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Sudden unexpected deaths occur frequently in
forensic autopsy practice. In such cases, patho-
logical findings in the heart can often explain the
acuteness of death (Fineschi et al. 2006; Fineschi
and Pomara 2004). In addition to ruptured myo-
cardial infarcts, these pathological changes
include rare diseases, such as a primary heart
tumor (atrial myxoma, rhabdomyosarcoma, car-
diac fibroma; Ventura et al. 2012; Pusta et al.
2015) or pericardial tamponade in the case of a
dissecting aortic aneurysm. Pathological changes
also include:

e Acute coronary insufficiency in the case of
stenosing coronary sclerosis

* Mpyocardial infarction

e All forms of myocarditis

* Cardiomyopathies of varying etiology

e Hereditary anomalies of coronary artery
development

e Lesions of the cardiac conduction system

e Primary cardiac tumors

Histological and/or immunohistochemical
findings of varying severity can be expected in
all of the abovementioned pathological changes
to the heart, on the one hand, confirming the
macroscopically suspected diagnosis and, on the
other, only then enabling the crucial differential
diagnosis. Primary cardiac tumors are extremely
rare as a cause of sudden death (Jiang et al.
2009). Sudden cardiac death (SCD) is one of the
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most common causes of death, and an important
number of sudden deaths, especially in the
young, are due to genetic heart disorders, both
with structural and arrhythmogenic abnormali-
ties (Rodriguez-Calvo et al. 2008). TUNEL can
be a useful screening method in sudden cardiac
death (Edston et al. 2002). There are a number of
different terms for sudden cardiac death in the
absence of coronary atherosclerosis: Pokkuri
death syndrome (PDS) in Japan, “Lai Tai” in
Thailand, “bangungut” in the Philippines,
“dream disease” in Hawaii, and “sudden unex-
pected nocturnal death syndrome” among South
Asian immigrants in the USA. Lipid metabolism
disorders, for instance, are discussed as a possi-
ble cause (Takeichi et al. 2001). In order to docu-
ment the various diseases underlying the
phenomenon of sudden cardiac death, the
Association for European Cardiovascular
Pathology published their “Guidelines for
autopsy investigation of sudden cardiac death”
(Basso et al. 2008a, b). Finally, the literature
describes comparatively rare findings that are
seen in rare diseases or that infrequently occur
following medical procedures. For example, cal-
cified myocardial necrosis in pediatric patients
following cardiopulmonary reanimation has
been reported (Buschmann et al. 2013), as well
as a combination of arrhythmogenic right ven-
tricular cardiomyopathy and cystic tumor of the
atrioventricular (AV) node (Cavanaugh and
Prahlow 2013).
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13.1 Sudden Coronary Death

Autopsy frequently shows a stenosing coronary
sclerosis of varying severity in subjects with
acute or sudden death, also in defined patient col-
lectives such as adolescents (Weiler and Knieriem
1975; Weiler and Risse 1981; Janssen 1968;
Walthard 1942) or young women (Althoft 1983)
or smokers (Leone 2014). On the one hand,
autopsies have shown severe forms of arterioscle-
rotic stenosing coronary scleroses—partly
infected with Chlamydia pneumoniae (Dettmeyer
et al. 2006a)—in people who, until death, had
had sufficient cardiac function. On the other
hand, autopsies have also shown partially iso-
lated coronary scleroses with only moderate ste-
noses of the vascular opening, which are given as
the cause of death. In such cases, evidence of
acute or protracted ischemia of the myocardium
is crucial, either in extensive areas of the myocar-
dium as a myocardial infarction or in the form of
fresh and possibly focal myocardial ischemia
under stress.

In conventional histology, a morphological
equivalent of clinically indicated acute lethal cor-
onary insufficiency is often difficult to identify;
at best small scarred areas can be found as an
indication of older, preceding local ischemia with
circumscribed myocardial necrosis and scarring.
Occasionally, single necrosis with homogeneous
eosinophilia, myofibrillar degenerations, con-
traction bands, and thick cytoplasm accompanied
by interstitial edema are also found. Acute myo-
cardial ischemia can be displayed immunohisto-
chemically by means of a wide range of primary
antibodies (Xiaohong et al. 2002; Xu et al. 2001,
Zhang and Riddick 1996; Brinkmann et al. 1993;
Greve et al. 1990; Shekhonin et al. 1990;
Steenbergen et al. 1987). Unlike circumscribed
myocardial infarction, immunohistochemical
investigations in cases of subtotal obturating
thrombosis and coronary sclerosis show a rather
diffuse pattern of damage (Brinkmann et al.
1993). Additionally, there are cases of sudden
cardiac death in non-atherosclerotic and nonin-
flammatory intimal cellular proliferations usually
affecting small and medium caliber arteries
(Dermengiu et al. 2010a, b, c). Fibromuscular

dysplasia (FMD) was first described in 1958 by
McCormack who reported its histological appear-
ance in four patients with renovascular hyperten-
sion. Meanwhile, FMD is defined as an idiopathic,
segmentary, noninflammatory, and non-
atherosclerotic condition of the arterial walls,
leading to stenosis in small and medium arteries
(Dermengiu et al. 2010c with definitions for non-
atherosclerotic histological alterations of the
intima).

Coronary Thrombosis

Occasionally, it is difficult to macroscopi-
cally differentiate postmortem blood clots
from intravascular thrombosis. Very small
thromboses, for example, in a disrupted
atheroma bed, may be overlooked.
Histological evaluation of coronary throm-
bosis, which also serves as evidence, is
often necessary, especially in the context of
a legal expert opinion.

A note on dissection: Opening the coronary
arteries longitudinally is not recommended, but
rather lamellar cuts should be made perpendicu-
lar to the axis of the vessel and their localization
from proximal to distal recorded. Postmortem
coronary angiography might also be helpful.
Tissue cross sections of the coronary vessels
should include the arterial adventitia and adja-
cent soft tissue.

Coronary thrombosis (Fig. 13.1) normally
involves white thrombi (see Chap. 9). The his-
tological findings in the coronary arterial wall
regularly show pathological arteriosclerotic
changes, which are considered to be the cause
of the wall-adherent thrombosis and early
organization. In individual cases, a primarily
inflammatory vascular disease (e.g., coronari-
tis, Kawasaki disease) might be the cause of
coronary thrombosis; in extremely rare cases,
the cause may be previous trauma (cardiac
contusion). Staining methods recommended
for diagnosis are as follows: HE, Elastica van
Gieson, PTAH, and Prussian blue. Nuclear
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Fig. 13.1 Obturating
coronary thrombosis in
the setting of coronary
sclerosis as a cause of
acute myocardial
infarction:
atherosclerotic stenosis
with fresh, central
thrombosis (H&E x40)
(see Chap. 9 for
determination of
thrombus age)

morphometry of the myocardial cells as a diag-
nostic tool in cases of sudden death due to cor-
onary thrombosis was investigated (Lazaros
et al. 1998).

Meanwhile, immunohistochemical tech-
niques have been widely utilized in the study and
diagnosis of early myocardial ischemia. Large
numbers of experiments indicate that myoglobin
or desmin depletion, for example, can be used as
morphologic parameters to diagnose early myo-
cardial ischemia. Other authors investigated the
immunohistochemical distributions of myocar-
dial hypoxia-inducible factor (HIF)-1-a and its
downstream factors, erythropoietin (Epo) and
vascular endothelial growth factor (VEGF), in
cardiac deaths. HIF-1-a was found weakly posi-
tive in cardiomyocytes in the cardiac necrotic
region and intensely positive in the nuclei of car-
diomyocytes showing eosinophilic change. Epo
and VEGF were weakly positive in cardiomyo-
cytes in the necrotic region, but intensely posi-
tive in the cytoplasm with eosinophilic change.
Additionally, Epo was shown to be positive in
macrophages of necrotic areas (Zhu et al. 2008).
The diagnostic value of selected histological
staining and immunohistochemical markers can
be seen in Table 13.1. However, the spectrum of
possible immunohistochemical markers to prove

fresh myocardial infarction is more extensive,
based in part also on animal models. The follow-
ing markers, although not all adequately sup-

ported by studies, have been mentioned:
myoglobin, C1, C3, C8, C9, CD59, a-actinin,
vinculin, FABP, HIF-1a, PHD2, PHD3, CT-I,
dystrophin, SORBS2, S100Al, npCX-43,
CX-43, GAL-1, dityrosine, IL-15, MCP-I,
GAL-3, CTnl, H-FABP, and Jun B. Here, posi-
tive evidence of antigen expression is in some
cases significant and in others its loss, and thus
the failure to detect it is relevant to diagnosis
(Sabatasso et al. 2016).

Contraction band necrosis (CBN), myofibril-
lary degeneration (MFD). Histologically, this
form of myocardial necrosis is characterized by:

e [Irreversible
cardiomyocytes

e Markedly thickened Z-lines

e Extremely short sarcomeres

e Breakdown of the whole contractile apparatus

e Irregular pathological and eosinophilic cross-
bands consisting of segments with hypercon-
tracted or coagulated sarcomeres

» Total disruption of myofibrils

e A granular aspect of the whole cell without
clear-cut pathological bands

hypercontraction of
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Table 13.1 Conventional histological and immunohistochemical staining methods or techniques used to diagnose
early myocardial damage in cases of cardiac and noncardiac perfusion damage (selection)

Conventional histological staining

H&E and H&E in combination with fluorescence
(Saukko and Knight 1989; Badir and Knight
1987; Fechner and Sivaloganathan 1987;
Al-Rufaie et al. 1983; Carle 1981)

After approximately 30 min first visible
contraction bands as a consequence of the
collapse of the myofibril apparatus (Amberg
1995)

Luxol fast blue (LFB) staining (Oehmichen et al.
1990a, b; Pedal and Oechmichen 1990; Arnold
et al. 1985)

Hematoxylin basic fuchsin picric acid (HBFP
staining) (Janssen 1984; Lie et al. 1971; Lie
1968): shows early myocardial ischemia;
staining is very sensitive but not very specific

Immunohistochemical markers

Complement C5b-9,,: positive reaction in the case of
macroscopically visible myocardial infarction and in borderline
cases (Thomsen and Held 1995; Thomsen et al. 1990; Schifer

et al. 1986; Knight 1967); also for the detection of group
necroses; if C5b-9,,-positive, then also fibrinogen-positive
reaction; early necrosis marker with positive reaction especially
in desmin-negative areas; detectability may vanish after the acute
stage; C5b-9,,, should only be positive if contraction bands can
be detected in the chromotrope aniline blue stain (CAB) (Amberg
1995)

Fibronectin: positive detection in the case of macroscopically
visible myocardial infarction and in borderline cases (Shekhonin
et al. 1990); also for the detection of group necroses (Fischbein
et al. 1986)

Desmin (structural protein) + myoglobin (functional protein)—in
both cases negative reaction, i.e., no desmin and no myoglobin in
the acute ischemic area (Chumachenko and Vikkert 1991;
Leadbetter et al. 1989, 1990; Ishiyama et al. 1982), possible focal

(Amberg 1995)

Chromotrope aniline blue (CAB) stain (Zollinger
1983): presents visible contraction bands due to
the collapse of the myofibril apparatus after
approximately 30 min (Amberg 1995)

Alizarin complex stain: detection of early
hypoxic myocardial damage by determining free
oxygen radicals may be possible (Amberg 1995)

depletions in the case of diffuse myocardial ischemia
Troponin I: early negative reaction in the case of myocardial
infarction (Hansen and Rossen 1999)

Fibrinogen: positive detection in the case of macroscopically
visible myocardial infarction and in borderline cases (Shekhonin
et al. 1990)

HIF-1-a (hypoxia-inducible factor 1o)—stains necrotic areas
within the first 2 h (Pampin et al. 2006)

Data is based on animal experiments and/or studies on human myocardium

Contraction band necrosis (Fig. 13.2), defined
as above, can be observed in many human pathol-
ogies (Curca et al. 2011; Oehmichen et al. 1990a,
b) and 1is reproduced experimentally by
intravenous infusion of catecholamines. It does
not represent an ischemic change (Baroldi et al.
2001; Todd et al. 1985a, b). Conditions associ-
ated with contraction band necrosis are (accord-
ing to Karch 2009 and modified from Karch and
Billingham 1986) reperfusion, steroid therapy,
electrocution, defibrillation, cardiopulmonary
resuscitation (Curca et al. 2011), drowning,
cocaine, amphetamine, epinephrine, isoprotere-
nol, norepinephrine, cobalt poisoning, starvation,
myocardial infarction, free-radical injuries, brain
death, phenylpropanolamine, intracerebral hem-
orrhage, and MDMA.

