. N=48 cases of sudden  Autopsy samples Enterovirus Enterovirus 12%
201238 unexpected death with

clinically suspicion of
IHD

Controls: 37 cases
of accidental deaths

EMB (endomyocardial biopsy), FFPE (formalin-fixed paraffin-embedded), DCM (dilated cardiomyopathy), HCM (Hypertrophic

cardiomyopathy), IHC (inflammatory heart disease), HSV (Herpes simplex virus), CMV (cytomegalovirus), HHV-6 (Human herpes
virus 6), EBV (Epstein-Barr virus). Bold type: the most prevalent virus in each study.

Table 2. Different published results of virological analyses on myocardial tissue samples.



Enterovirus, adenovirus and parvovirus B19 (PVB19) have been reported as the most frequently
detected causes of myocarditis, but cytomegalovirus, human herpes virus-6, influenza viruses A
and B, Epstein-Barr virus and others have also been identified. As seen in Table 2, the overall
presence of viral DNA/RNA in the myocardium from all the examined viruses ranged between 7% -
92%. Most of the previously reported studies examining the presence of viruses in the
myocardium are based on living patients, while only a few studies on autopsy material exist. These
studies only include a small number of cases and studies with a large control group of individuals

with non-inflamed hearts are missing.

Enterovirus, adenovirus and PVB19: The viral shift

Enterovirus was one of the first viruses to be associated to myocarditis. It was the most commonly
detected virus in some of the first studies examining the presence of viral genomes in the

26 28 pdenoviruses were increasingly

myocardium with frequencies reported from 1.3% to 34%
reported as a cause of myocarditis during the 1990s with frequencies from 2% to 40% between
1994 and 2011%" *’. However, analyses of adenovirus in myocarditis/suspected myocarditis cases

12, 14,33

have also been negative in several studies . Enteroviruses and adenoviruses most commonly

d® ¥ na study from

affect infants and young adults, although persons of all ages can be infecte
the Unites States, myocarditis caused by enteroviruses was overrepresented among persons 15
years of age and older®®. Both enteroviruses and adenoviruses are considered important causes of
viral myocarditis, but their frequencies are reported to be decreasing. PVB19 was introduced as a
possible cause of myocarditis in the 1990s. In contrast to enterovirus and adenovirus, PVB19 is
detected in myocarditis case with increasing frequencies from <1% to 86%" %°. PVB19 has been
described as the most prevalent etiology to viral myocarditis today. This change in the most
common viral etiologies of myocarditis from enterovirus to adenovirus and PVB19 over the last

decades has been termed “the viral shift”. Detailed information on enterovirus, adenovirus and

PVB19 is given in Table 3.
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Enterovirus

Family

Type

Distribution

Clinical manifestation

Picornaviridae; > 200 serotypes have been identified

Non-enveloped, single-stranded RNA virus

Worldwide

Infections with enteroviruses are most often asymptomatic but may result in a
wide variety of symptoms ranging from mild respiratory illness; hand, foot and
mouth disease; conjunctivitis; generalized disease; aseptic meningitis; acute
flaccid paralysis; encephalitis and myocarditis.

Clinical manifestation

Adenovirus

Family Adenoviridae; > 50 serotypes have been identified
Type Non-enveloped, double-stranded DNA virus
Distribution Worldwide

Infections with enteroviruses mainly causes respiratory tract syndromes and
pneumonia, while infections of the gastrointestinal and urogenital systems and
the heart is less common.

Parvovirus B19

Family

Type

Distribution

Clinical manifestation

Parvoviridae

Non-enveloped, single-stranded DNA virus

Worldwide

Infections with parvovirus B19 is often asymptomatic, but in children it may

cause erythema infectiosum and in adults long-lasting arthritis. Most people
become infected with PVB19 during the first two decades of life.

Table 3. Characteristics of enterovirus, adenovirus and parvovirus B19.

With regard to affection of the heart, PVB19 has been associated with myocarditis as well as
dilated cardiomyopathy, but its etiologic role remains controversial due to its ability to cause
persistent infection. PVB19 was suggested to cause myocarditis based on the detection of PVB19

13, 14, 29, 33, 34

genomes in myocardial biopsies with inflammation . However, PVB19 has also been

13,35

detected in autopsy samples where no myocarditis was present , in cardiac transplant donors*"

and in patients undergoing myocardial biopsy on suspicion of conditions not associated to

36, 42

myocardial inflammation , suggesting that PVB19 is a bystander with no or limited association

to myocardial inflammation. This suspicion is supported by the fact that PVB19 also has been

found in bone marrow, synovial membranes and the skin of healthy adults “**

. These divergent
findings make the PCR results ambiguous and the interpretation difficult.

Serological analyses of PVB19-specific immunoglobulin IgM and IgG can be used in addition to PCR
analysis to differentiate between acute and persistent PVB19 infection. Infection with PVB19
induces a viremic phase, followed by the production of PVB19-specific antibodies. IgM antibodies
appear 9 — 12 days after infection and are the first detectable immune reaction, indicating an

acute PVB19 infection. The response is temporary and declines over the following weeks and IgM

antibodies are usually undetectable after 8 — 12 weeks. 1gG antibodies are usually present two

15



Y In some individuals, especially

weeks following infection and persist IifeIong46'
immunocompromised subjects, long-lasting viremia may be present with or without the normal
sequence in antibody subclasses. Most people become infected during their first two decades, and
more than 70% of adults have PVB19-specific 1gG antibodies®. The typical antibody response in
PVB19 infection is shown in Figure 1. Because of the temporal overlap of the IgM and IgG

antibodies, it is common to detect both antibodies at the same time; however, for a limited time

period, IgM may be the only detectable antibody and indicates an early acute infection.

Viremia g
B19 Viremia &
. IgG IgM
Antibody Responses
L 1 | | | 7/71/ | | J
0 7 14 21 28 2 4 6
Days Months

Figure 1. Antibody response in parvovirus B19 infection. Modified from Heegaard et al.®’

The diagnostic value of PVB19-specific serology in cases with suspected myocarditis has previously

323637 These studies primarily examined whether the

been reported, with conflicting results
presence of virus-specific IgM and IgG could predict an infection with the same virus in the
myocardium and thereby reduce the need for EMB, which would be advantageous in a clinical
setting. The use of PVB19-specific serology as a supplementary test to aid the interpretation of a
positive PVB19 PCR in the myocardium is seldom reported®, and in most of the previously

reported studies, the association of PVB19 with myocarditis relies solely upon detection of PVB19

genomes in the myocardium by PCR.

Saffold virus
In virus-negative cases, the cause of myocarditis often remains unidentified, which can generate
several hypotheses. Some of these cases may be explained by an infection with viruses other than

those that are routinely examined. Novel viruses are continuously discovered and described, and
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based on their ability to cause diseases such as myocarditis in animals their pathogenicity in
humans has been speculated. The saffold virus is one of these viruses whose association with

human myocarditis needs to be described.

Saffold virus was first described by Jones et al in 2007, when the virus was isolated from a fecal
sample from an 8-month-old child*®. The genetic sequence of the virus indicated that it belonged
to the genus Cardioviruses within the family Picornaviridae. Like the other Picornaviridae, saffold
virus is a RNA virus. Cardioviruses infect animals, where it can cause asymptomatic intestinal
infections. Extraintestinal spread can cause serious invasive infections, including myocarditis,

diabetes, encephalomyelitis and a multiple sclerosis-like disease®™™*

. Since its discovery, saffold
virus has been isolated from respiratory secretion and stool samples from children with
respiratory and gastrointestinal symptoms in Canada, Brazil, Germany and California>>>’. SAFV has
also been detected in stool samples from South Asian children with paralysis and from children
without neurologic symptomssz. These finding indicate that saffold virus is distributed worldwide
and can be found in respiratory and fecal specimens from children with or without symptoms. In
two studies from Denmark and Germany, SAFV has been detected in the myocardium,
cerebrospinal fluid and blood, suggesting a more invasive role in human infections®® >°. However,

it was not possible to associate the detection of the virus to histopathological alterations in the

affected organs in these studies.

Non-viral causes

Numerous bacterial agents can cause myocarditis, but bacterial-induced myocarditis is less
frequently reported than viral-induced myocarditis. Especially in the United States, Borrelia
burgdorferi is a relative common cause of myocarditiseo. Myocarditis caused by a bacterial
infection is mostly observed in immunosuppressed individuals, where myocarditis can manifest as
part of a severe systemic infective condition. Protozoans, fungi and parasites can also cause
myocarditis, and in developing countries Trypanosoma Cruzi (Chagas’ disease) is the most
common etiology of myocarditis and often induces chronic heart failure in affected individuals®.
Non-infectious causes of myocarditis include toxins and hypersensitivity reactions. Among the
many different kinds of drugs associated with myocarditis, clozapine, anthracyclines and cocaine

62-66
d

are the most well documente . Antibiotics and antidepressant have also been linked to
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myocarditis; however, their role is far from fully elucidate . Numerous autoimmune systemic

diseases, like systemic lupus erythematosus, and sarcoidosis, can induce myocarditis through

immunological mechanisms®® .

2.5 Pathogenesis of viral myocarditis

Most attention has focused on understanding viral-induced myocarditis. The pathophysiology in
humans is only poorly understood, and most current knowledge has been obtained from animal
studies. Generally, the course of viral myocarditis is described in three phaseslo’ 074 Phase 1
(acute phase) is characterized by the entrance of the virus into cardiac cells by virus-specific
receptors, followed by directly virus-induced myocardial injury, with apoptosis and necrosis. The
cardiotropic viruses have different target cells; adenoviruses and enteroviruses are often detected
within the cardiomyocytes as virus-specific receptors are located on the myocyte cell surface while
PVB19 mainly infects endothelial cells ’* 7> 7. After entrance, the activation of the host’s immune
system leads to an invasion of mostly macrophages and T lymphocytes, which cause further
cardiac injury. Phase 2 (subacute phase) is primarily characterized by immune reactions, which
typically lead to viral clearance and down-regulation of the immune system, with no further
adverse effects. However, in a few cases, the immune reactions will continue due to viral
persistence and/or autoimmune reactions because of antigen mimicry or a genetic predisposition
toward the development of cardiac autoantibodies directed against myocardial structures, often
referred to as post-viral autoimmunity. These cases will progress into phase 3 (chronic phase),
which is characterized by myocardial remodeling, cardiac dysfunction and DCM. The time course
of the different phases is shown in Figure 2 and is derived from murine models. As illustrated, viral
genomes, cellular infiltrations and antibodies are present at different times during the three

phases.
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Figure 2. Time course of viral myocarditis. Figure from Kindermann et al®® (Reprinted with
permission).

Myocarditis-related death may occur in all three phases, but the mechanisms leading to death
have not been fully elucidated. In the late phases end-stage heart failure may lead to
death/cardiac transplantation, while death in the early phases is thought to be caused by

arrythmia’’. Hence, death during all phases may be subjected to forensic examination.

2.6 Clinical presentation and diagnosis

The clinical presentation of myocarditis is highly variable, ranging from subclinical disease to the
manifestation of heart failure or sudden cardiac death as the first symptom” "%, A viral
prodromal phase of fever or respiratory or gastrointestinal symptoms is not uncommon®!, while
the onset of myocarditis is frequently accompanied by dyspnea, chest pain and arrhythmic

28, 34

events . The clinical diversity at presentation, which is mainly dominated by nonspecific

symptoms and findings, makes the diagnosis of myocarditis difficult.