The detection of contraction bands or myofi-
brillar degeneration is carried out by means of
H&E and PTAH staining methods, particularly
with the modified Luxol fast blue staining method
according to Arnold et al. (1985). Corresponding
lesions, however, are found in multiple causes of
death (e.g., drowning, shock, intoxication, hang-
ing). CBN or MFD are therefore unspecific phe-
nomena, which are indicative of asphyxia and are
taken as evidence of an event during life
(Oehmichen et al. 1990b).

Frequently, no histomorphological findings
(neither macroscopic nor obtained using conven-
tional histological staining) which could have led
to heart failure or acute lethal cardiac arrhythmia
can be seen to explain, e.g., local myocardial
ischemia. Exceptions include findings in the
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Fig. 13.2 Contraction band necrosis—myofibrillary
degeneration (H&E x400)

cardiac conduction system, for example, at the
sinoatrial node; however, the significance of
these findings is controversial. What is crucial in
many cases is that a limit has been exceeded
(e.g., physical and/or emotional stress, postpran-
dial myocardial ischemia in the case of a full
stomach), resulting in localized or diffuse myo-
cardial ischemia. These diagnostic problems
have resulted in a range of immunohistochemi-
cally usable myocardial ischemia markers now
being recommended (Brinkmann et al. 1993).

If these immunohistochemical findings, along
with anamnesis and macroscopic findings in the
coronary arteries and myocardium, reveal a simi-
lar pattern, a diagnosis of acute lethal coronary
insufficiency in the setting of stenosing coronary
sclerosis is indicated. The degree of severity is
less meaningful, however, in some cases. This
applies to all cases where competing causes of
death need to be excluded.

The conventional histological and immuno-
histochemical ischemia markers which have been

recommended in the literature can also be used in
cases of perfusion disturbance of noncardiac ori-
gin. Some immunohistochemical markers for the
diagnosis of myocardial ischemia are explained
here in more detail.

C5b-9,,. This is activated complement C5
with one C6—C8 molecule and six C9 molecules.
Ischemically damaged cell membranes cause C5
activation. Complete myocardial necrosis can be
clearly differentiated using an antibody against
activated C5b-9,.

C5b-9,, forms transmembrane channels that
accelerate the effect of calcium ions and thus lead
to a direct toxic effect on myofibrils, or they trig-
ger damaging secondary reactions. Thomsen and
Held (1995) reported that they were unable to
demonstrate C5b-9,, in the myocardium of any
of their cases of myocardial injury not caused by
infarction. This means that C5b-9,, was negative
in cases with direct myocardial lesions, especially
those caused by external trauma and with diseases
directly affecting the myocardium. Additionally,
C5b-9,) seems to also be negative in indirect
myocardial lesions due to systemic factors affect-
ing the entire organism. For the early diagnosis of
myocardial infarction, reference is made to the
immunohistochemical identification of comple-
ment C9 (Piercecchi-Marti et al. 2001).

A note on microscopic analysis: Deeper wall
portions of arteries show positive detection of
C5b-9, in non-ischemic or non-necrotic areas,
such that this reaction can be used as an “internal
positive control” (Thomsen and Held 1995;
Thomsen et al. 1990).

Creatine Kinase MM

Creatine kinase-type MM (CK-MM) for fast
energy supply is predominantly found in the
myocardium. In animal experiments, a signifi-
cant decrease in creatine phosphate was
detected as early as 30 s after ligating a coro-
nary artery (Osuna et al. 1990).
Immunohistochemically, CK-MM is normally
represented homogeneously. Detection may
be patchy or completely absent, depending on
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the duration of ischemia; this also applies to
circumscribed perfusion disturbances. Parallel
to this, the detectability of desmin drops off
(Amberg 1995).

Desmin

Desmin is a structural protein which is
topographically associated with Z-lines of
the muscle cell. Hypoxia-based activations
of proteases are said to change the structure
of desmin in such a way that the immuno-
histochemically used antibody no longer
recognizes the antigen, while desmin can
be well represented immunohistochemi-
cally in normally perfused heart muscle tis-
sue (Wick and Siegal 1988). The result is
that desmin is no longer identifiable in
ischemically ~ damaged  myocardium
(Fig. 13.3).

Fig.
immunohistochemically detectable loss of desmin
(arrows) (x400)

13.3 Ischemically damaged cardiomyocytes—

Fibrinogen

In an experimental rat model, fibrinogen
seemed to increase 30 min after coronary
artery ligation (Xiaohong et al. 2002),
while fibrinogen staining extended in
accordance with changes in myoglobin
depletion 2-3 h after ligation.

Fibronectin

Fibronectin is a protein situated at the
cell surface, also appearing in the serum.
It is produced in fibroblasts, monocytes,
and epithelial cells and apparently plays
a role in fibrillogenesis in heart muscle
cells. Fibronectin cannot be detected
immunohistochemically in the normally
oxygenated adult myocardium (Casscells
et al. 1990) and is currently considered to
be the earliest immunohistochemical
necrosis marker, which, in terms of time,
is identifiable even before C5b-9,
(Hu et al. 2002).

Myoglobin

Myoglobin is a myocardial cytoplasmic
component, and local and incomplete
myoglobin depletion occurred in the sub-
endocardial cells in front of the left ven-
tricle after 30 min of myocardial ischemia
(animal experiment; Xiaohong et al.
2002).

Troponin |

Cardiac troponin I is like myoglobin, myo-
sin, and other muscle protein components
of normal myocardial cells and appears
elevated in serum after acute myocardial
infarction due to leakage from the damaged
myocardial cells (Adams et al. 1993).



13.2  Myocardial Infarction

309

Troponin I is specific for heart muscle cells
and not found in other tissues. Cases of
definite myocardial infarction show a
well-defined area with loss of troponin
I (Hansen and Rossen 1999; Leadbetter
et al. 1989). Autolytic areas show a diffuse
reduction in troponin I.

In cases of acute diffuse perfusion disturbance
of the myocardium, there is no localized isch-
emia in terms of myocardial infarction. The
abovementioned conventional histological stain-
ings and immunohistochemical markers can
show findings or absence of findings in all areas
of the myocardium. This supports the assumption
of acute coronary insufficiency. However, con-
clusions on the chronology of acute cardiac death
must be drawn very cautiously.

For further information on the abovemen-
tioned and other immunohistochemical ischemia
markers, please refer to the appropriate literature.
There are several animal models and studies on
autopsy tissue performed in order to determine
the age of ischemia in cases of myocardial find-
ings. However, to date, no reliable and generally
accepted spectrum of reproducible immunohisto-
chemical markers has been found. This also
applies to age determination of myocardial
infarction, even if in this case a concentration on
certain immunohistochemical examinations is
apparent.

Small Vessel Disease. This remains an umbrella
term for various disorders of the small arteries
in the heart (myocardial atherosclerosis).
Sclerosis of the arterioles and small arteries are
likely to be the most common forms; having
said that, hereditary medial necrosis, fibromus-
cular dysplasia, amyloid deposits, and vasculi-
tis have also been described. There is no proven
correlation between small vessel disease and
hypertension. A narrow vessel lumen in myo-
cardial samples taken at autopsy does not reflect
antemortem vessel width, but rather an artifact

arising from the fact that the arteries were not
fixated under physiological pressure (Hort
2000). In terms of histological changes, focal or
diffuse loss of smooth muscle cells in the arte-
rial media and their replacement by a fibrous
tissue have been described in addition to nar-
rowing of the vessel lumen. Hyperelastosis of
the vessel wall and degenerative changes are
also seen (Rahlf 1980). It is only with great
caution that a diagnosis of small vessel disease
as the cause of death should be made on the
basis of lesions of this kind and only if an alter-
native cause of death has been ruled out and if
the circumstances of death tally with the patient
history.

13.2 Myocardial Infarction

Acute myocardial ischemia leads to myocardial
necrosis which will be reabsorbed and fibrously
organized if the patient survives. Since isch-
emia is normally considered to be the conse-
quence of an incident such as coronary sclerosis
with insufficient blood supply to the myocar-
dium, smaller ischemic areas (up to 1 cm) are
also called coronary insufficiency scars. Such
coronary insufficiency scars may coalesce to
larger scar zones. If the diameter of the isch-
emia-based myocardial necrosis is more than
1 cm, this can be considered a myocardial
infarction. If the coronary arteries are nar-
rowed, relative anemia following blood loss
due to injury can lead to myocardial ischemia
or myocardial infarction.

Conventional Histology

The hemorrhagic halo which occurs in
fresh myocardial infarction and which is
macroscopically visible, as well as the leu-
kocytic demarcation which develops later,
can be detected histologically.
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In cases of coronary insufficiency calluses or
myocardial infarctions, the age of the lesion can
be determined histologically. In this context,
conventional histology with various stainings
and methods is still relied upon (Mihatsch 1988;
Sahai 1976; Bouchardy and Majno 1974,
McVie 1970; Knight 1967), but immunohisto-
chemical techniques are increasingly used
(Piercecchi-Marti et al. 2001; Brinkmann et al.
1993; Leadbetter et al. 1989, 1990). However,
the detection of very fresh myocardial infarc-
tion is sometimes impossible, both macroscopi-
cally and using conventional histology. In such
cases, improved diagnosis was initially achieved
in the past using enzyme-histochemical
methods.

Enzyme Histochemistry

Over 40 years ago, it was demonstrated that
myocardial infarction can be detected with
enzyme-histochemical methods in cases
where there are no pathological findings in
conventional histology. It was found that
cytochrome oxidase activity is an early
indicator of fresh myocardial infarction,
showing a marked reduction even before
the reduction of succinate dehydrogenase
activity (Jadskeldinen 1968). Enzyme-
histochemical methods have only been par-
tially accepted in histological practice,
while immunohistochemical techniques
are now widespread.