Different approaches for the diagnosis of myocarditis can be utilized. Several less invasive
diagnostic tests, such as serum biomarkers, electrocardiography and echocardiography are
available, but the results are often non-specific and do not enable myocarditis to be differentiated

82-86

from other cardiac diseases, especially ischemic conditions Cardiovascular magnetic

19



resonance (CMR) is a new emerging diagnostic tool for myocarditis. It can detect myocardial
edema and myocyte necrosis with sensitivities reported between 44 - 90%°" %, However, CMR
cannot characterize or quantify the inflammatory infiltrations and thereby provide an assumption
of the underlying etiology. Despite the low sensitivity and specificity of these tests, in
combination, these results may add important supplementary information to histological
evaluation, which remains the gold standard for a definite diagnosis of myocarditis. For autopsy

cases, however, the results of premortem diagnostic tests are unfortunately not always available.

Histopathological examination

The extension and distribution of the inflammatory changes in myocarditis are highly variable and
include small solitary inflammatory foci, multifocal aggregates and diffuse widespread
inflammation. The histological pattern can be categorized by the most predominant cell type and
classified as lymphocytic, neutrophilic, eosinophilic, granulomatous and giant cell. The
predominant cell type often reflects the underlying etiology, but a significant overlap exists among

24, 89

categories. Lymphocytic myocarditis is reported as the most common type . However, small

foci of inflammatory cells have also been demonstrated as common incidental findings at autopsy
in cases of non-cardiac death®”*°.

In a clinical setting, the histological diagnosis of myocarditis is performed with EMB, which is
generally sampled from the right ventricle. However, EMB is not routinely performed when
myocarditis is suspected due to the risks associated to the procedure. The EMBs are small (1-4
mm?) and include the endocardium and the myocardium. Number and size of the biopsies
influence the sensitivity of EMB for diagnosing myocarditis. Chow et al and Hauck et al
demonstrated that from a single EMB, myocarditis could be diagnosed in 25% of cases according
to the Dallas criteria. With >5 biopsies, myocarditis could be diagnosed in approximately two-
thirds of subjects. To obtain a sensitivity of 80%, 17 biopsies should be examined®" %,
Furthermore, serial sectioning of the biopsies increases the sensitivity of EMB when evaluating
myocarditi593. These findings indicate a high risk of sampling error, and the number of EMB that is

sufficient to provide a satisfactory diagnostic yield is widely debated®* *°.

In an autopsy setting, the un-limited accessibility to the myocardium at postmortem is a diagnostic

advantage. Macroscopically only few changes, if any, are seen in acute myocarditis. In severe

20



prolonged cases, the heart can be enlarged, with a speckled myocardium at the cut surface.
However, this appearance is not pathognomonic for myocarditis. For a histological examination,
transmural tissue specimens from different locations of the heart can be obtained. The number
and locations of tissue specimens that should be obtained to diagnose myocarditis at autopsy are
not reported. However, in cases of myocarditis presenting as SCD autopsy guidelines, including

histological examination are available®®.

Histopathological diagnostic criteria

In 1987 the Dallas Classification System was developed to provide the first uniform criteria for the
diagnosis of myocarditis on EMB. The criteria divided myocarditis into “Myocarditis” or
“Borderline Myocarditis” based on the presence of inflammatory infiltrates with/or without
myocyte necrosis’’. However, this classification had several important limitations, in that it was
susceptible to variation in pathological interpretation and sampling error and did not consider the

8. 98 9 The Dallas criteria were based on the

underlying cause of the pathological findings
presence of inflammatory infiltrates and did not consider diffuse inflammation. Furthermore,
Kindermann et al. showed that myocarditis according to the Dallas criteria is a poor predictor of
outcome with regard to cardiac death and transplantation®®. Thus, the Dallas criteria are no longer
considered adequate for the diagnosis of myocarditis. Both interobserver variability and sensitivity
have been improved following the introduction of immunohistochemistry, which allows a more
detailed identification, characterization and quantification of inflammatory cells® 101,
Consequently, to increase the diagnostic yield of EMB, several other diagnostic approaches have
been taken including different scoring methods to discriminate myocarditis from insignificant

102, 103

inflammatory findings as well as diagnostic criteria based on a semi-quantitative assessment

of inflammatory cells in the myocardium.

Quantitative criteria

Quantitative diagnostic criteria for EMB were introduced for the first time in 1982 by Edwards et
al. Based on their results, they suggested that a mean of more than 5.0 lymphocytes per high-
power field (x 400) was indicative of active lymphocytic myocarditis'®*. This cut-off value was later
modified by Kuhl et al. in 1994, who considered a mean number greater than 6.0 lymphocytes per

mm? myocardium indicative for inflammation'®. Both studies established their criteria by
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estimating and comparing the presence of lymphocytes in EMB from myocarditis/DCM patients
with control subjects consisting of patients with other known heart diseases (atherosclerosis,
valvular diseases and hypertrophic cardiomyopathy). Along with the introduction of the term
inflammatory cardiomyopathy in 1995, the request for uniform diagnostic criteria increased. As a
consequence, Maisch et al in 2000 suggested an immunohistochemical criterion of a cut-off value
of > 14 lymphocytes per mm? myocardium, including up to 4 macrophages, as a reliable cell count
for inflammation on EMB because this value was 2 standard deviations above the mean number of
inflammatory cells in EMB from 50 hypertensive control patients. However, a lymphocytic focus (2
3 lymphocytes) can be diagnosed as myocarditis due to the nature of the infiltrate even when 14
lymphocytes and macrophages per mm? are not reached'®. The criteria by Maisch et al. are the
most recent suggestions and are often referred to as the state-of-the art evaluation for EMB.
Because neither the Dallas criteria nor the above-mentioned quantitative criteria were intended
for performing postmortem diagnostics on autopsy samples, Feeley et al. quantitatively estimated
the lymphocytes in a series of consecutive autopsies and confirmed the diagnostic criteria

I 107

suggested by Maisch et al.”". Although autopsy procedures enable a more thorough investigation

of the heart compared with EMB, only a few quantitative studies of both the inflamed and non-
inflamed myocardium from deceased are available®® 17 108,

One major important requirement for establishing quantitative criteria for the diagnosis of
myocarditis is knowing the number of inflammatory cells in the healthy myocardium, which has
only been investigated in a few studies. Linder et al. estimated the presence of lymphocytes in a
small cohort (n=10) of autopsy cases, where deceased individuals with known heart diseases
(except atherosclerosis) were excluded®. The result was a mean lymphocyte profile count of 3.6
per mm? myocardium. In most other studies, patients with other heart diseases served as control

subjects, but because myocardial inflammation is associated with a variety of cardiac conditions,

these control subjects may not represent the healthy myocardium.

In the previously reported studies on quantitative diagnostic criteria for myocarditis, different

methodological approaches for the estimation of lymphocytes and macrophages were used®” 1%

108, 110, 111 Generally, the methods are based on standard pathological examination, where the
areas for investigation (counting areas) consist of high power fields arbitrarily chosen by the

investigator, which is highly investigator dependentllz. Detailed descriptions of the counting rules
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employed (e.g., selection of areas for histological investigation and identification and separation of
positive cell profiles) including photo documentation are commonly absent, which also concerns
the latest criteria suggested by Maisch et al. Furthermore, an assessment of the reproducibility of

the data has not been included for any of the proposed criteria.
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3. Aim

The overall aim of the present study was to evaluate histological and virological findings in

myocarditis-related deaths.

Study | To semi-quantitatively estimate the presence of lymphocytes and macrophages in
the inflamed and non-inflamed myocardium using a 2-dimensional stereological cell
profile counting method.

To compare the presence of lymphocytes and macrophages in the inflamed and non-
inflamed myocardium to suggest and evaluate quantitative diagnostic criteria for

lymphocytic myocarditis in forensic medicine.

Study I To examine the presence of enterovirus, adenovirus and parvovirus B19 in inflamed
and non-inflamed myocardial tissue samples to evaluate their frequencies and

significance as causes of myocarditis in forensic medicine.

Study Il To examine if saffold virus plays an etiologic role in myocarditis in forensic medicine.
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4. Material

4.1 Study subjects

Project group
All postmortem cases diagnosed with myocarditis were identified in the electronic database at the
Institute of Forensic Medicine, Aarhus University, Denmark. A total of 150 cases were identified

from 1992 — 2010. Positive cases were included, regardless of the cause of death.

Control group

The control group consisted of 100 suicide cases selected from the electronic database at the
Institute of Forensic Medicine, Aarhus University, Denmark from 1992 — 2010. Cases with proven
clinical or pathological heart diseases (myocarditis, atherosclerosis AHA IV-VIII, valvular diseases

and cardiomyopathies) or severe traumatic cardiac injury following suicide were not included.

4.2 Sampling of material

From all cases in this study (project group and control group) four transmural myocardial
specimens from each heart were included, as shown in Figure 3. These samples were obtained
from the anterior wall of the left ventricle, the posterior wall of the left ventricle, the
interventricular septum and the right ventricle. These four samples were routinely obtained at
autopsy during the whole study period according to the department-specific protocol for routine
histologic examination of the heart. The specimens were initially fixed in 4% buffered formalin for

48 hours and subsequently embedded in paraffin.
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Section for histological . . . .
examination
® © ©

Figure 3. Sampling of transmural myocardial tissue specimens from autopsies.

A: sample from the anterior wall of the left ventricle
B: sample from the posterior wall of the left ventricle
C: sample from the interventricular septum

D: sample from the right ventricle

In approximately 20% of the project cases, additional tissue specimens from the circumference

and/or the conductive system were available, but we decided not to include these specimens in

this study.
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Epidemiological data regarding histories of the deceased and autopsy findings were provided from

autopsy files, police reports and, in some cases, hospital records.

4.3 Studies | and Il

Re-evaluation of the diagnosis

The inclusion criterion for project cases was a myocarditis diagnosis made in relation to autopsy;
thus, the diagnosis was made by different pathologists over the 19-year study period. Because the
diagnosis is characterized by a high interobserver variation, we re-evaluated all cases to attain
consistency of the material. Because not all the original H&E-sections from the autopsy were
available (sections prior to 1999 had been discarded) we cut new 3 um tissue sections from all
formalin-fixed paraffin-embedded (FFPE) tissue blocks. Unfortunately, a few tissue blocks were
missing for unknown reasons; therefore it was not possible to cut new sections from all 4 locations
in all individuals. Consequently, a variable number of sections from each heart were available for
examination (1 — 4; mean: 3.5). The new sections were stained with H&E, after which the sections
were re-evaluated according to the Dallas criteria and classified as “Myocarditis”, “Borderline
Myocarditis” or “No Myocarditis” based on the presence of inflammatory infiltrates with or
without myocyte necrosis. For this study, an infiltrate was defined as a cluster of > 10
inflammatory cells. Myocyte necrosis was defined by a lack of distinct cell borders, pyknotic nuclei,
loss of nuclei and cytoplasmatic vacuolization. Furthermore, the inflammatory changes were
characterized by the most predominant cell type, i.e., lymphocytes, neutrophilic or eosinophilic
granulocytes. A single investigator performed all re-evaluations.

Only cases with myocarditis or borderline myocarditis were included in the project group, while
only cases without myocarditis or borderline myocarditis were included in the control group. The

results of the re-evaluation are shown in Figure. 4
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Figure 4. Classification of diagnoses in project and control groups after re-evaluation of H&E
sections according to the Dallas criteria.

As seen in Figure 4, the re-evaluation changed the autopsy diagnosis in some cases. In 38 of 150
cases in the project group, it was not possible to demonstrate inflammation by the re-evaluation.
Consequently, these cases were excluded. In 16 of 100 cases in the control group, a diagnosis of
either myocarditis (n=2) or borderline myocarditis (n=14) was established after the re-evaluation,

and these cases were also excluded from the project.

The final study populations for studies | and Il were as follows: project group, n=112 (78 men and

34 women; median age 35.8 years; age range 3 weeks to 77 years) and control group, n=84 (51
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men and 33 women; median age 36.9 years; age range 10 to 71 years). The age distribution is

shown in Figure 5.

Age distribution; study | + Il
35

30

m Control

Number of cases

M Project

0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-80
Age in years

Figure 5. Age distribution of project and control cases in studies | and .

4.4 Study Il

The material for study Ill consisted of all 150 cases identified in the electronic database diagnosed

with myocarditis at autopsy. A re-evaluation of the diagnosis was not performed for study lIl.

The study population for study Il included 106 men and 44 women with a median age 34.7 years,
and an age range of 3 weeks to 77 years. A control group for study Ill was not included. The age

distribution is shown in Figure 6.
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Figure 6. Age distribution of project cases in study Ill.

An overview of the study material for all three studies is presented in Figure 7.

‘ 250 autopsy cases from 1992 - 2010 |

Project group Control group
n =150 n =100
diagnosed with myocarditis Cause of death: suicide; Cases with heart
at autopsy disease or traumatic heart injury were not
included

Re-evaluation of all sections
<— according to the Dallas E—

criteria
Myocarditis Myocarditis
diagnosed at re- diagnosed at re-
evaluation evaluation

Yes No Yes No
Study [+ 11 n=112 n=38 n=16 n=34

Excluded Excluded
Myocarditis Borderline myocarditis |
n=90 n=22 Myocarditis Borderline myocarditis
n=2 n=14

Figure 7. Overview of the study material.



5. Methods

5.1 Database

For all three studies, a database was established using EpiData version 3.1 software package. For
all cases, autopsy files, police reports and hospital records were reviewed, and the relevant
epidemiological data regarding the deceased individuals’ medical history, circumstances of death
and autopsy findings were entered into the database along with the results of the stereological

guantification and virological examinations.

5.2 Interobserver variability

The re-evaluation of the myocarditis diagnosis served as an important step in the definition of the
final study population. Interobserver variability was assessed made with the primary aim of
validating the investigators skills in identifying inflammatory changes in the myocardium on H&E
stained sections according to certain criteria. Interobserver variability was evaluated on 100 (10%)
randomly selected sections. The sections were examined by 2 observers, the primary investigator
and a senior cardiovascular pathologist, for the presence of inflammatory infiltration(s) defined by

the presence of a cluster of > 10 inflammatory cells.

5.3 Study |
Immunohistochemical staining

Histopathological examinations were performed of 3 um tissue sections cut from FFPE myocardial
tissue blocks. For the diagnosis of lymphocytic myocarditis, sections were stained for T-
lymphocytes with CD3 (Novocastra PS1) and macrophages with CD 68 (DAKO PG-M1) using
monoclonal mouse anti-human antibodies. Staining was performed according to manufacturer’s
protocol; for a detailed description see appendix A.

All sections were blinded for group (project vs. control) and clinical information before

examination.
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Evaluation of immunohistochemical staining

The sections were analyzed using a stereological cell profile counting method and systematic
sampling of fields of view. Stereology covers different methods to obtain quantitative un-biased
information of a three-dimensional material by measurements made in two-dimensional planesm’
14 The methods are based on geometry and statistics. In this study, the fractionator principle for

estimating the cell profile number was used. The fractionator principle states that an unbiased

estimate of what one is interested in is given by

)
Il

%

113, 115

X represents the quantity of interest (number of cell profiles); X with the caret is the estimate of X;
the lowercase x is the value counted from the sample; and f is the fraction sampled. For an
unbiased result, the examined tissue should be obtained by systematic random sampling and the

cell counting should be performed using well-defined counting rules.

The cell profile counting was performed by using a probe called the counting frame. The counting
frame consisted of a red and a green probe (lines). The red line is the exclusion line, while the
green line is the inclusion line. The counting rules dictate that a cell is counted if it lies entirely
within the counting frame or if it touches the inclusion line without touching the exclusion line.

See Figure 8 for an illustration.
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Figure 8. Simple illustration of a counting frame and 7 cell profiles. The red exclusion line extends to
infinity. The V marks show the cell profiles that are counted, and the crosses show the cell profiles
that are not counted. There are 7 cell profiles in total, but only 3 are counted because 4 are
touching the red exclusion line.

To evaluate all the sections, a microscope (Nikon ECLIPSE 80i) modified for stereology with a
motorized stage and digital camera connected to a PC with newCAST 3.4.3.0 software
(Visiopharm, Hgrshold, Denmark) was used. For setup, see Figure 9. All sections were analyzed by

the same investigator.

Figure 9. Workstation used for histological examination. Nikon Eclipse 80i microscope modified for
stereology with a motorized stage and digital camera connected to a PC with newCast 3.4.3.0
software (Visiopharm, Hgrsholm, Denmark).
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Quantification of positive cell profiles

A 2-dimensional quantification of CD3- and CD68-positive cell profiles was performed using the 2-
dimenational unbiased counting frame described above. Approximately 30 counting frames were
placed systematically, evenly distributed and non-overlapping, over the sections by the software.
For each counting frame, the numbers of CD3- and CD68-positive cell profiles were registered.
Each counting frame covered an area of 383 x 10> um?”. The counting was performed using a 20x

lens. For a detailed description of the counting rules employed, see Figure 10 - 11.

Figure 10. Light microscopic image of a heart section stained for T-lymphocytes (CD3) as observed
with a 20x lens. Applied on the photo is a counting frame. For each field of view, cell profiles were
counted as positive if they stained with CD3 regardless of a nucleus was visible. Lymphocytes in
regions of fibrosis were counted if they were identified as positive, while cells within the capillary
lumen were not included. “L” indicates each CD3-positive cell profile. “A” indicates each corner of
the counting frame used for point-counting the myocardium.
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Figure 11. Light microscopic image of a heart section stained for T-lymphocytes (CD3) as observed
with a 20x lens. A counting frame is not shown. The counting result in an area with a cluster of
positive cell profiles is illustrated. “L” indicates each CD3 positive cell profile.

The total number of positive cell profiles per mm? was in accordance with the fractionator

principle calculated by the following formulas

cp3\  ZQ(CD3)
QA(M}' )_ (a,/p) ZP(M}!G)

D68y ZQ(CD68)
QH(MJ"‘" )_ (%) TP(Myo)

where Qa(CD3/Myo) and Qa(CD68/Myo) were the total number of CD3- and CD68-positive cell
profiles per mm? myocardium, respectively; $Q(CD3) and $Q(CD68) were the sum of CD3- and
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CD68-positive cell profiles counted per section (e.g., sum of positive cell profiles in all counting
frames), respectively; (a/p) was the area of the counting frame divided by the number of test

points (=4); and ZP(Myo) was the sum of the counting frame corners hitting the myocardium.

Intraobserver variability

The stereological quantification data were evaluated for intraobserver variability by re-evaluating
all sections from 20 randomly chosen hearts (10 projects and 10 controls). For re-evaluation,
pictures of all counting frames were obtained during the first counting to ensure that the second
counting was performed on the exact same areas. The time interval between the two evaluations
was approximately 6 months. The primary aim of the intraobserver assessment was to evaluate

the reproducibility of our results.
We did not perform standardized interobserver variation analysis on the stereological data.

Un-blinding was performed at the end of the stereological examinations.

5.4 Studies Il and Il

In studies Il and Ill, virological analyses were performed for the presence of enterovirus,
adenovirus, PVB19 and saffold virus. Analyses were performed on FFPE sections from four

different locations, A-D, of the heart, as illustrated in Figure 3 in the material section.

Extraction of DNA/RNA from FFPE tissue samples

One 20 um section was cut by a microtome from each available FFPE tissue sample from each
location, A-D. The working area and the microtome knife were kept clean with RNaseZap™
(Ambion), proline biocontrol (Biohit) and 99% ethanol. Total nucleic acids were extracted from a
mixture of sections from tissue location A+B and C+D using a customized protocol described
previously''® that utilizes the automated magnetic bead-based Maxwell 16 system (Promega) in
combination with proteinase K digestion and incubation in a lysis buffer. Two total nucleic
extractions were performed for each case. For a detailed description of the DNA/RNA extraction,

see Appendix B.
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Detection of viral genomes

The presence of enterovirus, adenovirus and PVB19 genomes in the total nucleic acids
preparations was investigated using specific PCR and reverse-transcriptase PCR assays. Each virus
detection assay was designed as a duplex real-time PCR assay targeting a virus-specific sequence
and a human DNA or RNA region as an internal amplification control. Positive controls consisting
of total nucleic acid preparations from known virus positive tissue samples were included in all
three virus detection assays; for detailed description, see Appendix B. A case was considered
positive if the viral genome was detected by PCR in at least one of two total nucleic acid
extractions.

The presence of saffold virus genomes in total nucleic acids preparations was investigated using a
specific reverse-transcriptase PCR assay, as previously described®®. For the detection of saffold
virus, the two total nucleic acids extractions were pooled, and one saffold virus-specific PCR

analysis was performed.

Serological examinations

Serological analyses on stored blood samples were performed for PVB19-specific IgM and IgG
antibodies in a subgroup of 110 cases (57 project cases and 53 control cases). Unfortunately,
serological analyses were not possible for all cases due to missing blood samples. A diagram of the

available samples for serological examinations is illustrated in Figure 12.
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*Blood samples were only available from 1998 and forward
**Blood samples were either missing or the remaining blood volume was too small to perform the analysis

Figure 12. Availability of samples for serological investigation in the project group (upper) and the
control group (lower).

PVB19-specific antibodies were measured using a commercial ELISA (Biotin, Ireland). IgM
antibodies were measured by IgM capture, while IgG antibodies were measured by indirect ELISA.
The assays were performed on a semiautomatic platform (Beb2000) following the manufacturer’s

protocolm. The results were calculated following the manufacturer’s guidelines.

5.5 Examination of the excluded cases

The histopathological re-evaluation according to the Dallas criteria performed in studies | and Il led

to the exclusion of 36 cases in the project group (36%) and 16 cases in the control group (19%),
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which corresponds to 21% of the samples and is a rather large percentage of the total study
population. To examine the excluded cases more closely, all sections from the 54 excluded cases
were subjected to further examination, where the histological findings of the original H&E sections
from the autopsy and the H&E sections cut for this study were compared. The primary aim of this

examination was to investigate the underlying reasons for a change in the diagnosis.
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6. Statistics

A descriptive analysis of the stereological data (mean, range and standard deviation) in both
groups was performed. The non-parametric one-sided two samples Kolmogorov-Smirnov test was
used to compare the lymphocyte profile counts between the two groups, because none of the
datasets had a normal distribution. Diagnostic test performance (sensitivity and specificity) were
assessed for different cut-off values. Sensitivity plus specificity were calculated for each possible
cut-off value to identify the lymphocyte profile count per mm? myocardium with the highest

combined sensitivity and specificity.