Immunohistochemistry

By means of immunohistochemical con-
trol of structural and repair proteins, it is
possible to provide evidence of a myocar-
dial infarction even before it is visible

macroscopically or detectable histologi-
cally. Primary antibodies have proven to
be effective as infarction markers against
the repair proteins fibronectin, C5b-9,),
and fibrinogen, as well as against the struc-
tural protein myoglobin, all of which can
also display diffuse myocardial ischemia
(see Table 13.1). Positive findings in repair
proteins can in part also be seen in trau-
matic myocardial damage and in the case
of fibrinogen in other organs (Raza-Ahmad
1994). Along with immunohistochemical
detection of repair proteins, the loss of
structural proteins is evidence of myocar-
dial ischemia also in cases of myocardial
infarction, such as the loss of troponin I
(Hansen and Rossen 1999) and desmin.
On the other hand, immunohistochemical
analysis in animal models showed
increased expression of dityrosine, a pro-
tein product in oxidative stress, in the
affected ischemic and infarcted myocar-
dial areas after only a very short ischemia
time (approximately 5 min; Mayer et al.
2014, 2016). The angiotensin type 2 recep-
tor was proposed as a marker of acute
myocardial infarction with positive detec-
tion in the peripheral region of the infarcted
myocardium after 12-24 h (Rentea et al.
2016; Mondello et al. 2017).

Coagulative necrosis and contraction band
necrosis are microscopically visible using H&E/
autofluorescence staining, diffuse myofibrillar
degeneration is visible using Luxol fast blue
staining (LFB) (Arnold et al. 1985), and contrac-
tion bands are also visible using chromotrope
aniline blue staining (Zollinger 1983). Details on
the chronology of myocardial infarction or on
age determination of an infarction can be seen in
Table 13.2 (see also Figs. 13.4, 13.5, 13.6, 13.7,
13.8, 13.9, and 13.10).
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Table 13.2 Chronology of microscopic findings of myocardial infarction

Time
From 15 min

Up to 30 min

30-60 min

Microscopic findings

Measuring distances between horizontal stripes in myocardial fibers in unstained sections: several
myocardial sections are compared using an eyepiece micrometer on a phase contrast microscope;
extension is evidence of myocardial infarction (Hort 1965)

Electron microscopic changes to the mitochondria with swelling and dissolution of the cristae
mitochondriales (Biichner and Onishi 1968)

Edema of the myocardial fibers; decrease in glycogen; in animal studies immunohistochemical loss

of myoglobin and early detection of fibrinogen (Xiaohong et al. 2002); in cases of ischemia of at
least 30 min, contraction bands can be seen in the chromotrope aniline blue staining (CAB) as an
expression of collapse of the myofibril apparatus (Amberg 1995)

From 60 min

Positive tartaric acid cresyl violet inclusion staining: preserved musculature, blue-violet to red-violet;

damaged musculature, pale blue to sky blue (Holczabek 1970, 1973)

2-3h First homogeneous eosin red hyalinized myocardial fibers (Fig. 13.4) in peripheral areas of
myocardial infarction (Janssen 1977); the stain according to Lie: dark red ischemic myocardial fibers
(Tausch 1974)
Unfixed tissue sections: Fluorochromization with acridine orange can represent damaged
myocardium by means of bright green fluorescence (Korb and Knorr 1962)

3—4h First agglutinated sarcolemma tubes, discrete fatty degeneration of the myocardial fibers; possible
hemorrhagic demarcation of the infarction with hyperemic edges (can also be present at an earlier
stage), first tamping cell nuclei of the cardiomyocytes

4-5h Immunohistochemical representation of the infarct area with the early necrosis markers fibronectin
and C5b-9(m) (Fig. 13.6); fibrinogen is also positive; visible loss of desmin and myoglobin

4-7h Necrosis in the infarct area, first peripheral leukocyte reaction, gradual general eosinophilia of the
myocardial fibers, and shrinkage of the heart muscle cells in the infarct area, nuclear dyeability
(Fig. 13.5) (Janssen 1977)

9h Pronounced necrosis in the infarct area, strong leukocyte reaction—now also in the infarct area,
nuclear dyeability of the cardiomyocytes no longer possible, cell nuclei of the interstitial connective
tissue can be dyed for somewhat longer (Fig. 13.7)

18-24 h Pronounced necrosis, further leukocyte penetration of the infarct area

5-6 days Continued leukocyte penetration of the infarct area, abscess-like dissolutions are possible with
myocytolysis and rupture of the heart chamber wall (Fig. 13.8) (Janssen 1977)

2-3 weeks More pronounced peripheral granulation tissue with sprouted capillary blood vessels, fibrocytes,
fibroblasts, lymphocytes, few plasma cells, macrophages, possibly siderophages, few granulocytes

5 weeks to Collagen fiber or scar tissue with endothelially coated capillary blood vessels of varying density

2-3 months  (Mallory et al. 1939), siderophages still possible, loose infiltration with lymphocytes, few plasma
cells, scant granulocytes (Fig. 13.9)

3-6 months  Scar tissue with fewer cells, few capillary blood vessels, scant siderophages

6-12 months Scar tissue with few cells (DiMaio and Dana 2007), dystrophic calcification with basophilic calcium

salt deposits is possible later (Fig. 13.10)

Summary according to the literature, own experience, and in line with Sandritter and Thomas (1977)

13.3 Acute and Chronic Viral
Myocarditis

Myocarditis of varying etiology is often the
explanation for sudden and unexpected death
(Kiryakova et al. 2016; Kittulwatte et al. 2010;
Dettmeyer et al. 2002a). A variety of causes may
trigger myocarditises, from infection to the

involvement of the myocardium in cases of sys-
temic diseases (Table 13.3).

The most frequent and frequently unrecog-
nized myocarditis is viral myocarditis (Fairley
et al. 1996; Friman et al. 1995; Friman and
Fohlman 1993; Karjalainen et al. 1980). Bacterial
purulent myocarditises, tuberculous or rheuma-
toid myocarditis, fungal myocarditis, as well as
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Fig. 13.4 Fresh myocardial infarction with homoge-
neous eosin red hyalinized myocardial fibers (arrows),
fiber breaks, intensive myocardial decay, tamping cell
nuclei, and interstitial edema—infarct age, approximately
2-4 h (H&E x400)

Fig.13.5 Fresh
myocardial infarction
with hemorrhagic edges
(bottom) and largely
preserved nuclear
dyeability of the
cardiomyocytes—infarct
age <7 h (H&E x40)

inflammatory myocardium involvement in cases
of systemic diseases or sarcoidosis are all very
rare. Other rare diagnoses include myocarditises
which respond well to medication (see Chap. 5),
which frequently show pronounced infiltration
with eosinophil leukocytes (Aoki et al. 1996),
and giant-cell myocarditis.

It is remarkable that viral myocarditis can
present clinically as ischemic heart disease
(IHE), the ECG-mimicking myocardial infarc-
tion (Biiltmann et al. 2003a; Kiihl et al. 2003;
Lauer et al. 1998; Tyson et al. 1989; Miller
et al. 1973). The (viral) inflammation is said to
act as an arrhythmia trigger, such that sudden
and unexpected death in the case of viral myo-
carditis can be explained by acute cardiac
arrhythmia with only discrete histological and
immunohistochemical findings (Klein et al.
1995, 2000). Viral myocarditis should be con-
sidered in the case of sudden unexpected death
when taking exercise or without any known
physical strain (Bux et al. 2002; Byard 2002;
Karjalainen and Heikkila 1999; McCaffrey
et al. 1991; Drory and Hiss 1991; Philips et al.
1986).

Improved immunohistochemical methods in
connection with the molecular pathological evi-
dence of viruses in the myocardium allow a
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Fig. 13.6 Fresh
myocardial infarction
with evidence of the
early ischemia marker
C5b-9. Note: C5b-9y,
expression in the wall of
a neighboring artery as
“internal positive
control” (arrow) (x200)

Fig. 13.7 Peripheral
region of a myocardial
infarction with lost heart
muscle fibers, diffuse
leukocyte infiltration,
absent or almost
completely tamped cell
nuclei (left) adjacent to
unaffected myocardium
(right)—infarct age at
least 7-9 h (H&E x100)

better understanding of pathophysiological
mechanisms in the case of acute and chronic
myocarditis, even if a lot of questions remain
unanswered (Liu  and Mason  2001).
Immunohistochemical staining first enabled the
quantification of interstitial inflammatory cells
in the myocardium (Klages and Gerken 1972)

and more recently enabled the qualification of
individual cell types (Noutsias et al. 2002; Kiihl
et al. 1994, 1997). Despite advances in the diag-
nosis of myocarditis, there is still controversy
about how to judge small, focal inflammatory
infiltrates in the myocardium in terms of their
significance to the cause of death. Focal
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Fig. 13.8 Myocardial
infarction, abscess-like
leukocyte penetration of
the infarct area—infarct
age, approximately
24-48 h, few days (H&E
x100)

Fig. 13.9 Myocardial
infarction which is no
longer fresh with
substituting granulation
tissue: collagen fiber
tissue with fibroblasts
and fibrocytes, sprouted
capillary blood vessels,
a large number of
siderophages as
residuals of
intramyocardial bleeding
(Prussian blue x200)—
infarct age,
approximately 3 weeks
or older

infiltrates with inflammatory cells are occasion-
ally seen in the myocardium in adults, evidently
more frequently as a reactive event following the
use of a wide variety of drugs, e.g., antibiotics
(Zhang et al. 2013). Findings of this kind cannot
necessarily be deemed relevant to death.
Myocardial inflammatory infiltrates in the infant
heart are of greater significance in terms of cause
of death (see Chap. 17).

13.3.1 Acute Viral Myocarditis

The diagnosis of acute, subacute, or abating
myocarditis is made partly with the help of con-
ventional histological methods, as well as by
using immunohistochemical myocarditis diag-
nostics established in the 1990s. This is currently
supplemented by molecular pathological detec-
tion of viruses in the myocardium.
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Fig.13.10 Old
myocardial infarction
scar with dense collagen
fiber tissue, partially
revascularized with
capillary blood vessels,
and no inflammatory
infiltrates (H&Ex100)—
infarct age, at least

6 months

Table 13.3 Classification of the etiology of myocarditis

Etiology Triggering agent (selection)

Infection Viruses (in particular enteroviruses, coxsackieviruses B1-B5, coxsackieviruses A4 and A16,
echoviruses 9 and 22, polioviruses, parvovirus B19, adenoviruses, human herpes virus 6,
Epstein—Barr virus, human cytomegaly virus, influenza viruses, mumps virus, herpes simplex
virus, varicella-zoster virus, respiratory syncytial virus, measles virus, rubella virus, human
immunodeficiency virus)
Bacteria [staphylococci, Pseudomonas, Proteus, Klebsiella, pneumococci, mycobacteria (Tbc),
meningococci, mycoplasma pneumoniae, Borrelia burgdorferi (Lyme carditis)]
Fungi (candida, aspergilla)
Protozoans (Trypanosoma cruzi—Chagas disease, Toxoplasma gondii)

Allergic/ Immune reaction (autoimmune or eosinophilic myocarditis, rheumatic carditis, myocarditis

autoimmune which responds well to medication, e.g., antibiotics, diuretics, anticonvulsives, neuroleptics)

Pharmacological/ Anthracyclines, amphetamines, catecholamines, cocaine, Corynebacterium diphtheriae

toxic (exotoxin), drugs

Systemic diseases For example, lupus erythematodes (LE)