Reproducibility of the stereological data was assessed using the Bland-Altman method of

118

comparing repeated measurements . Differences between measurements were tested by

Student’s paired samples t-test. Pearson’s correlations coefficient was calculated.

P values < 0.05 were considered statistically significant. Data were analyzed by STATA 12.0 and R

software packages.

7. Ethics and permissions

The study was approved by the Danish National Ethical Committee protocol no. 1209317. All
information concerning the deceased individuals was protected according to the applicable laws
(“Lov om behandling af personoplysninger” and “Lov om patienters retsstilling”), and the project
was reported to the Danish Data Protection Agency (Datatilsynet), journal no. 2010-41-4699 and
2014-41-2834.
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8. Results

8.1 Epidemiological characteristics on the study subjects

Epidemiological data for all the project and control cases are shown in Table 4. In the project
group, 70% of all cases had symptoms prior to death, primarily consisting of infectious or cardiac
symptoms. Three cases had a verified heart condition associated with cardiac inflammation. In
addition, more than 50% received medical treatment (predominantly antibiotics, anxiolytics,
antidepressants and antipsychotics) at the time of death, and toxicological analysis revealed abuse
of illicit drugs ion 14% of cases. In the control group, 46% received medical treatment
(predominantly anxiolytics, antidepressants and antipsychotics) at time of death, and toxicological
analysis revealed abuse of illicit drugs in 13% of cases. In general, the availability of the

epidemiological data was inconsistent and inadequate in both groups.
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Project group n=112 (%)

Control group n=84 (%)

Yes No?® Unknown® Yes No?® Unknown®
Symptoms prior to death, overall 78/112 (70) 4/112 (3) 30/112 (27) 45/84 (54) 7/84 (8) 32/84 (38)
Symptoms of infection 37/78 (47) None 41/78 (53) None None 45/45 (100)
Respiratory system 13/37 (35) - - - - -
Gastrointestinal system 9/37 (24) - - - - -
Other locations 15/37 (41) - - - - -
Cardiac symptoms 22/78 (28) None 56/78 (72) None None 45/45 (100)
Chest pain 12/22 (55) - - - - -
Dyspnea 9/22 (41) - - - - -
Palpitations 1/22 (4) - - - - -
Psychological discomfort None None 78/78 (100) 42/45 (93) 3/45 (7) None
Autoimmune disorders 1/112 (<1) 55/112 (49) 56/112 (50) None None 84/84 (100)
Medical treatment 61/112 (54) 14/112 (13) 37/112 (33) 39/84 (46) 11/84 (12) 34/84 (40)
Antibiotics 17/61 (28) 22/61 (36) 22/61 (36) None 21/39 (54) 18/39 (46)
Antipsychotics 7/61° (11) 24/61 (40) 30/61 (49) 9/39 (23) 16/39 (41) 14/39 (36)
Anti-depressants 9/61 (15) 23/61 (38) 29/61 (47) 18/39 (46) 12/39 (31) 9/39 (23)
Immunosuppressive 1/61 (2) None 60/61 (98) None None 39/39 (100)
Drug abuse (illicit drugs)” 16/112 (14) 73/112 (65) 23/112 (21) 11/84 (13) 48/84 (57) 25/84 (30)
Cocaine 2/16 (12) 14/16 (87) - 2/11 (18) 9/11 (97) -
Other conditions
Sepsis (verified bacterial focus) 9/112 (8) 103/112 (92) None None 84/84 (100) None
Cardiac transplant 1/112 (<1) 111/112 (99) None None 84/84 (100) None
Artificial cardiac valve 1/112 (<1) 111/112 (99) None None 84/84 (100) None
ARVC (verified genetic mutation) 1/112 (<1) None 111/112 (99) None 84/84 (100) None

® Confirmed negative information; ® No information

" One case treated with clozapine at the time of death; ™ Confirmed by toxicological analysis performed in 89/112 project cases and 59/84 control cases

Table 4. Characteristics of project and control cases.
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8.2 Characterization of inflammatory infiltrations

The inflammatory changes were characterized by the most predominant cell type, and the results

are shown in Figure 13.

Characterization of the inflammatory changes after
re-evaluation of the diagnosis

H Lymphocytes

Others;
neutrophilic/eosinophilic

Figure 13. Characterization of the inflammatory changes based on the most predominant cell type.

As observed, lymphocytic myocarditis was the most prevalent type of myocarditis in this study;
the inflammatory changes in 92% of cases primarily consisted of lymphocytes, while only 8% of

cases had either neutrophilic or eosinophilic granulocytes as the predominant cell type.

8.3 Interobserver variability

Interobserver variability of the results obtained at re-evaluation was assessed by calculating
Cohen’s kappa, which is a measure of inter-rater agreement adjusted for the amount of
agreement that would be expected by chance. The kappa coefficient is scaled to be 0 when the
amount of agreement is what would be expected by chance and 1 when there is perfect
agreement. For intermediate values Landis and Koch have suggested the following

. . 11
interpretations'*:
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Below 0.00: Poor agreement

0.00 —0.20: Slight agreement

0.21 —0.40: Fair agreement

0.41 - 0.60: Moderate agreement

0.61 — 0.80: Substantial agreement

0.81 —1.00: Almost perfect agreement

The results of the interobserver variability are shown in Table 5 and 6.

Observer 2

Inflammatory Inflammatory Total
Observer 1 infiltration not present infiltration present
Inflammatory 68 8 76
infiltration not present
Inflammatory 5 19 24
infiltration present
Total 73 27 100

Table 5. Results of the interobserver assessment.

Agreement

Expected agreement

Kappa

87.00%

61.96%

0.6583

Table 6. Calculation of Cohen’s kappa in the assessment of interobserver variability.

We found a kappa coefficient on 0.66 corresponding to substantial agreement, i.e., the primary

investigators” skills in identifying inflammatory infiltrations according to the established criteria

were considered satisfactory.
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8.4 Study |

Quantification of CD3-positive cell profiles

The number of CD3 positive lymphocyte profiles per mm? was estimated in 196 deceased
individuals (112 project cases; 84 control cases) by systematic sampling of field of views and a

stereological profile counting method. The results are shown in Figure 14.
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Figure 14. Dot plot of lymphocyte profiles per mm? for project cases and control cases. Horizontal
reference lines are added at 13.0 lymphocyte profiles per mm? (lower) and 25.9 lymphocyte profiles
per mm? (upper). Nine cases in the project group with > 100 lymphocyte profiles per mm? (124 -
946 lymphocyte profiles per mm? ) have been excluded for clarity of the lower part of the figure.
The green dots represent cases in which myocarditis is stated as the cause of death in the autopsy
files, which includes all 9 cases excluded from this figure.

The mean number of lymphocyte profiles per mm? was 52.71 (range 3.69 — 946.0; standard
deviation 131.86) in the project group and 9.74 (range 2.1 — 25.89; standard deviation 4.62) in the
control group. The difference between groups was analyzed using the one-sided two-sample

Kolmogorov-Smirnov test. The p value was < 0.0001, indicating a highly significant difference.
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In the project group, substantial variation was found in the lymphocyte profile count in
comparison to the control group, indicating that the inflammatory findings were both sparse and
pronounced. However, for both groups, the majority of cases had lymphocyte profile counts below
30 per mm®. According to the autopsy files, the causes of death were myocarditis in 65/112 (58%)
cases in the project group. As seen in Figure 14, deaths were attributed to myocarditis among

cases with high cell profile counts as well as low cell profile counts.

no. true possitive
To assess diagnostic accuracy, sensitivity = \10.true possitive + no.false negative) 5,4
no.true negative

specificity = (no.true negative + no.false positive) \yere estimated for different possible

cut-off values from 5 — 25 lymphocyte profiles per mm? and specificity plus sensitivity were
calculated with corresponding 95% pointwise confidence bounds. The results are shown in Figure

15.
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Figure 15. Upper panel: Estimated sensitivity (decreasing curve) and specificity (increasing curve) at
different cut-off values from 5 — 25 lymphocyte profiles/mm? (x-axis) with 95% pointwise
confidence bounds (envelops). Lower panel: Estimated sensitivity plus estimated specificity at
different cut-off values from 5 — 25 lymphocyte profiles/mm? (x-axis). The vertical line is placed at
the maximum sensitivity plus specificity, indicating a cut-off value = 13.0 lymphocyte profiles/mm-.

The highest combined sensitivity and specificity was observed at a cut-off value of 13 lymphocyte
profiles per mm? which had a sensitivity of 68% and specificity of 83%. In other words, at this cut-
off level, 76 of the 112 myocarditis cases would get a positive diagnosis (true positive), while 36
would get a negative diagnosis (false negative). In the control group, 70 of the 84 non-myocarditis

cases would get a negative diagnosis (true negative), while 14 would get a positive diagnosis (false
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no.true possitive
positive). The positive predictive value = (10.true possitive + no.false positive) 5 g4y
no.true negative

and the negative predictive value = (no.true negative + no.false negative) js g%,

The sensitivity-specificity curve (Figure 15 lower panel) flattens (i.e., is approximately horizontal)
between 11 — 16 lymphocyte profiles per mm?, indicating that a cut-off value could be chosen at

any point within this interval without significantly changing the overall sensitivity plus specificity.

Quantification of CD68 positive cell profiles

Quantifying CD68-positive cell profiles was very difficult even though the CD68-stained sections
were subjected to the same counting rules as the CD3-stained sections. The morphology of
macrophages is not as homogeneous as lymphocytes, and they tend to organize in clusters rather
than discrete cells, which made identification and separation of each CD68-positive cell profile
challenging. The quantification was furthermore complicated by the background staining. For
illustrations, see Figure 16 - 18. Consequently, we considered it impossible to perform a reliable
and reproducible cell profile count and thus an estimation of the total number of CD68-positive
cell profiles per mm? myocardium, despite well-defined counting rules. The CD68-stained sections

were rejected from further examinations in this study.

48



Figure 16. Light microscopic image of four heart sections stained for macrophages (CD68) as
observed with a 20x lens. Counting frames are not shown. Identification and separation of each
positive cell profile are possible in some areas (thin arrows), while other areas are characterized by
clusters of positive cell profiles that make a reliable cell profile count impossible (thick areas).
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Figure 17. Two light microscopic images of the same heart section stained for macrophages (CD68)
as observed with a 20x lens, one with an attempt to indicate each positive cell profile (lower) and
one without (upper). This figure reflects the difficulties in separating positive cell profiles despite
well-defined counting rules. “M” indicates each CD68-positive cell profile. “A” indicates each corner
of the counting frame used for point-counting the myocardium.
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Figure 18. Light microscopic image of a heart section stained for macrophages (CD68) as observed
with a 20x lens. Numerous positive cell profiles are distributed throughout the tissue sample.
Several clusters of positive cell profiles are present. A reliable identification of each positive cell
profile is impossible.

Intraobserver variability of the stereological data

According to the Bland-Altman method for comparing repeated measurements, 95% of the
differences between two paired measurements should be less than + 1.96*SD (standard
deviation), also known as the limits of agreement. Furthermore the difference should not differ
significantly from zero because the same method is used for both assessments. The result is

shown in Figure 19.
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Figure 19. Analysis of intraobserver variability. Upper: Bland-Altman plot showing the average
lymphocyte profiles per mm? (x-axis) in relation to the difference between the first (A1) and second
(A2) lymphocyte profile count (y-axis).The dashed red lines represent 95% limits of agreement, and
the dotted line signifies y=0. Lower: Correlation plot between the first and second count. Pearson’s
correlation coefficient between A1 and A2 was 0.996, indicating that the two measurements are
highly correlated.

As observed, the intraobserver variability was within the limits of agreements in all but one case.

The two measurements were compared for difference in mean using a Student’s paired samples t-
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test. This test yielded p=0.86, indicating no difference in mean, i.e., there were no significant

difference in the lymphocyte profile counts between the two measurements.

8.5 Studies Il and Il

Results of the virological examinations

PVB19 genomes were detected by PCR in 33 of the 112 project cases and in 37 of the 84 control
cases. Enterovirus and adenovirus were not detected in any of the project or control cases. Saffold

virus was detected in 1 of 150 project cases. The results of the PCR analyses are shown in Table 7.

Project cases Control cases
Enterovirus 0 0
Adenovirus 0 0
Parvovirus B19 33/112 (29) 37/112 (44)
Saffold virus 1'/150 (<1) -

Values are n (%)
This case was also examined for the presence of saffold virus in other non-cardiac samples with a positive
result in respiratory secretion and blood.

Table 7. Results of PCR analyses for enterovirus, adenovirus, parvovirus B19 and saffold virus in
project and control cases.

The internal amplification control analysis revealed that PCR amplification of DNA was possible in
99% (111/112) of project cases, while amplification of a human control mRNA was possible in 91%

(102/112) of the project cases.
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The results of the serological analyses are shown in Table 8.

Serological analyses for parvovirus B19 specificimmunoglobulins

Project cases, n=57

Parvovirus B19-

Parvovirus B19-

positive* negative*
IgM+ / 1gG+ 0 0
IgM+/ 1gG- 1 0
IgM- / 1gG+ 17 19
IgM- / 1gG- 18
Inconclusive test 0 1
Total 19 38

Control cases, n=53

Parvovirus B19-

Parvovirus B19-

positive* negative*
IgM+ / 1gG+ 0 0
IgM+ / 1gG- 0 0
IgM- / 1IgG+ 22 11
IgM- / IgG- 14
Inconclusive test 0
Total 28 25
Values are n;

*Results of the examination for parvovirus B19 in the myocardium by PCR.

Table 8. Results of the serological analyses in the project group (upper) and the control group
(lower).

In the project group positive PVB19 IgM titers were detected in one case. In this case, PVB19 was
also detected in the myocardium. Thirty-six of 57 (63%) cases had a positive PVB19 IgG titer, while
19 of 57 (33%) cases had a negative IgG titer. In one case, both 1gG and IgM were negative, despite

a positive PVB19 PCR in the myocardium.

In the control group, 33 of 53 (62%) cases had a positive IgG titer, while 18 of 53 (34%) cases had a
negative 1gG titer, which is a similar distribution as seen in the project group. IgM was not
detected in any of the control subjects. Four cases presented with a negative IgM and 1gG titer

despite a positive PVB19 PCR.
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8.6 Examination of the excluded cases

The results of the histopathological examination on both the original sections obtained at autopsy
and the sections cut for the purpose of this study were compared to determine the underlying

cause of a change in the diagnosis, which led to the exclusion of 56 cases.

Thirty-eight cases were excluded from the project group because no inflammation could be
detected at re-evaluation. When re-examining the original sections from the autopsy,
inflammation were present in 21 of 38 cases. In these 21 cases, the changes in the diagnosis at re-
evaluation were not caused by an incorrect diagnosis made at autopsy but rather as a result of
cutting beyond the inflamed areas when cutting new section for this study. Of the remaining 17
cases, the original sections could not be re-examined in 13 cases because these sections had been
discarded. In 4 cases, the changes in the diagnosis were either due to an incorrect diagnosis made

at autopsy or the use of diagnostic criteria other than those defined for this study.

Sixteen cases were excluded from the control group because inflammation was detected at re-
evaluation. When re-examining the original sections from the autopsy, no inflammation was found
in 7 of 16 cases. In these 7 cases, the changes in the diagnosis at re-evaluation were not caused by
an incorrect diagnosis made at autopsy but rather as a result of cutting into inflamed areas when
cutting new section for this study. Of the remaining 9 cases, the original sections could not be re-
examined in 4 cases, because these sections had been discarded. In 5 cases, the changes in the
diagnosis were either due to an incorrectly diagnosis made at autopsy or the use of diagnostic

criteria other than those defined for this study.

To summarize, the changes in diagnosis at re-evaluation were considered primarily to be a result
of technical circumstances with sampling error (cutting into or cutting beyond the inflamed areas)
rather than an incorrect diagnosis made at autopsy. However, a detailed evaluation on the

accuracy of the myocarditis diagnosis made at autopsy was not a purpose of this study.
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9. Discussion

9.1 Interpretation of the results

Quantitative diagnostic criteria for myocarditis - study |

Study | was designed to quantitatively estimate and compare the presence of lymphocytes and
macrophages in subjects with myocarditis and control subjects, thereby enabling us to create
reliable quantitative criteria for the diagnosis of lymphocytic myocarditis in autopsy specimens.
Using a systematic sampling of field of views and a stereological cell profile counting method, we
aimed to reduce the subjectivity of the histopathological examination, which we believe

constitutes an important limitation of the previously published studies.

Lymphocytes

We found that the mean number of lymphocyte profiles per mm? was 52.71 (range 3.69 — 946.0;
standard deviation 131.86) in the project group and 9.74 (range 2.1 — 25.89; standard deviation
was 4.62) in the control group. The results in the control group are higher than reported by
others'® 10> 107 109 \whareas the previously reported studies are mainly based on smaller study
cohorts and use EMBs from patients with cardiac diseases other than myocarditis as control
subjects, we intentionally selected non-inflamed myocardial specimens for this study and
therefore expected to find a lower lymphocyte profile count. The differences in the results
observed between this study and those previously reported may have several explanations. As
illustrated in Table 4, at least 46% of our control subjects received medical treatment at the time
of death and 19% were abusing illicit drugs, which may have contributed to an elevated

lymphocyte profile count in the myocardiumez'e‘r" 67

. Furthermore, differences in the size of the
study cohorts, sampling of material and the applied method may be important factors. In this
study, the lymphocyte number was estimated in a large control group and included large-sized
transmural postmortem tissue samples from different parts of the heart, which is an advantage
compared with most other studies based on the use of smaller biopsies taken in vivo.

Furthermore, the histopathological examination in this study utilized a low-biased stereological

cell profile counting method.
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We calculated sensitivity and specificity for each possible cut-off value and used the highest
combined result to identify the cell profile count per mm? myocardium with the highest diagnostic
accuracy. We obtained a cut-off value of 13 lymphocyte profiles per mm? (sensitivity 68%;

specificity 83%), which supports the recommendations of Maisch et al'®

. However, our results are
based on a different type of background. If we apply the suggestions of Maisch et al. and use a
lymphocyte count of 2 standard deviations above what is found in normal tissue as the cut-off
value, the cut-off value for our control data would be 19 lymphocyte profiles per mm?. As shown
in Figure 15, using this cut-off value substantially decreases the sensitivity from 68% to 43%,
increases the specificity from 82% to 95% and reduces the overall sensitivity plus specificity.
Furthermore, an assumption of two standard deviations as a reliable cut-off value to correctly
diagnose the majority of myocarditis cases requires a normal distribution of the lymphocyte

profile count in normal tissue. The lymphocyte profile count in our control cases was not normally

distributed (left-skewed distribution).

The mean lymphocyte profile count in the project and the control groups proved to be significantly
different (p = 0.0001), but a more interesting finding is the distribution of cell counts between the
groups. A considerable part of the deceased individuals in both the project and the control groups
had lymphocyte profile counts below 30 per mm? (Figure 14). Consequently, the risk of creating
false negative or false positive results at low lymphocyte counts is high. We believe that this group
of individuals with low lymphocyte profile counts represents a diagnostic challenge because a
diagnosis based solely upon lymphocyte count in these cases may lead to an unreliable diagnosis
of myocarditis. As shown in Figure 14, 24 of the 36 (66%) deceased individuals with lymphocyte
profile counts below 13 per mm? in the project group had myocarditis stated as the cause of
death, which highlights the importance of identifying and diagnosing this group correctly to
establish the right cause of death. In the criteria suggested by Maisch et al a diagnosis of
myocarditis could also be made when > 3 lymphocyte profiles are present in nests, even if the
criterion of 14 lymphocyte profiles per mm? is not reached. This extension of the criteria would
most likely enable a correct diagnosis for some of the cases with low lymphocyte profile counts.
However, small inflammatory foci with or without myocyte necrosis has been demonstrated as a

67, 102

common incidental finding at autopsy, including traumatic and non-cardiac deaths and

suicidal cases as presented in this study (excluded cases in the control group). Thus, we think that
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the separation of myocarditis and incidental inflammatory findings based on the presence of

nest(s) of > 3 lymphocyte profiles is unreliable.

Macrophages

In this study, we demonstrated that the identification and counting of CD68 positive macrophages
profiles in the myocardium is highly problematic. Although we refrained from including the
macrophage counts in our results, we find our methodological experience of great importance,
because a quantitative criterion including up to 4 macrophages per mmZis included in the latest
diagnostic recommendations of myocarditis made by Maisch et al. In previously published studies,
a quantitative assessment of macrophages has been reported67' 107, 108, 110, 111" hut detailed
counting rules have not been described, which makes an evaluation of the results impossible.
Based on our results, we advise against the semi-quantification of macrophages based on cell

profile counting because it is unreliable and non-reproducible.

Presence of enterovirus, adenovirus, parvovirus B19 and saffold virus in myocardial autopsy
specimens - studies Il + I

In studies Il and lll, we applied PCR analyses on myocardial tissue specimens to improve the
diagnostic contribution of the histopathological examinations performed in study I. The
identification of an underlying viral etiology would be supportive of a myocarditis diagnosis
suspected by histopathological evaluation. Study Il was designed to examine the presence of
enterovirus, adenovirus and PVB19 because these viruses are most commonly associated with
myocarditis. Study Ill was designed to examine the presence of saffold virus to evaluate whether
this recently discovered virus plays a role in human myocarditis. Overall, we aimed to determine
the significance of these viruses as causes of myocarditis in forensic material.

In study Il, we found that PVB19 was common in myocardial tissue samples from both myocarditis
cases (29%) and control hearts (44%). Surprisingly, PVB19 was more frequently detected in the

non-inflamed control group, which as suggested by many others®? 3% 3% 36,42

, supports the role of
PVB19 as a latent virus with no or limited association with myocarditis.

To distinguish between acute and persistent infection, we performed serological analyses of
PVB19-specific antibodies. In the project group, we only found two cases indicating possible acute

infections. In the first case, we detected IgM antibodies but no IgG antibodies, indicating an acute
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infection®®, although a cross-reactive non-specific antibody reaction cannot be excluded. In the
second case, we did not detect PVB19-specific antibodies, but the lack of antibodies may indicate
an acute infection in an early phase before antibodies become detectable because the
myocardium was positive for PVB19 genomes (see Figure 1). However, a false positive PCR analysis
is also possible. The lymphocyte profile counts in these two cases were 32/mm? and 16/mm?,
respectively. In the remaining cases, the detection of IgG indicated persistent PVB19 infections of
the myocardium. In the control group, we did not detect PVB19-specific IgM in any of the cases.
However, four cases were negative for both IgM and IgG antibodies despite a positive PVB19 PCR
in the myocardium, which as in the project group, may be explained by a false positive PCR result
or a very early acute PVB19 infection, before the antibodies and myocardial inflammation become
detectable. In both project and control cases, a seroconversion from IgM to IgG just prior to death
with an ongoing acute inflammation in the myocardium or a reactivation of a persistent PVB19
without IgM production cannot be excluded; as a consequence, some acute cases may have been
misinterpreted as persistent infections®” “°.