Physical For example, radiotherapy

Rare forms Giant-cell myocarditis, sarcoidosis, hypereosinophilic syndrome, Kawasaki disease with
myocardium involvement, transplant rejection

Conventional Histological Myocarditis Diagnostics

With the exception of more rare forms of myocarditis, microscopic diagnosis was and still is
performed using conventional histological staining methods (in particular H&E, LFB, Elastica
van Gieson, Mallory’s stain, Giemsa stain), according to the Dallas criteria in the first instance
(Aretz 1987; Aretz et al. 1987; Table 13.4). Descriptions of histological findings include, e.g.,
inflammatory infiltrates and fibrosis:

Table 13.4 Conventional histological diagnosis of myocarditis according to the Dallas criteria (Aretz 1987)

First myocardial biopsy Findings

Active myocarditis Myocytolysis, lymphomonocytic interstitial inflammatory infiltrate in the
myocardium, interstitial edema (Fig. 13.11)

Borderline myocarditis Sparse accumulation of lymphocytes, subsequent control biopsy

Control biopsy Findings

Persistent myocarditis Unchanged evidence of a myocarditis

Healing myocarditis Decrease in lymphomonocytic infiltration

Healed myocarditis No myocytolysis, no necrosis, no increase in lymphomonocytic cells
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1. Inflammatory infiltrates

(a) Focal, confluent, and diffuse

(b) Mild, moderate, and severe

(c) Lymphocytic, eosinophilic, granuloma-

tous, giant cells, neutrophilic, and mixed

2. Fibrosis

(a) Endocardial

(b) Mild, moderate

(c) Perivascular and replacement

The complete picture of viral myocarditis
shows dense, diffuse lymphomonocytic inter-
stitial infiltrates, necrosis of single cardiomyo-
cytes, more extensive group necrosis,
interstitial edema, empty sarcolemma tubes,
and leukocytes adhering to the vascular endo-
thelium in the vascular space (Fig. 13.11). A
2013 consensus statement emphasized the
diagnostic value of endomyocardial biopsy
(EMB) in the diagnosis of myocarditis and
highlighted the diagnostic possibilities pre-
sented by immunohistochemistry and molecu-
lar pathology testing for viruses (Thiene et al.
2013).

In the case of purulent myocarditis, granulo-
cyte infiltration may lead to microabscesses, or a
focal abscess may be induced by embolic spread
of bacterial colonies. In cases of myocarditis
responsive to drug treatment, relatively

Fig.13.11 Acute
lymphomonocytic viral
myocarditis according to
the Dallas criteria with
myocardial necrosis,
myocytolyses, leukocyte
infiltration, and
interstitial edema (H&E
x100)

well-demarcated focal lymphomonocytic infil-
trates with plasma cells and eosinophil granulo-
cytes may appear (see Chap. 5). Within the scope
of a removal reaction, macrophages may occur en
masse; fibrocytes and fibroblasts will then drive
the replacement of eliminated cardiomyocytes
with collagenous connective tissue. However,
with regard to myocarditis, the tissue is rather
diffuse and not within a well-demarcated area as
seen with myocardial infarct. It is possible that
myocarditis is followed to some extent by circu-
lar perivascular fibrosis.

Two disadvantages of myocarditis diagnostics
according to the Dallas criteria were already
highlighted early on:

1. Questionable representativeness of the myo-
cardial samples examined, hence the sampling
error (Hauck et al. 1989)

2. Significantly different diagnoses from indi-
vidual observers, hence the “interobserver
variability” (Shanes et al. 1987)

Nevertheless, clarification of myocarditis
according to the Dallas criteria is the first step in
myocarditis diagnosis. If the findings for myocar-
ditis according to the Dallas criteria listed in
Table 13.4 are absent, viral infection of the myo-
cardium is not in any way excluded, and
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immunohistochemical examinations may be
needed. Investigations to differentiate fatal myo-
carditis from incidental myocarditis show that
myocardial necrosis is not necessarily required to
establish the diagnosis of myocarditis (Casali
et al. 2012). The molecular genetic detection of
viral genomes in myocardial samples taken at
autopsy remains methodologically complex, and
conflicting results have been presented.
Especially retrospective studies in old myocar-
dial samples stored for long periods of time seem
to yield more virus-negative findings (Nielsen
et al. 2014a, b).

In the case of acute death and macroscopically
normal findings at autopsy, conventional histo-
logical examinations may largely show normal
findings despite myocarditis. Since viral myocar-
ditis only offers a circumscribed focal interstitial
lymphomonocytic inflammatory infiltrate, a suf-
ficiently high number of tissue samples are
needed for microscopic diagnosis to ensure
detectability of these focal infiltrates.

According to personal experience, a minimum
of eight myocardial samples from a defined area
should be examined (localization of the speci-
mens; see Chap. 17) concerning babies. For
adults, other authors ask for eight samples from
the right and eight samples from the left myocar-
dium, additionally samples from the cardiac con-
duction system, a reasonable proposal (Janssen
1977). If indications of myocarditis are found,
e.g., a focal inflammatory infiltrate, step sections
of all tissue samples may lead to the detection of
additional focal leukocyte infiltrates, thus sup-
porting the diagnosis of myocarditis.

The anamnesis of patients with myocarditis
often reveals a viral infection of the respiratory
system or gastrointestinal tract which may have
been perceived as insignificant in the preceding
weeks. At forensic autopsy and particularly in the
case of sudden death in relatively young subjects
due to physical stress, myocarditis should be con-
sidered once other cardiac diseases have been
excluded. This includes death while participating
in sports (e.g., soccer), swimming, military duty,
or in cases of sudden cardiac death.

The chronology of acute myocarditis corre-
sponds to electron-microscopic, immunohisto-

Table 13.5 Diagnostic phases of acute viral myocarditis:
postinfection findings

Phase Findings

Early phase Ultrastructural and molecular

(hours pathological diagnosis: evidence of

following ultrastructural changes (electron

infection)  microscopy); molecular pathological
evidence of a virus

From Immunohistochemical diagnosis: growing

approx. immunohistochemically provable

24-48 h findings with expression of
proinflammatory molecules; adhesion
molecules, cytokines, leukocyte
infiltration, expression of non-cellular
proinflammatory molecules

From Conventional histological diagnosis:

approx. possible development of myocarditis

24-48 h according to the Dallas criteria

Note: When the immune system is intact, possible early
elimination of the virus in the myocardium may be con-
sidered, such that the myocardium may be affected only
temporarily and in a confined area

According to Feldmann and McNamara (2000) and Mall
(1995)

chemical, and conventional histological findings.
The conventional histological diagnosis, how-
ever, is no longer reliable during the early phase
and while the myocarditis is subsiding. Thus,
with no virus detected in the myocardium, only a
histomorphologically justified suspected
diagnosis remains (Table 13.5).

Finally, it is not clear to what extent viral
infections impact the myocardium, but cardiotro-
pic viruses, including certain enteroviruses, may
have a greater impact than other viruses.
Currently, there is no research into the interplay
between rapid elimination of the viral genome
and the organism’s immune defense, the intensity
and duration of the viral infection and a possible
genetic variation, or into whether chronic myo-
carditis with viral persistence often develops
when the number of viral copies is extremely
low. A reduction in interstitial and especially
perivascular fibroses is occasionally proposed as
an indication of healed, viral myocarditis. If there
are zones of fibrosis with a discrete lympho-
monocytic inflammatory infiltrate and myocar-
dial single-cell necrosis, a transition to chronic
myocarditis or inflammatory cardiomyopathy
should be considered.
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Immunohistochemical Diagnosis of
Myocarditis

One improvement in the diagnosis of myo-
carditis was based on immunohistochemi-
cal methods (Noutsias et al. 2002; Yazaki
et al. 1998; Kiihl et al. 1996, 1997; Maisch
etal. 1995; Mall 1995; Schwartzkopff et al.
1995; Maisch 1994, among others). Due to
significant  interobserver  variability
(Shanes et al. 1987) and also because the
examined myocardial samples are not suf-
ficiently representative with low sample
counts when myocardium particles are
very small, immunohistochemical meth-
ods were established to demonstrate
inflammatory processes in the myocar-
dium. In this context, interstitial leuko-
cytes, T-lymphocytes, and macrophages
are qualified and quantified, proinflamma-
tory molecules are immunohistochemi-
cally expressed, and the degree of
expression is semiquantitatively deter-
mined. This process, which has been an
established part of the diagnostic work-up
in adult myocarditis since the 1990s, has
since been transferred to cases of sudden
infant death (Dettmeyer and Kandolf 2009,
Dettmeyer et al. 2004a, 2006¢; Dettmeyer
and Madea 2004; see Chap. 17).

According to personal experience, it is
remarkable that with expression of proinflamma-
tory MHC class II molecules, the myocardium
apparently reacts as a whole; relatively even
expression of this proinflammatory marker can
also be found when cellular infiltration is only
detectable focally.

A larger spectrum of immunohistochemical
markers has meanwhile been proposed for the
diagnosis of myocarditis. However, the focus
remains on the extent of cellular infiltration of the
myocardial interstitium, oriented to empirically
derived limit values for adults and cases of sud-
den infant death. Thus for adults, a T-lymphocyte
number (marker CD3; Figs. 13.12 and 13.13) of
>2.0 cells/visual field (high power field; x400) or
>7.0 cells/mm? is regarded as a pathological find-
ing, as well as <14 T-lymphocytes and macro-
phages (CD68; Fig. 13.14) per mm? marked
expression of MHC class 1T and II molecules
(Fig. 13.15), or adhesion molecules (CDI18,
CD54, VLA-4) on cells and the vascular endothe-
lium (Fig. 13.16) (Kiihl et al. 1997). Other stud-
ies propose a threshold value of 11-16
T-lymphocytes/mm?, whereas the quantification
of intramyocardial macrophages using the CD68
macrophage marker is deemed infeasible
(Nielsen et al. 2014a, b).

If these limit values are exceeded, the diagno-
sis of myocarditis is definite or highly probable,

Fig. 13.12 Myocarditis
with diffusely increased
infiltration by CD3*-T-
lymphocytes (x100)
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Fig. 13.13 Myocarditis
with diffusely increased

infiltration by CD45R0*
T-lymphocytes (x100)

Fig. 13.14 Focally
dense infiltration by
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Fig. 13.15 Diffusely
marked expression of

the MHC class IT

molecules (+++) in the
presence of viral
myocarditis in

myocardial samples
taken from various
locations (x100)
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Table 13.6 The spectrum of cellular and non-cellular
inflammatory markers in immunohistochemical diagnosis
of myocarditis (selection)

Marker Antigen

Leukocytes Leukocyte common
antigen (LCA)

T-lymphocytes CD2, CD3

B-lymphocytes CD19-CD22

Macrophages CD68

Natural killer cells CD57

Lymphocyte subpopulations

Helper-inducer cells CD4

Suppressor-cytotoxic cells CDS8

Activated cells

Lymphocytes CD25, CD71, CD45R0
(Fig. 13.13)

Macrophages 27E10, RM3/1, 25 F9

HLA-I/DR, CD54
Other inflammatory molecules
Major histocompatibility ~ MHC-I (A,B,C), MHC-II

Vascular endothelial cells

complex
Adhesion molecules,
cytokines, etc.

(DP.DQ,DR)
CD18, CD54, VLA-4,
E-selectin, etc.