Our results indicate that a positive PVB19 PCR in cardiac autopsy specimens most likely represents
a persistent infection with no or limited association with myocardial inflammation. Consequently,
a positive PVB19 PCR result is not proof of a causal relationship between the presence of the virus
and myocardial inflammation, and great caution should be shown when interpreting a positive
PVB19 PCR result in the myocardium. Our results are in agreement with Pankuweit et al. and
Bliltmann et al, who showed that parvoviral sequences are located in the endothelium rather than

cardiomyocytes; thus, PVB19 may be less cytopathogenic to myocytes” ’°.

Unlike many others, we were unable to detect adenovirus and enterovirus in any of the tissue
specimens in both the project and control groups. Both enterovirus and adenovirus are mainly
associated with myocarditis in children and young adults, which may explain why the results are
most likely influenced by the age distribution in our study groups, which ranged between 0 — 77
years of age (12 and 1 cases < 12 years of age in the project and control groups, respectively). The
presence of adenovirus in myocardial autopsy specimens has also been studied by Kyto et al and

12, 14 However, enterovirus has been detected in

Guarner et al, likewise with negative results
numerous previous studies, mainly from EMBs but also from autopsy samples with frequencies

from 1.3 — 34%°® 2%, Studies reporting the highest retrieval of enterovirus are mostly earlier
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studies of EMBs, and the methods for viral detection have undoubtedly been improved since then.
Our results suggest that enterovirus and adenovirus are unusual causes of myocarditis-related

deaths.

According to the viral shift theory, the prevalence of enterovirus and adenovirus as causes of
myocarditis is decreasing, which is supported by our results. However, PVB19 is stated as an
increasing cause of myocarditis, which contradicts our results. The viral shift may not only be
caused by a shift in etiologies, but also to some extent by a shift in the etiologies searched for and
the methods used. In the early studies aiming to identify an etiology of myocarditis, most
attention was paid to enterovirus and adenovirus, and PVB19 was rarely examined. Later, PVB19
was increasingly associated with myocardial inflammation, and several studies detected PVB19 in
myocardial tissue samples. As shown in Table 2, PVB19 is detected in most studies when PCR
analysis for PVB19 is performed. PVB19 may have also been detected in the earlier studies if it was
examined. The frequencies of PVB19 causing acute and persistent infection in the myocardium
may not have changed significantly over the last decades; however, in the ongoing search for
etiologies of myocarditis, the focus on PVB19 has increased, and the diagnostic methods for
detecting the virus have improved. Rare as it may be, it is important to realize that PVB19 is
capable of causing severe acute myocarditis with fatal outcome, as demonstrated both in this
study and by others®. When evaluating PVB19 by PCR reaction on myocardial tissue, it is

important to combine positive results with serology and/or in situ hybridization.

Saffold virus was only detected in 1 of 150 cases in study Ill. Like enteroviruses and adenoviruses,

52,56, 58,59 "\We detected saffold

saffold virus also seems to primarily cause infections in children
virus in three different anatomical compartments in our positive case (myocardium, blood and
respiratory secretion), and to the best of our knowledge, this is the first demonstration of positive
detection of saffold virus combined with histological inflammatory alterations in heart and lungs.
The inflammatory changes in the myocardium were sparse and only suggestive of myocarditis
when evaluated by the Dallas criteria (see article lll for illustrations), but by quantification of
lymphocytes as described in Study I, a result of 17/mm? were reached. However, the result of the

guantification should be interpreted with great caution. The detection of saffold virus as the only

pathogen in the myocardium in combination with viremia supports the myocarditis diagnosis. The
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inflammatory changes in the lungs were more pronounced and consistent with an interstitial
pneumonia. In both organs, the inflammatory changes were dominated by lymphocytes, indicating
a viral etiology. In conjunction with prior studies, we may have contributed to the evidence that
saffold virus is capable of causing invasive infections, including myocarditis, in humans. When
possible limitations, such as the use of FFPE tissue for PCR and the age range of the study subjects
are considered, we must also conclude that saffold virus only plays a minor etiologic role in human

myocarditis.

The majority of myocarditis cases were negative for all the examined viruses, which is one of the
key findings in studies Il and Ill. Similar results have also been published by the European Study of
Epidemiology and Treatment of Cardiac Inflammatory Diseases (ESETCID), where 93% of a large
cohort of patients (n=526) with histological myocarditis was virus-negative®®. PVB19 was not
examined in the ESETCID study. This frequent finding of virus-negative cases can have several
explanations. The inclusion criteria for the study subjects in the project group were an autopsy
diagnosis of myocarditis regardless of whether it was acute, subacute or chronic. In the late
stages, the virus may be cleared from the myocardium, but inflammatory changes may persist (see
Figure 2). Consequently, some myocarditis cases in this study may have been caused by a viral
infection, despite a negative PCR due to viral clearance before the PCR analysis. In the late stages,
fibrosis is a dominating histological finding, and an assessment of the amount, distribution and
localization of fibrosis can be helpful in the discrimination between acute and chronic stages of
myocarditis, but this evaluation was not performed in this study. Another possible explanation is
that the myocarditis is caused by the presence of viruses or other microorganisms that were not
examined in this study. As illustrated in Table 2, numerous other viruses have been detected in the
myocardium, but their frequencies are low compared with the viruses examined in this study,
perhaps with the exception of cytomegalovirus and human herpesvirus-6. However, these viruses
belong to the Herpesviridae, which also causes persistent infections like PVB19; consequently, the

interpretation of a positive PCR result may generate similar difficulties 120

. Myocarditis caused by
bacteria and protozoans is rare. As shown in Table 3, 9 of the project cases had verified sepsis
prior to death, and in these cases, a bacterial etiology must be suspected.

Some of the virus negative myocarditis cases may be due to noninfectious causes, such as medical

treatment, drug abuse or systemic diseases like autoimmune disorders or immunosuppressive

61



conditions. In addition, other cardiac conditions, including hereditary diseases that sometimes
present as SCD, are associated with myocardial inflammation. Although reportedly far less
common than virus-induced myocarditis, these different causes may deserve additional awareness
in forensic medicine. Special attention must be paid to drug abuse and medical treatment.

Information regarding the health status of the deceased individual prior to death may provide
important additional information that is supportive of a suspected myocarditis diagnosis. Cardiac
and infectious symptoms commonly accompanying myocarditis were present in our study in 47%
and 28%, respectively. Unfortunately, our epidemiological data were very heterogeneous, with
many unanswered questions, especially in the control group. These gaps made it impossible to
examine the further diagnostic value of this information. This analysis was, however, performed
by Casali et al., who compared clinical and histological features between lethal myocarditis (n=26)
and accidental inflammatory findings (n=32) and found that the two groups differed significantly
on several parameters, including anamnestic information (cardiac and flu-like anamnestic notes)

102

and histological findings™°. Their study indicates that epidemiological data may add important

information that either supports or rejects a suspected myocarditis diagnosis.

9.2 Study design considerations

The study groups

Project group

The cases for this study were highly selected and consisted of deceased individuals who had been
subjected to a forensic autopsy. As mentioned previously, the selection of cases for forensic
autopsy in Denmark relies on police investigations and the Danish legislation regarding the referral
of individuals for medico-legal external examination and forensic autopsy, and an autopsy is not
performed in all myocarditis-related deaths. Consequently, our project group does not represent

all myocarditis-related deaths in Denmark during the study period.
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Control group

In Denmark, a forensic autopsy is performed in 16% of all suicide cases'”* and will typically be
requested when the manner of death is uncertain or when death is caused by poisoning. We chose
suicide cases for controls and excluded cases with known heart diseases because we wanted the
control group to represent healthy myocardium and to confirm that cause of death was non-
cardiac. A major advantage in an autopsy study is the availability of tissue for examination, which
includes tissue from healthy organs. We believe our selection of controls is superior to the
previously reported studies, which included patients with other heart diseases as control subjects
with possible impact on the histopathological findings. However, our selection of control subjects
is also associated with disadvantages because many of the deceased either received medical
treatment at the time of death or abused illicit drugs, which may have affected the results of study

Material

Sampling of material

In this study, we used autopsy material and applied a retrospective design, which has both several
advantages and disadvantages. We utilized some of the great research potential found in a large
amount of archival tissue samples, offering the opportunity to examine a large cohort of
myocarditis cases. A similar study with a prospective study design would demand a long sampling
period. However, because the tissue samples were sampled for the purpose of establishing the
cause of death and not for this study, a varying number of specimens were available in each case.
Tissue specimens from 4 standardized localizations were sampled in all cases according to the
department’s protocol, but in approximately 20% of the project cases, additionally specimens
were available from either the circumference and/or the conductive system. We chose not to
include these specimens, despite the loss of information, to standardize the material, allowing a

direct comparison of the results between the two groups.

Cases included in the project group were selected by searching for the “myocarditis” diagnosis in
an electronic database. A re-evaluation and re-classification of the diagnosis was performed to

ensure a homogenous materiel. The re-evaluation was performed on new H&E sections cut for the
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purpose of this study, and the disadvantage of this step was the risk of cutting through or cutting
into inflammatory infiltrates, thus changing the original diagnosis and leading to an exclusion of
cases from studies | and Il. When examining the excluded cases, we found that this reversal
happened in several cases, which illustrates some of the diagnostic challenges regarding sampling
error that we face when diagnosing myocarditis histopathologically and highlights the fact that a

non-inflamed histopathological finding does not necessarily rule out myocarditis.

Tissue degeneration may play an important role in a forensic material. The exact time span
between death and autopsy varies to a great extent and is often a rough estimate. This variation

may have influenced the histopathological examinations.

PCR analysis and the limitations of FFPE tissue for virological analyses

In studies Il and Ill, we used FFPE tissue specimens for virological examinations, which reduces the
diagnostic sensitivity of the PCR analysis and may have resulted in some of the virus-negative
results'??. In general, RNAs are more fragile than DNAs. However, many studies have shown that
DNA and RNA from FFPE tissue are usable in molecular analyses, including pathogen detection, if

123128 This assumption was supported by the

only short amplicons are generated (< 200 base pairs)
results of our quality control analysis, which showed that total nucleic extraction and amplification
were possible for most samples.

Although PCR is recognized as a fast and sensitive method for the detection of viral genomes in
the myocardium, it also has some disadvantages. The PCR technique cannot differentiate between
infected cell types; consequently, a positive result might reflect an accidental amplification of viral
genomes from infected blood cells rather than from infected myocytes. The viruses that primarily
cause myocarditis are common and have a worldwide distribution. They frequently cause different
infections other than myocarditis and may therefore be present in blood cells or other tissues
without being associated with myocarditis. It is highly likely that some of the positive PVB19 PCR
results are due to other infected cells, including endothelial cells, rather than cardiomyocytes. To
avoid this contamination, the presence of the virus should be established inside the infected cells

in the heart by other methods e.g., in situ hybridization. Unfortunately, this step was not possible

in the present study.
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Epidemiological data

Premortem anamnestic notes including hospital records and police reports with a description of
previous medical procedures and examinations, medical treatment, drug abuse, state of health at
time of death and family history, may constitute important additional information that support a
suspected myocarditis diagnosis. Unfortunately, we were unable to evaluate the diagnostic value
of this information in the present study, because the available epidemiological data were very
heterogeneous. Particularly in the control group, important information was often missing,
especially with regard to medical health status prior to death. In Denmark, this information is
collected by the police, and they are not interested in or educated to collect information that
would be necessary for pattern recognition of diseases. Information is collected in a non-
homogeneous way, depending on the individual police officer, and negative and positive
confirmed information are often left out. To collect of reliable information in the future, a cross-

disciplinary collaboration is necessary.

Method

Immunohistochemical staining

A wide range of immunohistochemical reagents that stain T lymphocytes and macrophages are
available (e.g., CD3, CD4, CD8, CD45 and CD68). CD3 and CD68 are used in our laboratory in daily
practice; thus we are familiar with interpreting their results. Other immunohistochemical reagents
could have been chosen. In addition to conventional immunohistochemical staining, some studies
recommend the use of other pro-inflammatory markers such as MHC class | and Il (major
histocompatibility complex class | and 1l). Infiltration of the myocardium by immunocompetent
cells is correlated with an up-regulation of MHC class | and Il, which are expressed by antigen-
presenting cells. The detection of up-regulated MHC class | and Il may be used as a sign of

127 The diagnostic values of MHC class | and Il in

inflammation in areas without cellular infiltration
myocarditis and their usability on postmortem tissue need further examination, and they were not
used in this study.

Because non-infectious causes of myocarditis, especially toxic causes due to the use/abuse of
different kinds of drugs, may play an important role in forensic medicine, attention should also be

given to the characterization and quantification of eosinophilic granulocytes in future studies.
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Stereological guantification

In study I, we chose to estimate the lymphocyte count per mm? using a stereological semi-
guantitative method. The advantage of this method is a random selection of the analyzed areas of
each section, which produces a less biased result compared with standard pathological
examination'*. Furthermore, by using detailed counting rules, we illustrated that our results were
reproducible and thereby addressed some important limitations regarding previously reported
studies on this subject. To reduce the biases further, sampling of the myocardial specimens should

have been performed randomly (e.g., systematic uniform random sampling)*?®

. This step was not
possible due to the retrospective design and is an obvious limitation of study I. In a future study,
inter-observer variability could be estimated to evaluate the reproducibility of data between
different researchers at other institutions.

A disadvantage of using a stereological cell profile counting method for the diagnosis of
myocarditis is that it is time-consuming. Although an observer can be trained to evaluate the
histological sections relatively rapidly, it will demand more working time than conventional
histological examination. Because the heart often is subjected to histological analysis,

implementation of a stereological procedure could have some impact on daily practice in forensic

medicine. Furthermore, special equipment and software are required for fast analysis.
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10. Conclusions

In study |, we established histological quantitative criteria for the diagnosis of lymphocytic
myocarditis in autopsy specimens by examining and comparing, to our knowledge, the largest
cohorts of inflamed and non-inflamed myocardium to date by properly sampling of fields of view
and a stereological cell profile counting method. We found that the highest combined sensitivity
and specificity was obtained with a cut-of value on 13 lymphocytes per mm? myocardium,
corresponding to the latest proposed guidelines. In addition, we demonstrated that the majority
of cases in both the project and the control groups presented with lymphocyte profile counts
below 13 per mm?. Thus, we illustrated that a distinction between myocarditis and non-significant
inflammatory changes solely based upon histological examination is extremely difficult, because
the risk of creating a false negative or a false positive diagnosis is high. At low lymphocyte counts,
guantitative diagnostic criteria fail to generate reliable evidence of myocarditis, even when based
on stereological principles. Consequently, the implementation of quantitative criteria for the
diagnosis of myocarditis in forensic medicine may be a valuable diagnostic tool at high lymphocyte
profile counts, but at low lymphocyte profile counts, ancillary diagnostic tests are required. The
implementation of quantitative criteria based on stereological methods with reproducible results
can, however, allow the diagnosis to be performed uniformly, which will be a major advantage
because it will enable us to perform more comparative studies in the future. Despite the use of
large-sized tissue specimens for histological examination, we must conclude that sampling error
has a major diagnostic impact. This impact constitutes a challenge for future recommendations on
the diagnosis of myocarditis and is not easily solved. Furthermore, based on our results, we advise
against including immunohistochemical (CD68) semi-quantification of macrophages based on cell

profile counting in the quantitative criteria for the diagnosis of myocarditis.

In studies Il and lll, we applied virological analyses to enhance the diagnostic contribution of the
histological examination. We found enterovirus, adenovirus, PVB19 and saffold virus to be rare
causes of myocarditis-related deaths. PVB19 was frequently detected but most likely represented
a persistent infection with no or limited association to myocardial inflammation. Consequently,
great caution should be paid when interpreting a positive PVB19 PCR result in the myocardium.

We suggest that supplementary diagnostic tests are undertaken to aid the interpretation of the
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PCR result. In this study, serological analyses were used. Overall, we applied virological analyses as
an ancillary diagnostic tool to histological examination as the recent guidelines suggest and only
succeeded in establishing an underlying etiology supportive of a myocarditis diagnosis in a few

cases.

In the forensic investigation of myocarditis, a thorough examination with an emphasis on all
possible causes is required. This examination includes an autopsy with the application of
molecular diagnostic tests as recent guidelines propose. However, further investigations are often
necessary to confirm the diagnosis. In forensic medicine, special attention must also be paid to
non-viral causes of myocarditis because these causes are often present in forensic autopsy cases.
All available premortem information, including medical charts and police records with a
description of previous medical procedures and examinations, medical treatments, drug abuse,
state of health at the time of death and family history, should be collected. This requirement calls

for a multidisciplinary approach and is mandatory in the evaluation of myocardial inflammation.
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11. Perspectives

This study demonstrates that the diagnosis of myocarditis in a forensic setting is difficult and
demands multidisciplinary cooperation between professionals with expert skills in cardiac
diseases. This cooperation can be facilitated by the establishment of regional centers where
clinicians, pathologists, forensic pathologists, microbiologists, immunologists, microbiologists and
geneticists can combine their knowledge. To complete the molecular analyses, frozen blood,
spleen and myocardial tissue specimens should be routinely collected at autopsy. Additional
throat and rectal swabs are of value for detecting viruses because many cardiotropic viruses are
found in much higher concentrations in these samples. A more systematic collection of
information from relatives regarding history of the deceased individual should be performed to
provide more homogenous epidemiological data. The implementation of a questionnaire for
police officers or the collection of information by a trained person with skills in forensic medicine
are better ways collect these data; a history sheet as described in the Guidelines on autopsy
Practice could be used'®. Genetic screening should be included in the molecular analyses when
relevant and especially in cases of SCD, to aid in the differentiation of fatal myocarditis from non-
significant myocardial inflammation and thereby establish a correct cause of death. Guidelines for

autopsy investigation of SCD are available and should be incorporated®®.

Future research studies should examine the diagnostic contribution of epidemiological
information like Casali et al., preferably on larger populations. Furthermore, a prospective study
similar to our study | should be conducted on myocardial autopsy specimens sampled
systematical, uniform and random (SURS) to obtain an even more unbiased analysis of the amount
of inflammatory cells in the normal myocardium. This knowledge will enable us to make more
reliable evaluations of the possible contribution of different factors to myocardial inflammation. In
particular, pharmaceuticals whose association to myocarditis are only sparsely reported and need
further documentation may add valuable information to the evaluation of myocardial

inflammation in forensic medicine.
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12. English summary

Myocarditis constitutes a very important unsolved challenge in the practice of cardiovascular
medicine and is a major cause of chronic heart failure and sudden unexpected death in infants and
young adults. It can result from a wide spectrum of causes with viral infection reported as the
most common. The clinical presentation is highly variable which makes the diagnosis difficult.
Histopathological examination in combination with virological analyses is recommended in the
latest guidelines for a definite diagnosis. Despite this, the diagnosis of myocarditis continues to

prompt considerable debate.

Quantitative diagnostic criteria for myocarditis - study I: We aimed to establish quantitative

diagnostic criteria for lymphocytic myocarditis in autopsy samples by using a stereological cell
profile counting method. We quantified and compared the presence of lymphocytes and
macrophages in myocardial autopsy specimens from 112 deceased individuals with myocarditis
and 86 control subjects with non-inflamed hearts. We found the mean number to be 52.7
lymphocyte profiles/mm2 (range 3.7 — 946; standard deviation 131) in the myocarditis group and
9.7 (range 2.1 — 25.9; standard deviation 4.6) in the control group. By examination of the intra-
observer variability we demonstrated that our results were highly reproducible. The cut-off value
for the diagnosis of myocarditis was determined by calculating sensitivity plus specificity, which
reached the highest combination at 13 lymphocyte profiles/mm2 (sensitivity 68%; specificity 83%).
A considerable proportion of subjects in both the myocarditis and the control group had
lymphocyte profile counts below 30/mm?, representing a diagnostic challenge due to the
increased risk of creating false negative or false positive results. We found the quantification of

macrophages impossible based on cell profile counting.

Presence of enterovirus, adenovirus, parvovirus B19 and saffold virus in myocardial autopsy

specimens with myocarditis - study Il + lll: We aimed to determine the significance of enterovirus,

adenovirus, parvovirus B19 (PVB19) and saffold virus as causes of myocarditis in a forensic
material. We applied polymerase chain reaction to the myocardial tissue specimens examined in
study | in order to enhance the diagnostic contribution of the histopathological examinations. The

distinction between acute and persistent PVB19 infection was made the by serological
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determination of PVB19-specific immunoglobulins M and G. We found PVB19 in 29% of the
myocarditis cases and in 44% of the control cases. Serological evidence of an acute PVB infection,
determined by the presence of immunoglobulin M, was only present in one case. Saffold virus was
detected in one of the myocarditis cases, while all the tissue samples were negative for the

presence of enterovirus and adenovirus.

In conclusion: At high lymphocyte counts quantitative diagnostic criteria based on stereological
principles generates reliable and reproducible results, but at low lymphocyte counts the risk of
creating a false negative or a false positive diagnosis is high and ancillary diagnostic tests should be
performed to support a suspected myocarditis diagnosis. By adding virological examinations we
found enterovirus, adenovirus, PVB19 and saffold virus to be rare causes of myocarditis-related
deaths. PVB19 was frequently detected, but most likely represented a persistent infection with no
or limited association to myocardial inflammation. Consequently, great caution should be paid
when interpreting a positive PVB19 PCR result in the myocardium.

The forensic investigation of myocardial inflammation demands a thorough examination, including
special attention to non-viral causes. All available pre-mortem information including medical
charts and police records with a description of previous medical procedures and examinations,
medical treatments, drug abuse, state of health at the time of death and family history should be
collected. This calls for a multidisciplinary approach and is mandatory in the evaluation of

myocardial inflammation.
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13. Dansk resumé

Myocarditis er en vaesentlig arsag til alvorlig hjertesygdom og pludselig dgd iseer hos yngre
personer. Arsagerne til myocarditis er mange, men virusinfektion er rapporteret som den
hyppigste. Den kliniske praesentation varierer og er overvejende ukarakteristisk, hvilket g@r det
vanskeligt at stille diagnosen. De seneste guidelines anbefaler histologisk undersggelse af
myocardiet kombineret med virologiske analyser som den bedste made til at opna en sikker
diagnose. Diagnostik af myocarditis er dog fortsat en udfordring og de diagnostiske tiltag bliver

Ipbende debatteret.