According to Dettmeyer et al. (2006b)

but as with suspicious cases, molecular genetic
evidence of a viral presence in the myocardium is
desirable to support the diagnosis. In addition,
the literature mentions a spectrum of immunohis-
tochemical markers which are used within the
scope of myocarditis diagnosis (Table 13.6).
Other immunohistochemical antigens were
tested, e.g., ICAM-1 (Wojnicz et al. 1998); the

increase in number of T-lymphocytes in the myo-
cardial interstitium is of the greatest diagnostic
importance.

Given that the quality of immunohistochemi-
cal diagnosis depends to a large extent on the
methodical approach, the guidelines given in
Table 13.7 should be followed for the diagnosis of
myocarditis. This method refers in particular to
the selection of the fixative and the duration of
fixation, while some flexibility remains in the
selection of immunohistochemical markers, in
addition to the antibodies needed for the qualifica-
tion and quantification of interstitial leukocytes;
new proinflammatory antibodies are being tested.

The immunohistochemical diagnosis of myo-
carditis is initially based on the qualification and
quantification  of interstitial  leukocytes,
T-lymphocytes, and macrophages within the
scope of empirically determined standard values
for adults (Kiihl et al. 1997; Azzawi et al. 1997,
Milei et al. 1990; Chow et al. 1989; Schnitt et al.
1987; Steenbergen et al. 1986; Cassling et al.
1985; Linder et al. 1985; Edwards et al. 1982).
For the expression of proinflammatory endothe-
lial markers and non-cellular molecules, a semi-
quantitative evaluation (0, +, ++, +++) is
recommended, also against the background of
empirically determined levels of expression, e.g.,
for MHC class I and II molecules (Daar et al.
1984a, b) and other proinflammatory markers
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Table 13.7 Method of recommended conventional histological, immunohistochemical, and molecular genetic investi-
gations for the diagnosis of myocarditis

Method

Fixative

Duration of fixation
Routine histology
Conventional histology
of the myocardium

Immunohistochemistry

Immunohistochemistry

Important points requiring attention

Neutrally buffered formaldehyde (pH-control) or an acceptable alternative fixative

Upto 3648 h

Hemalaun—eosin staining of representative samples for all internal organs
Hemalaun—eosin staining, additionally Mallory, LFB, and EvG staining; taking at least
eight myocardial samples from defined locations is recommended for postmortem
diagnosis

Qualification and quantification of interstitial leukocytes, T-lymphocytes, and
macrophages (marker: e.g., LCA, CD45R0, CD68, CD3): count 20 high power fields (hpf)
at x400 or per mm?; then determine average value

Detection and semiquantitative evaluation of proinflammatory, e.g., endothelial proteins or

molecules (e.g., MHC class I and II, selectin, cytokine, necrosis marker-like fibronectin

and C5b-9(m), ICAM-1, etc.)
Molecular genetic agent
diagnosis

The myocardial samples with more pronounced lymphomonocytic infiltrates are preferred:
PCR and rt-PCR on DNA and RNA viruses [especially enteroviruses (EV),

coxsackieviruses, belonging in particular to Group B (CVB; especially CVB3),
adenoviruses (AV), Epstein—Barr virus (EBV), parvovirus B19 (PVB19), Herpes simplex
viruses, especially Type 6 (HHSV-6), cytomegaly viruses (CMV), etc.]

(Noutsias et al. 1999; Hufnagel and Maisch
1991). In addition, the significance of such mark-
ers is partially proven in animal experiments,
especially in connection with Group B coxsacki-
evirus infection (Seko et al. 1990).

An immunohistochemical antibody against
the enterovirus envelope protein VP1 can pro-
vide immediate microscopic evidence of
enteroviruses in the myocardium (Li et al.
2000). According to personal experience with
these antibodies, the findings could not be reli-
ably reproduced and led to incorrect positive
results, as shown by a molecular pathological
control.

Molecular and Pathological Evidence of a
Viral Presence in the Myocardium

In tissue samples adequately treated with
formalin and embedded in paraffin, virus
genomes can be found in connection with
conventional, histological, and immunobhis-
tochemical diagnosis of myocarditis
including RNA viruses like the enterovi-
ruses and DNA viruses such as adenovi-
ruses, Epstein—Barr viruses, parvovirus
B19, etc. (Dettmeyer et al. 2003, 2004a, b,

2006b, c; Baasner et al. 2003a, b; Chia and
Jackson 1996; Zell et al. 1995; Cassinotti
et al. 1993; Jin et al. 1990). According to
personal experience, evidence of viruses in
the myocardium is possible, even when
histological and immunohistochemical
findings show rather discrete deviations
from the standard.

Enteroviruses are common pathogens of
myocarditis, particularly cardiotropic Group B
coxsackievirus (Gaaloul et al. 2011; Dettmeyer
et al. 2006¢; Bendig et al. 2001; Huber et al.
1999; Lau 1994; Kandolf et al. 1993; Muir 1993;
Jin et al. 1990; Bowles et al. 1986; Lau 1983),
but also cytomegaly virus (Kyto et al. 2005;
Maisch et al. 1993), Epstein—Barr virus (Lentini
et al. 2001; Hebert et al. 1995), adenovirus
(Lozinski et al. 1994), influenza virus (Drescher
et al. 1987), and parvovirus B19 (Klingel and
Kandolf 2009; Biiltmann et al. 2003a, b;
Dettmeyer et al. 2003; Murry et al. 2001; Enders
et al. 1998; Orth et al. 1997). Especially in cases
of drug addicts with known hepatitis B or C,
myocarditis caused by hepatitis virus should be
taken into consideration. Coinfections with two
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or more pathogens of a myocarditis exist but are
relatively rare (Rohayem et al. 2001). The most
common pathogens of acute and chronic myo-
carditis or inflammatory cardiomyopathy are
various types of the enterovirus, whereby the
Group B coxsackieviruses, specifically CVB3,
are considered as particularly cardiotropic (Lang
et al. 2008; Klingel et al. 2000; Klump et al.
1990; Pauschinger et al. 1994, 1998; Martino
et al. 1995; Kandolf 1995; Klingel et al. 1992a,
b; Kandolf et al. 1987).

macrophages and the induction of apop-
totic cell death of virus-infected cells
(Ventéo et al. 2010; Schaper et al. 1999;
Narula et al. 1996; Kawano et al. 1994) are
assumed. Meanwhile, a coxsackievirus and
adenovirus receptor (CAR) has been iso-
lated, suggesting a molecular basis for the
particular cardiotropic nature of certain
viruses (Bergelson et al. 1997; Noutsias
et al. 2001). Although a rare exception,

Enteroviruses (EV)

To determine the importance of detecting
enteroviruses in the human myocardium,
both pathophysiological aspects and epide-
miological findings should be taken into
consideration. Based on epidemiological
investigations, enteroviruses are recog-
nized as the most common pathogens of
viral myocarditis; the coxsackieviruses
B1-B5 (CVB), of which the CVB3 is rec-
ognized to be particularly cardiotropic
(Chrysohoou et al. 2009; Priemer et al.
1999; Klump et al. 1990). Enteroviral
infections show seasonal variability (Moral
et al. 1993), appearing more often in the
summer (Druyts-Voets et al. 1993; Grady
and Costanzo-Nordin 1989), while occa-
sional epidemics are reported (Braun et al.
2002; Dettmeyer and Madea 2002; Mounts
et al. 2001; Philipps et al. 1980). Human
pathogenic enteroviruses are one of the
most examined virus systems (Kandolf
1995). Genetic factors not yet identified are
assumed to be responsible; for most peo-
ple, spontaneous elimination of the virus
from the myocardium is possible. This
effective virus elimination is supposedly
associated with an adequate, natural killer
cell response, elimination of the virus-
infected cell with the help of T-cells, as
well as suppression of histocompatible
antigens (MHC class). In addition,
cytokine-mediated activation of phagocytic

enteroviral myocarditis that follows a ful-
minant course with severe clinical symp-
toms and rapid death has been described
(Oka et al. 2005).

In the early phase of enteroviral myocardi-
tis, endocytic invasion of cardiomyocytes is
followed by virus replication with only elec-
tron microscopically detectable intracytoplas-
mic vesicle formation (Klingel et al. 2000;
Kandolf 1993, 1995). As part of this process,
the number of virus components inside the
infected cell may rapidly replicate. If the cell
has viral proteins and RNA genomes in suffi-
cient numbers, these components are assem-
bled into infectious viruses (self-assembly).
Viral proteins include, for example, envelope
proteins of the enteroviruses and capsid pro-
teins 1-4 (VP1-4). The enteroviral proteinase
2A destroys the dystrophin-glycoprotein com-
plex, an extra-sarcomeric protein of the cardio-
myocyte cytoskeleton, and thus attacks the
contractile apparatus of the host cell. Molecular
biological investigations led to the exact break-
point, and the “Hinge 3” region could be local-
ized (Noutsias et al. 2002; Badorff et al. 1999,
2000a, b).

Increased expression of proinflammatory
cytokines, however, should already have a pro-
arrhythmogenic effect (Klein et al. 1995). Within
the scope of comprehensive observation and
based on current knowledge, it is assumed that
detection of enteroviruses in the myocardium
should be seen as a pathological diagnosis in its
own right.
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Parvovirus B19 (PVB19)

According to current investigations, parvo-
virus B19 in the myocardium should not
necessarily be regarded as a less significant
finding and irrelevant in terms of cause of
death. PVB19 preferentially affects the
endothelial cells of peripheral arterioles
and capillaries and may lead to acute endo-
thelial dysfunction (Bock et al. 2010;
Klingel and Kandolf 2009; Biiltmann et al.
2003a, b; Schwartzkopff et al. 1998).
According to personal experience, histo-
logically and immunohistochemically
diagnosed chronic myocarditis may be
caused by PVBI19 infection (Dettmeyer
and Madea 2003; Dettmeyer et al. 2003). In
an older study, a PVB19 variant led to the
sudden death of young dogs as a result of
myocarditis (Hayes et al. 1979).

Epstein-Barr Virus (EBV)

Epstein—Barr viruses are known as poten-
tial pathogens of viral myocarditis; in the
context of infectious mononucleosis
(Pfeifer’s mononucleosis, “kissing dis-
ease”), sudden unexpected death may occur
(Ishikawa et al. 2005; Byard 2002). EVB-
induced myocarditis and pericarditis are
rarely observed in the clinical setting,
despite the fact that the incidence of EBV
infection increases with age and is high in
adults. However, death in infancy can occur
(Hebert et al. 1995). Knowledge of molec-
ular EBV pathology is limited. According
to individual cases, EBV-induced myocar-
ditis may clinically and echocardiographi-
cally simulate acute myocardial infarction
with cardiogenic shock (Lentini et al. 2001;
Tyson et al. 1989; Miller et al. 1973), but
the exact mechanism of damage remains
unknown.