Kvantitative diagnostiske kriterier for myocarditis — Studie |I: Vores formal var at etablere

kvantitative diagnostiske kriterier for lymfatisk myocarditis i et retsmedicinsk materiale. Ved
anvendelse af en stereologisk tallemetode estimerede vi forekomsten af lymfocytter og
makrofager i vaevsprgver fra myocardiet fra 112 afdgde individer med myocarditis og 86 afdgde
individer uden myocarditis (kontrolgruppe). Resultaterne i de to grupper blev sammenlignet. Vi
fandt i gennemsnit 52,7 Iymfocytprofiler/mm2 myocardium (3,7 — 946; standardafvigelse 131) i
myocarditisgruppen og 9,7 lymfocytprofiler/mm? myocardium (2,1 — 25,9; standardafvigelse 4,6) i
kontrolgruppen. Ved undersggelse af intra-observer variationen viste vi, at vores resultater var
reproducerbare. Cut-off veerdien til diagnosticering af myocarditis blev bestemt ved at beregne
sensitivitet og specificitet, som ndede den hgjeste kombination ved 13 Iymfocytprofiler/mm2
myocardium (sensitivitet 68%, specificitet 83%). | en betydelig del af de afdgde individer i bade
myocarditis- og kontrolgruppen var antallet af lymfocytprofiler under 30/mm?, og i disse tilfeelde
var risikoen for en falsk positiv eller falsk negativ myocarditis diagnose hgj.

Vi fandt at en kvantitering af makrofager baseret pa celleprofil-taelling var upalidelig.

Forekomsten af enterovirus, adenovirus, parvovirus B19 og saffold virus i myokardievaev fra

afdgde med myocarditis — Studie Il og lll: Ved anvendelse af Polymerase Chain Reaction

undersggte vi forekomsten af enterovirus, adenovirus, parvovirus B19 (PVB19) og saffold virus i
veevsprgverne fra myocardiet fra studie |, med det formal at belyse deres betydning som

xtiologier til myocarditis i et retsmedicinsk materiale. Differentiering mellem akut og latent PVB19
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infektion blev foretaget pa baggrund af serologiske undersggelser med malinger af PVB19
specifikke immunglobuliner 1IgM og IgG. Vi fandt PVB19 i 29% i myocarditisgruppen og 44% i
kontrolgruppen. Serologisk indikation pa en akut PVB19 infektion bestemt ved tilstedevaerelsen af
IgM var til stede i ét tilfaelde i myocarditisgruppen. Saffold virus blev pavist i ét tilfaelde, mens

enterovirus og adenovirus ikke blev pavist i nogen af prgverne.

Konklusion: Ved hgje lymfocyttal kan kvantitative kriterier til diagnostik af myocarditis generere
palidelige og reproducerbare resultater, men ved lave lymfocyttal er risikoen for en falsk negativ
eller falsk positiv diagnose hgj, hvorfor yderligere undersggelser bgr foretages med henblik pa at
be- eller afkreefte mistanken om myocarditis. Ved de virologiske undersggelser fandt vi, at
enterovirus, adenovirus, PVB19 og saffold virus var sjeldne arsager til myocarditis-relaterede
dgdsfald. PVB19 blev hyppigt detekteret i bade myocarditis- og kontrolgruppen, men de
serologiske undersggelser indikerede at fundet oftest repraesenterede en latent infektion med
begranset eller ingen betydning for de inflammatoriske forandringer i myocardiet. P4 den

baggrund bgr stor forsigtighed udvises ved fortolkning af et positivt PVB19 resultat i myocardiet.

Den retsmedicinske evaluering af inflammatoriske forandringer i myocardiet kraever en
gennemgaende underspgelse med sarlig veegt pa de non-virale atiologier. Alle tilgeengelige
oplysninger om afdede, herunder journalnotater, politiets efterforskningsrapporter med en
beskrivelse af afdgdes tidligere helbredsstatus, helbredstilstand op til dgdsfaldet, medicinsk
behandling, stofmisbrug samt familicer disposition bgr indsamles. Dette kraever et tvaerfagligt
samarbejde, og er obligatorisk for en tilfredsstillende evaluering af inflammatoriske forandringer i

myocardiet.
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15. Appendices

15.1 Appendix A

Staining procedure for CD3 and CD68

Tissue samples obtained at autopsy were fixated by incubation in 4 % w/v buffered (pH 7.4)
formaldehyde for 2 days and then subjected to an automated tissue preparation (Leica ASP300S)
with dehydration in 70 to 99 % ethanol followed by clearing (Estisol 220, Esti Chem) and paraffin
embedding (Histowax, Histolab products). The formalin-fixated and paraffin-embedded (FFPE)
tissue samples were stored at room temperature until analysis.

The sections were de-paraffinized in xylene and re-hydrated through graded alcohols. Peroxidase
activity was neutralized using 0.5% v/v hydrogen peroxide for 15 minutes. The slides were washed
in running tab water followed by tris-buffered saline (TBS) for 5 minutes. The sections were
exposed to tris/EDTA buffer pH 9 at 97 degrees for 30 minutes, washed with TBS at 65 degrees for
1 minute and placed in autostainer at room temperature. The sections were washed with TBS
before (5 minutes) and after (3 x 3 minutes) incubation with primary antibodies (CD3/CD68) for 30
minutes. The sections were incubated with biotinylated secondary antibody for 30 minutes
followed by TBS washing for 2 x 3 minutes. The sections were incubated with DAB
(3,3’diaminobenzidine) for 10 minutes, removed from the autostainer and rinsed in water. Finally

the sections were counterstained with hematoxylin, dehydrated and mounted.

15.2 Appendix B

Extraction of DNA/RNA from FFPE tissue samples

Four formalin-fixed-paraffin-embedded (FFPE) myocardial tissue samples were analyzed from each
autopsy case. The tissue samples were collected from four different locations of the heart: the
anterior left ventricle (A), the posterior left ventricle (B), the interventricular septum (C) and the
right ventricle (D). A 20um tissue section was cut from each tissue sample using a microtome. The
working area and the microtome knife were kept clean with RNaseZap™ (Ambion), proline

biocontrol (Biohit) and 99 % ethanol.
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Two total nucleic acid extractions were performed from each case by mixing two 20 um tissue
sections from different locations of the heart (location A+B and location C+D) and using a
customized total nucleic acid extraction protocol described previously'*®. Briefly, tissue sections
were transferred to a 1.5 ml microtube, overlaid with 300 pl incubation buffer (part #. D920D,
Promega) and incubated for 10 minutes at 80 °C. After cooling to 56 °C, 30 ul of a 20 pg/ul
proteinase K solution (Promega) was added and the sample was incubated for 3 hours at 56 °C.
The sample was mixed with 500 ul RNA lysis buffer (part #. Z3051, Promega) and transferred to a
RNA purification cartridge containing a proprietary buffer system (cartridge part of AS1290
Maxwell® 16 LEV Blood DNA Kit, Promega). The cartridge was processed in the automated
Maxwell 16 instrument and the eluted total nucleic acid samples were stored at -80 °C until PCR

analyses were performed.

Detection of viral genomes by PCR

The total nucleic acid samples were analyzed in three separate PCR reactions, targeting an
adenovirus-, parvovirus B19-, or enterovirus-specific viral genomic sequence. The three assays
were designed as duplex real-time PCR assays targeting a virus-specific sequence and a human
DNA or RNA region as an internal amplification control. All real-time PCR reactions were
performed on the MX3005p (Agilent) real-time PCR instrument and fluorescence data (FAM and
VIC) were collected from separate channels at the end of each extension step. A sample was
considered positive when the amplification curve crossed a fluorescence threshold value of 0.1
(FAM) or 0.05 (VIC) before PCR cycle 40. A case was considered positive if the viral genome was
detected by PCR in at least one of the two total nucleic acid extractions.

Detection of the human adenovirus DNA genome was based on a previously published real-time
PCR assay that targets 51 human adenovirus prototypes™® using the forward primer
5'GCCACGGTGGGGTTTCTAAACTT-3’, the reverse primer
5'TGCACCAGACCCGGGCTCAGGTACTCCGA-3" and a 5 hydrolysis probe containing a 6-
carboxyfluorescein (FAM) fluorescent reporter and a black hole quencher 1 (BHQ-1) dye (5" FAM-
TGCACCAGACCCGGGCTCAGGTACTCCGA-BHQ1-3")(MWG Eurofins). The PCR was performed with 2
ul of total nucleic acid template, 300 nM of each primer and 250nM of the probe in a 25 pl

reaction using the TagMan®© FAST Universal Master Mix (Life Technologies). Co-amplification of
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the human chromosomal gene RNase P with limited primer concentrations optimized for real-time
multiplex PCR and detection by a VIC-labeled probe using a commercial assay (TagMan© RNase P
Control, Life-technologies) served as the internal amplification control. The PCR amplification
conditions were: 95 °C for 30 s followed by 45 cycles of 95 °C for 15 s, 55 °C for 15 s and 65 °C for
15s.

Detection of the parvovirus B19 genomic DNA was based on a previously published real-time PCR

assay that targets all three parvovirus B19 genotypes through amplification of a 193 bp fragment

131 1

of the NS1 gene®'. Using the sequence alignment in**! and the primer express software (Life
technologies), we designed an assay that amplifies a shorter fragment of the parvovirus B19-
specific NS1 gene region, which is more suitable for analysis of fragmented DNA from FFPE tissue.
The forward primer 5"-TGAAACCCCGCGCTCTAGTA-3, reverse primer 5-
AACTGGGCTTCCGACAAATG-3’ and FAM dye-labeled hydrolysis probe 5’-FAM-
TCCCCGGGACCAGTTCAGGAGAA-NFQ-3" (Tagman© MGB Probe, Life Technologies) were used in
25 ul PCR reactions containing 2 pl of template, 300 nM of each primer, 250 nM of the probe and
Tagman© FAST Universal Master Mix (Life Technologies). Co-amplification of the human RNase P
gene (TagMan®© RNase P Control, Life Technologies) served as the internal amplification control.
The PCR amplification conditions were: 95 °C for 2 min followed by 45 cycles of 95 °C for 15 s and
58 °Cfor 30s.

Detection of the enterovirus genomic RNA was based on the amplification of a 5" untranslated
region that is highly conserved in enterovirus genomes132 with the forward primer 5°-
GCCCCTGAATGCGGC-3°, the reverse primer 5 -AATTGTCACCATAAGCAGC-3" and the 5'-FAM-
CGGAACCGACTACTTTGGGTGTCCGT-BHQ1-3" probe (MWG Eurofins), as previously described™*>.
Co-amplification of a 121 bp fragment of the human mitochondrial Lon protease mRNA with

. . . . e pe . 134
previously described primers and probe served as internal amplification control*®

. Amplification
was performed with the GoTag®© Probe 1-step RT-qPCR kit (Promega) with 4 pl of template, 500
nM of each primer and 250 nM of the probe in a 25 pl reaction. The PCR conditions were: 42 °C for

20 min, 95 °C for 10 min followed by 45 cycles of 95 °C for 15 s and 59 °C for 1 min.
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