Adenoviruses (AV)

Of the pathogens of viral myocarditis, ade-
noviruses are often mentioned second to
enteroviruses, in particular adenoviruses 2
and 5 (Oyer et al. 2000; Bergelson et al.
1997; Lozinski et al. 1994; Martin et al.
1994). Meanwhile, common membrane-
linked receptors for coxsackie- and adeno-
viruses (Liu and Mason 2001; Bergelson
et al. 1997) have been successfully identi-
fied. This coxsackievirus and adenovirus
receptor (CAR) belongs to the immuno-
globulin superfamily and is able to react
with other viruses of the enteroviruses
group (Liu and Mason 2001). CAR is an
embryonic gene product with high expres-
sion levels during embryonic development,
as well as early downregulation already in
the neonatal phase. Under physiological
conditions, the receptor is absent on adult
cardiomyocytes (Noutsias et al. 2002;
Bergelson et al. 1997). At least in immature
newborns and preterm infants, postnatal,
initially persistent, and relatively high
expression levels of the CAR gene could
represent a molecular basis for the
increased cardiotropic nature of coxsackie-
and adenoviruses, but possibly also of
enteroviruses.

Cytomegalovirus (CMV)

Cytomegaloviruses are regarded as rela-
tively rare pathogens of myocarditis; they
are occasionally found in babies and chil-
dren in the glandular epithelia of the sali-
vary glands, particularly the parotid gland
(Cecchi et al. 1995; Cremer and Althoff
1991). More recent investigations suggest a
greater role for cytomegalovirus-induced
myocarditis in the case of fatal outcome
(Dettmeyer et al. 2006d; Kyto et al. 2005).
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Influenza A H1N1-Associated Myocarditis
During the 2009/2010 A/HINT1 influenza
pandemic, fatal cases were seen showing
molecular pathological evidence of infec-
tion and interstitial myocarditis accompa-
nied by myocardial necrosis in the absence
of significant respiratory tract and pulmo-
nary infection (Gdynia et al. 2011).

Autoimmune Myocarditis. This involves an immune
reaction to endogenous cardiac myosin producing
the histological picture of lymphocytic myocarditis.
It is not uncommon for this entity to be preceded by
viral myocarditis, with the immune reaction devel-
oping in a delayed manner once the virus has
already been eliminated. Therefore, in such cases of
postviral myocarditis, the viral genome is no longer
detectable in myocardial samples. However, our
knowledge of the basics of immunopathology is
still patchy. Autoimmune myocarditis is challeng-
ing to differentiate from chronic myocarditis with
at least partial but often undetectable viral persis-
tence. For this reason, chronic myocarditis is some-
times also referred to as autoimmune myocarditis.

13.3.2 Chronic Myocarditis

Acute myocarditis may either heal or become
chronic. In particular, immunohistochemical

and molecular pathological investigations over
the past 20 years have shown that most of the
macroscopically diagnosed dilative cardiomy-
opathies are the result of chronic myocarditis;
evidence of virus persistence is only possible in
some cases. It is clear that, despite successful
elimination of the virus, the result may be an
autoimmune response with persistent myocar-
dial inflammation (autoimmune myocarditis).
In some cases, diagnostic differentiation from
concomitant myocarditis may be difficult fol-
lowing microscopic diagnosis, but this is usu-
ally still possible within the scope of a
comprehensive histological examination of all
internal organs.

Conventional staining will result in diagnos-
tic findings which already indicate a chronic
inflammatory process; if necessary, further
immunohistochemical diagnostic tests should
follow (see Table 13.8). Following death of a
heart muscle cell, there is increased cellular
infiltration in the myocardial interstitium,
accompanied by partially interstitial, partially
perivascular fibrosis, as well as some streaky
fibrosis (Fig. 13.17). Studies to date have
focused on myocarditis and its transition to a
chronic inflammatory process (D’Ambrosio
et al. 2001; Strauer et al. 2001; Maisch et al.
2000; Kawai 1999; Noutsias et al. 1996;
Martino et al. 1994; Schultheifl 1993; Klingel
et al. 1992a, b; Herzum and Maisch 1988;
Kawai et al. 1987).

Table 13.8 Histological and immunohistochemical diagnosis of chronic myocarditis, dilated myocarditis, or dilated

cardiomyopathy, inflammatory type (DCMi)

Histology

Focal, interstitial edema, fiber structures with
partially and somewhat irregular appearance
Interstitial fibrosis, caliber deviation of the
cardiomyocytes, differences in size of nuclei
Pronounced perivascular fibrosis (EvG stains)

Immunohistochemistry/molecular pathology

Often only a moderate increase in leukocytes, T-lymphocytes,
and macrophages
Somewhat increased expression of MHC class I and II molecules

Sign of progressive restructuring with expression of tenascin at

the margin of microscopically small zones of fibrosis

Myocardial single-cell necrosis
Single, empty sarcolemma tubes

Focal loss of desmin detectability
Myocardial single-cell necrosis, seldom group necrosis

(fibronectin, C5b-9 )

Potential microscopically small zones of scarring
Circumscribed endocardial fibroses

Expression of additional proinflammatory markers (see Table 13.6)
Molecular pathology (PCR, rt-PCR), possible detection of viral

genome with typically small number of viral copies (Bowles
et al. 1989; Arola et al. 1998)

The differentiation between chronic myocarditis and inflammatory cardiomyopathy has been discussed in the literature

(Kiihl et al. 1992)
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Fig. 13.17 Chronic
myocarditis with
somewhat increased
cellular infiltration,
interstitial edema, and
degeneration of heart
muscle fibers (H&E
x400)

7

The term “chronic myocarditis” is appropri-
ate for a macroscopically normal heart with the
microscopic diagnosis of a chronic inflamma-
tory process. If dilated cardiomyopathy is pres-
ent macroscopically, in addition to a
histologically  or  immunohistochemically
observed inflammatory process, the term
“dilated cardiomyopathy, inflammatory type
(DCMi)” may be used. The spectrum of possible
viruses responsible remains unknown, although
according to more recent tests, the virus PVB19,
for example, is being considered (Bock et al.
2005; Klingel et al. 2004).

Apoptosis

Apoptosis is a form of programmed cell
death with cell shrinkage and dismantling
of the DNA into defined fragments by
endonucleases, which may be detected
with the help of the TUNEL method
(Chap. 2). From the histological perspec-
tive, the affected cell separates from the
cell environment and becomes increas-
ingly eosinophilic and smaller. The cell
nucleus becomes small and compact.
Effector caspases, primarily caspases 3, 6,

and 7, lead to apoptotic cell death.
Investigations into apoptosis from a foren-
sic perspective are currently being under-
taken in only a few studies. Nevertheless,
cardiomyocyte apoptosis, a key patho-
logic feature of heart failure, may play a
critical role in patients with acute myocar-
ditis (Abbate et al. 2009; Kawano et al.
1994) and in cases of dilated cardiomy-
opathy (Schaper et al. 1999).

13.4 Non-virus-Based
Myocarditis

Rare forms of non-virus-based myocarditis
sometimes appear at autopsy. For example,
Chagas disease, a disorder widespread in some
areas of South America and involving an intracel-
lular parasite (Trypanosoma cruzi), can cause
chronic lymphocytic myocarditis (de Lourdes
Higuchi et al. 1993). Since these findings often
explain sudden death due to natural causes and
are histologically characteristic, brief explana-
tions should be sufficient here to cover the differ-
ent forms.
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13.4.1 Bacterial Myocarditis

In the context of bacterial infection, which usu-
ally involves sepsis accompanying bacteremia,
partially diffuse and partially granulocytic infil-
trates with focal emphasis can be found in the
myocardium (Figs. 13.18 and 13.19). At the
same time, some cases may show basophilic

Fig. 13.18 Acute
purulent myocarditis
with multiple
granulocytes (H&E
%x200)

v

Fig.13.19 Acute
purulent myocarditis
with enzyme-
histochemical detection
of granulocytes (red) in
the interventricular
septal myocardium and
bulky degeneration of
individual
cardiomyocytes,
interstitial edema, and
drifting apart of heart
muscle fibers (ASD
x400)

colonies of bacteria (cocci, coccoid rods) which
are more effectively detected using specialized
stains. In addition, histological findings, such as
septic shock, are made on a regular basis.
Particularly in cases of focal infection with
purulent abscess and central bacterial colonies,
embolic spread of pathogens should be taken
into consideration.
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13.4.2 Tuberculous Myocarditis

Tuberculosis rarely involves the myocardium
(Dada et al. 2000). At autopsy, decedents with a
weakened immune system (e.g., chronic alco-
holics) should be examined for the possibility
of cardiac tuberculosis, followed by investiga-
tions to establish whether other organs are
affected (particularly the lung). Tuberculosis
pathogens can be seen using Ziehl-Neelsen
staining (oil immersion microscopy x1000);
however, this method is frequently unsuccess-
ful. Tuberculous bacteria are often found in the
peripheral region of caseous necrosis, adjacent
to the lymphocyte wall and Langerhans giant
cells. However, diagnosis may easily be based
on classic histological diagnosis with no detec-
tion of agents: Necrotic zone with a lympho-
cytic border, peripheral fibrosis, multinucleated
Langhans giant cells, and the cores of these
giant cells are frequently arranged in a horse-
shoe form.

13.4.3 Fungal Myocarditis

When using conventional stains under micros-
copy, an experienced pathologist may recognize
fungal components in the myocardium, often

Fig. 13.20 Fungal
hyphae demarcated by
inflammatory cells in the
myocardium in the
presence of fungal
myocarditis (Grocott
%x200)

with marked surrounding inflammation. Grocott
stains (Fig. 13.20) are usually used to show fun-
gal spores and hyphae. The entry site often
remains undetected, as with other myocarditis
pathogens. However, sources of infection can
regularly be observed in other organs (lungs,
liver, kidney).

13.4.4 Rheumatoid Myocarditis

Diagnosis of rheumatoid myocarditis as the
cause of premature sudden death is extremely
rare. Map-like necrotic zones with dense, raised
margins full of inflammatory cells with no mul-
tinucleated Langhans giant cells appear next to
Aschoff nodules (Fig. 13.21) (Fraser et al.
1995). There have also been reports of seasonal
variations in myocardial involvement in rheu-
matism (Metze et al. 1993). Sudden death in the
setting of rheumatic heart disease in children is
seen in extremely rare cases (Rérolle et al.
2016).

13.4.5 Giant-Cell Myocarditis

Giant-cell myocarditis (Fig. 13.22) is a special
form of myocarditis, which has been described
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Fig. 13.21 Rheumatoid
myocarditis with central
necrosis and a dense
wall of inflammatory
cells as the cause of
unexpected sudden
death (H&E x100;
x400)

Fig.13.22 Acute
giant-cell myocarditis
with significant fibrous
components (H&E
x100)

as a cause of sudden death (Martinez et al.
2013; Matejic et al. 2010; Blauwet and Cooper
2010; Langlois 2009; Murty 2008; Hamilton
et al. 2007). Microscopically, the myocardium
is frequently replaced by extensive collagen
connective tissue with a lymphohistiocytic
inflammatory infiltrate, which often includes
numerous multinucleated giant cells with no

characteristic alignment of cell nuclei.
Epithelioid and granulomatous structures are
absent, and other organs are not involved.
Healed, fibrous areas occur alongside repara-
tive processes. Young adults are particularly
affected by giant-cell myocarditis. An autoim-
mune process as a possible cause is under
investigation.
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13.4.6 Myocardial Involvement
in Sarcoidosis

Sarcoidosis may affect internal organs (Bernstein
et al. 1929), and systemic sarcoidosis may cause
myocardial inflammation. In this case, sarcoid-
osis is often detectable in other organs, particu-
larly in the lungs. The forensic literature reports
undetected myocardial involvement in sarcoid-
osis, which remained undiagnosed up to the point
of autopsy, as the cause of sudden death
(Ginellinova et al.; Bagwan et al. 2011; Riezzo
et al. 2009; Byard et al. 2008; Rif3e et al. 2008;
Veinot and Johnston 1998; Ogbuihi et al. 1993).
With the help of microscopic investigations,
scattered foci of granulomatous inflammation
with epithelioid giant cells, lymphocytes, mono-
nuclear cells, and foci of myocytic necrosis can
be found (Fig. 13.23). Specific stains for fungi
and acid fast bacilli are always negative. In addi-
tion to multinucleated giant cells and noncaseat-
ing epithelioid granulomas, there have been
occasional reports of intracytoplasmic inclusions
in sarcoidosis: so-called Hamazaki-Wesenberg
bodies, Schaumann bodies (as laminated protein-
aceous concretions), birefringent calcium oxalate
crystals under polarized light microscopy, and
asteroid bodies (as stellate-shaped inclusions

Fig. 13.23 Myocardial
involvement in
sarcoidosis (H&E x100)

within giant cells) (Ginellinova et al. 2016). The
diagnostic differentiation from idiopathic giant-
cell myocarditis can be challenging. Myocardial
necrosis and increased eosinophilic granulocytes
suggest giant-cell myocarditis.

13.4.7 Eosinophilic Myocarditis

The literature mentions idiopathic eosinophilic
endocarditis and myocarditis (Janik and Hejna
2017; Fragkouli et al. 2011); however, in indi-
vidual cases, allergic myocarditis, in particular
myocarditis responsive to drug therapy, should
also be considered when histological accumula-
tions of eosinophilic granulocytes can be
detected in the myocardium (Fineschi et al.
2004; Burke et al. 1991; Loffler 1936; see Chap.
5, Fig. 4.13).

In certain cases, immunohistochemical stains
may provide additional evidence of IgE and an
allergic-responsive cause, for example, in
increased mast cells in lung tissue. If possible,
evidence of the trigger allergen should be pro-
vided. Eosinophilic myocarditis can be part of
“drug-induced  hypersensitivity ~ syndrome
(DIHS),” also called “drug rash with eosinophilia
and systemic symptoms (DRESS),” and is a
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severe reaction usually characterized by fever,
rash, and multiorgan failure, occurring 1-8 weeks
after drug introduction. It is an immune-mediated
reaction involving macrophage and T-lymphocyte
activation and cytokine release, although no con-
sensus has been reached as to its etiology (Ben
m’rad et al. 2009).

13.5 Cardiomyopathy

The term cardiomyopathy includes various dis-
eases of the heart muscle, with a distinction
between primary and secondary cardiomyopa-
thies. The expert consensus panel proposes a
definition (Maron et al. 2006):

Cardiomyopathies are a heterogenous group of
diseases of the myocardium associated with
mechanical and/or electrical dysfunction that usu-
ally (but not invariably) exhibit inappropriate ven-
tricular hypertrophy or dilatation and are due to a
variety of causes that frequently are genetic.
Cardiomyopathies either are confined to the heart
or are part of generalized systemic disorders, often
leading to cardiovascular death or progressive
heart failure-relatively disability.

Cardiomyopathy is a disease of the heart mus-
cle which has not been caused by coronary artery
disease, mechanical stress through congenital
heart disease, a coronary anomaly, or hyperten-
sion in the large and small circulation.

Primary cardiopathy types are classified
according to the revised version (Maron et al.

2006) of the 1996 American Heart Association
(AHA) definitions (Richardson et al. 1996). In
addition, the European Society of Cardiology
Working Group produced a statement on myo-
cardial and pericardial types (Elliott et al.
2008). Hypertrophic cardiomyopathy and other
forms of cardiomyopathy which may become
symptomatic in infants have a genetic cause
(Schwartz et al. 1996; Seidman et al. 1992;
Takahashi et al. 2008). A modified classifica-
tion of cardiomyopathy is given in Table 13.9
(for additional details, please refer to the rele-
vant literature).

As with nonviral myocarditis, only the clas-
sic histology of the most important forms of car-
diomyopathy in forensics will be discussed
here. Microscopic diagnosis is suitable for the
investigation of a suspicious macroscopic diag-
nosis; in some cases, immunohistochemical
findings may provide additional diagnostic
confirmation.

13.5.1 Hypertrophic
Cardiomyopathy

Evidence of hypertrophic cardiomyopathy can
be detected at autopsy in both children and
adults; however, this condition may also affect
children with less conspicuous macroscopic
findings (Bryant 1999). In this case, myocar-
dial samples should be specifically taken from

Table 13.9 Modified classification of cardiomyopathy types

Genetic forms

Mixed forms

Acquired forms

Hypertrophic cardiomyopathy (HCM), e.g., as Dilative Inflammatory dilative
idiopathic, hypertrophic subaortic stenosis (IHSS) cardiomyopathy cardiomyopathy (DCMi)
(DCM)

Arrhythmogenic right ventricular cardiomyopathy
(ARVCM)

Glycogen reservoir diseases
Transition defects

Mitochondrial cardiomyopathy

Ton channel defects
Isolated noncompaction cardiomyopathy (NCCM)

There are other rare forms of acquired cardiomyopathy

Restrictive
cardiomyopathy

Stress-induced cardiomyopathy
Takotsubo cardiomyopathy
Periportal cardiomyopathy
Tachycardia-induced
cardiomyopathy

Acquired in children with insulin-
dependent diabetic mothers
Thyrogenic cardiomyopathy
Drug-induced forms, e.g., cocaine
cardiomyopathy
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the affected area for investigation (primarily
H&E, van Gieson staining). For example, sam-
ples should be taken from the portion of the
interventricular septum below the aortic valve,
as well as the left ventricular wall in cases of
idiopathic hypertrophic subaortic
(IHSS).

The histological picture varies between chil-
dren and adults (Wigle et al. 1985; Frenzel et al.

stenosis

Fig. 13.24 Histologically
irregular dendritic texture
of heart muscle fibers with
a denoted storiform basic
pattern in hypertrophic
cardiomyopathy (Elastica
van Gieson x100)

Fig. 13.25 Irregular
dendritic heart muscle
fibers in hypertrophic
cardiomyopathy with
enlarged cell nuclei (van
Gieson x100; Insert:
H&E x1000)

1987; Maron 2002), whereby the following are
frequent:

* Manifest disturbance of the texture of the left
ventricular myocardial tissue partially with
storiform patterns (disarray) (Fig. 13.24)

e Circumscribed hypertrophic cardiomyocytes
(myofiber hypertrophy) with partially bizarre
cell nuclei (Fig. 13.25)
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Fig. 13.26 Hypertrophic
cardiomyopathy: dysplastic
vessels with increased
thickness of the wall and
enlarged hyperchromatic
nuclei of vascular smooth
muscle cells (H&E x400)

Fig. 13.27 Hypertrophic
cardiomyopathy with
empty sarcolemma tubes in
which accumulations of
enlarged hyperchromatic
heart muscle cell nuclei are

found (H&E x1000)
e Cardiomyocytes with irregular myofibril In the case of confirmed hypertrophic cardio-
structure myopathy, a genetic diagnosis is recommended

e Peripheral vessels with thickened walls and in cases where this could be of therapeutic sig-
smooth muscle cells showing enlarged and nificance for relatives and where such an exami-

hyperchromatic nuclei (Fig. 13.26) nation is desired (Maron et al. 1997). After an
e Qccasional focal accumulation of CD68* often longer course, hypertrophic cardiomyopa-
macrophages thy may appear macroscopically as dilative car-

* Inisolated cases, empty sarcolemma tubes can  diomyopathy (Riedel et al. 1997; Lin et al. 1998)
be present in which accumulated cell nuclei and in some cases may be difficult to differentiate
can be seen (Fig. 13.27) from inflammatory cardiomyopathy (Dettmeyer

 Interstitial fibrosis may appear in places et al. 2004b).
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13.5.2 Dilative Cardiomyopathy
(DCM)

Dilative cardiomyopathy is characterized by dila-
tion and enlargement of the left ventricle with a
partially thickened, partially normal, and partially
thinning ventricle wall which shows reduced
motility.  Histopathologically, degeneratively
modified cardiomyocytes as well as hypertrophic
heart muscle fibers with enlarged, and occasion-
ally abnormally shaped, cell nuclei are found.
Additionally, there are zones of interstitial fibrosis
which can be found particularly in subendocardial
sections. The extracellular matrix contains colla-
gen, proteoglycan, and glycoprotein, which may
be involved in fibrotic restructuring. Components
of the extracellular matrix also include glycopro-
tein tenascin, for example, which is more signifi-
cantly expressed at the margin of relatively
discrete zones of fibrosis, but also in enlarged car-
diomyocytes and next to necrotic heart muscle
cells (see alcoholic cardiomyopathy; Chap. 6).
Tenascin expression is seen as a continuous, pro-
gressive restructuring process in the myocardium
(Tamura et al. 1996), connexin (Cx), especially
the relationship between Cx43, and sudden death
in patients with dilated cardiomyopathy was
examined (Chen and Zhang 2006).

Both primary obstructive hypertrophic cardio-
myopathy and the resulting secondary dilative

Fig. 13.28 Dilative
cardiomyopathy with
multifocal, perivascular
fibrosis—most likely
inflammatory dilative
cardiomyopathy (DCMi)
(Mallory x125)

cardiomyopathy show a similar histological
picture. If dilative cardiomyopathy is a chronic
inflammatory process (termed dilative inflamma-
tory cardiomyopathy), chronic myocarditis is
involved, often of viral genesis (Figulla 2004;
Kiihl et al. 1994, 1996; see also above). Attention
should be paid to perivascular fibrosis (Fig. 13.28)
in addition to moderately increased cellular infil-
tration. Increased mRINA expression of coxsacki-
evirus and adenovirus receptor (CAR), whose
pathophysiological role remains the subject of
discussion, has been observed in both dilated and
ischemic cardiomyopathy (Tatrai et al. 2011).
CAR can perhaps be regarded as a novel modifier
of ventricular conduction and arrhythmia vulner-
ability in the setting of myocardial ischemia.
Genetic determinants of arrhythmia susceptibil-
ity, such as CAR, may constitute future targets
for risk stratification of potentially lethal ventric-
ular arrhythmias in patients with coronary artery
disease (Marsman et al. 2014).

13.5.3 Arrhythmogenic Right
Ventricular Cardiomyopathy/
Dysplasia (ARVCM)

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVCM) may be the cause of
sudden unexpected death, for example, under
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physical stress (Wingenfeld et al. 2010; Mund
et al. 2002). A prevalence of 1:2500 to 1:5000 has
been indicated for ARVCM (Basso et al. 2009),
but considerable regional variation has been
described. It is inherited in a predominantly auto-
somal dominant manner; 11 different genotypes
are currently known. In the case of ARVCM, pro-
gressive adiposis of mainly the right ventricular
myocardium is present; heart muscle fibers are
replaced by adipose and connective tissue
(Fig. 13.29) (Basso et al. 2008a, b; Angelini et al.
1996; Angelini et al. 1993). The remaining myo-
cardium often is partially hypertrophied but may
appear atrophic as well. Cardiomyocytes can
appear vacuolated or may show coagulation
necroses. Sometimes they are surrounded by
inflammatory, mostly lymphocytic infiltrates
(Huckenbeck and Papadomanolakis 2005).
Although there are a number of reports concern-
ing histologically detectable adipose and fibrous
infiltrations of the left ventricular myocardium
with left ventricular functional disorders, in all
these cases, a concomitant infiltration of the right
ventricle was present. The literature contains cri-
teria for diagnosis which also include clinical
data and family anamnesis (McKenna et al.
1994). Evidence of transmural replacement of
myocardium by fat and connective tissue with fat
cell nests reaching as far as under the right

Fig.13.29 Arrhythmogenic w

right ventricular
cardiomyopathy/dysplasia
(ARVCM) with a fatty
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ventricular endocardium is histologically signifi-
cant (Lobo et al. 1992). These changes, however,
can only be detected in localized areas of the
right ventricular wall and, alone, are not suffi-
ciently specific (Basso et al. 2008a, b; Angelini
et al. 1993). Similar findings can also be seen in
older hearts (Basso and Thiene 2005; Tansey
et al. 2005). For this reason, a histomorphometric
method was suggested to determine the percent-
age of fat and connective tissue in seven visual
fields at a 400x magnification using a diagram
analysis system (Angelini et al. 1993). Diagnosis
of ARVCM requires a minimum of 3% fat tissue
on average and more than 40% fibrotic tissue.
Other investigators regard 5-20% fat tissue as
suspicious (Hort 2000; Dalal et al. 1994). In
2010, a modified method was introduced to eval-
uate digital microphotographs treating five myo-
cardial regions, each with seven fields of view,
together with Elastica van Gieson staining and
Sudan III staining (Hagemeier et al. 2010).
Patients with ARVCM may suffer from a myo-
cardial viral infection, which may at least in part
explain interstitial fibrosis and accompanying
inflammatory infiltrates (Bowles et al. 2002). It
was shown that ARVCM in children coexists
with chronic myocarditis, as was shown with the
aid of immunocytochemical staining for markers
for T-lymphocytes (CD3, CD4, CD8)

¥ _ﬁ 1
.'. .ﬁ.:‘
W TUT T e ,,‘...; -
IT W _-’g ™ > @ % S
o - ?’ 3 \ ’ X l‘ v/‘.
. “ $. 4 \ g
‘ e - ® & o



13.5 Cardiomyopathy

B-lymphocytes (CD22), and macrophages
(CD68) and for adhesion molecules (ICAM-1,
VCAM, ELAM) and endothelial marker (CD31/
PECAM-1) (Wozniewicz et al. 1998). Clinically,
the arrythmogenic right ventricular cardiomyop-
athy may lead to cardial arrhythmias. However,
the disease is often asymptomatic until the diag-
nosis is made by an autopsy performed for the
analysis of a sudden unexpected death. Recent
investigations propose mutations believed to
occur more frequently in patients with ARVCM,
despite the fact that histological findings in the
cases investigated were not typical for ARVCM
(Sato et al. 2015). Plakoglobin is believed to be a
suitable immunohistochemical diagnostic marker
for ARVCM (Munkholm et al. 2015).

13.5.4 Isolated Noncompaction
Cardiomyopathy

Isolated noncompaction cardiomyopathy
(NCCM) was first described in 1984 (Engberding
and Bender 1984). Fatal cases are usually seen in
the pediatric population (Handlos et al. 2017;
Lim and Langlois 2016; Buschmann et al. 2006).
The term “isolated noncompaction of left ven-
tricular myocardium” was suggested later (Chin
et al. 1990). The clinical picture of NCCM varies
greatly. In addition to heart insufficiency, intra-
ventricular thrombosis and thromboembolic
events occur (Binz et al. 2003; Bleyl et al. 1997a,
b), including microcirculation imbalance (Jenni
et al. 2002). It is reported to be the third most
frequent form in children, after dilative cardio-
myopathy (DCM) and hypertrophic cardiomy-
opathy (HCM) (Andrews et al. 2008; Arola et al.
1997), and carries a serious prognosis (Oechslin
et al. 2000).

There are sporadic cases as well as cases
showing familial prevalence (Ichida et al. 2001).
Meanwhile, a genetic basis for the disease has
been identified (Rodriguez-Calvo et al. 2008;
Hermido-Prieto et al. 2004; Kenton et al. 2004;
Sasse-Klaassen et al. 2003, 2004; Ichida et al.
2001; Bleyl et al. 1997a, b).

Histologically, there are sinusoidal recesses
with an immunohistochemically CD34-positive

Fig. 13.30 Noncompaction cardiomyopathy: cross sec-
tion of trabeculations (arrows) focally reaching far into
the myocardium (H&E x200)

endothelial or endocardial lining in the affected
myocardial area which run deep into the left ven-
tricular myocardium (Fig. 13.30) (Chin et al.
1990; Burke et al. 2005). In the right ventricle, it
is almost impossible to distinguish this type of
change from the regular trabecula system; thus
NCCM is considered as localized, pathological
left ventricular trabeculation. The corresponding
endocardium may show subendocardial fibrosis
(Jenni et al. 2002). In sudden infant death, NCCM
may be considered in the differential diagnosis; it
is possible that some cases of sudden infant death
can be explained in this way (Dettmeyer and
Kandolf 2009).

13.5.5 Alcoholic Cardiomyopathy

Alcoholic cardiomyopathy belongs to the group
of toxic cardiomyopathies (Bulloch et al. 1972).
In addition to alcohol consumption reported
during anamnesis, alcoholic cardiomyopathy
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appears macroscopically as dilative cardiomy-
opathy. It is under discussion whether at least
some cases of presumed alcoholic cardiomyop-
athy should actually be categorized as inflam-
matory dilative cardiomyopathy (DCMi)
(Dettmeyer et al. 2002b). For more information,
see Chap. 6.

13.5.6 Rare Forms of
Cardiomyopathy

Rare forms of cardiomyopathy include:

e Thyrogenic cardiomyopathy
» Histiocytoid/oncocytic cardiomyopathy
e Takotsubo cardiomyopathy

Thyrogenic Cardiomyopathy
Hyperthyreosis may lead to cardiomyopa-
thy with an eccentric myocardial hypertro-
phy, including necrosis, focal fibroses, and
fine adiposis of the heart muscle fibers.
Thyrotoxicosis of long standing may lead
to the diagnosis of dilative cardiomyopa-
thy (Santer 2004). Diagnosis always
requires evidence of hyperthyreosis that
has existed over a longer period of time
(see Chap. 16).

Histiocytic/Oncocytic Cardiomyopathy

This rare childhood disease affects girls
more often than boys. Microscopically,
transformed muscle cells can be detected
with partially vacuolized, partially eosino-
philic and granular cytoplasm. Necrosis
and an inflammatory response are absent
(Stahl et al. 1997; Ruszkiewicz and
Vernon-Roberts 1993; Ferrans et al. 1976).
Eston and Perskvist (2009) reported on
the association between histiocytoid car-
diomyopathy and left ventricular hyper-
trabeculation in the death of a female
infant. Histiocytoid cardiomyopathy and

noncompaction cardiomyopathy are occa-
sionally associated with mitochondrial
disease (Finsterer and Stollberger 2009;
Finsterer 2008; Finsterer et al. 2007;
Vallance et al. 2004).

Takotsubo Cardiomyopathy. Stress-Induced
Cardiomyopathy (SICM)

Takotsubo cardiomyopathy (also called
transient apical ballooning and stress cardio-
myopathy; Angelini 2016; Indorato and
Bartolini 2016; Indorato et al. 2015; Prasad
et al. 2008; Cebelin and Hirsch 1980) is
characterized by transient left ventricular
dysfunction, electrocardiographic changes,
and minimal release of myocardial enzymes
(modest elevation of cardiac troponin),
which mimic acute myocardial infarction.
Patients do not present with coronary artery
disease, and the pathomechanism is
unknown. Takotsubo cardiomyopathy
occurs primarily in postmenopausal women
(Stollberger et al. 2010; Fineschi et al. 2010;
Bybee and Prasad 2008; Hansen 2007).
Currently, there is no consensus on the diag-
nostic criteria for Takotsubo cardiomyopa-
thy; some investigators proposed diagnostic
criteria in 2004, which included the absence
of pheochromocytoma and myocarditis
(Akashi et al. 2008). The expert consensus
panel (Maron et al. 2006) proposes a defini-
tion about stress cardiomyopathy:

. a recently described clinical entity
characterized by acute but rapidly reversible
LV systolic dysfunction in the absence of
atherosclerotic coronary artery disease, trig-
gered by profound psychological stress.
This distinctive form of ventricular stunning
typically affects older women and preferen-
tially involves the distal portion of the LV
chamber (“atypical ballooning™), with the
basal LV hypercontractile. Although presen-
tation often mimics ST-segment-elevation
myocardial infarction, outcome is favorable
with an appropriate medical therapy.
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There is no known specific histomorphologic
correlate for Takotsubo cardiomyopathy, and a
more precise histological documentation is
needed for all cases with different kinds of behav-
ior who suddenly died following emotional
stress. Of the patients who underwent endomyo-
cardial biopsy, interstitial infiltrates consisting
primarily of mononuclear lymphocytes and mac-
rophages and contraction bands without myocyte
necrosis were observed (Wittstein et al. 2005).
Myocardial contraction band necrosis is the
pathognomonic lesion of myocardial catechol-
amine damage linked with peroxidation (Fineschi
et al. 2010). Other investigations revealed
intensely increased expression of f§;-adrenergic
receptors in subendocardial as well as deeper lay-
ers of the cardiac musculature. At the same time,
areas of myocardial damage and cellular apopto-
sis (TUNEL assay) were found (D’Errico et al.
2011). Other authors describe lymphocytic infil-
trates, macrophages, contraction band necrosis,
as well as endocardial myoelastofibrosis, smaller
myocardial infarctions, hypereosinophilia, and
myocardial fibrosis (Angelini 2016; Indorato and
Bartolini 2016; Kammal et al. 2015).

Toxic Cardiomyopathies

Numerous toxins are essentially capable of
causing  cardiomyopathies, including
drugs, poisons, and narcotic drugs, such as
cocaine (see Chap. 5) or amphetamines
(Karch 2011). Cobalt-beer cardiomyopathy
became known after cobalt chloride started
being added to beer.

13.6 Coronary Anomalies

Anomalies of the coronary arteries that have been
classified and studied at autopsy and by clinical
angiography can be divided into minor and major
forms (Lipsett et al. 1994; Pedal and Teufel 1993;
Taylor et al. 1992; Roberts 1986; Pedal 1976;
Alexander and Griffith 1956). Descriptions of the

various forms cover a wide range of entirely
asymptomatic courses up to cases with sudden
cardiac death. The incidence of the entire group
of coronary anomalies is 0.036-6.5% (Thierauf
et al. 2007; Yamanaka and Hobbs 1990). The
most common anomaly is an aberrant course of
the circumflex artery with an incidence of 0.16—
0.35% (Barriales et al. 2001). The most common
anomalous origin is the aberrant origin of the cir-
cumflex artery (Cx) from the right aortic sinus
(RSV) with normal origin of the left anterior
descending branch (LAD) (Cohle et al. 1986).
Unexpected stimulation can work as a trigger of
sudden cardiac death in the presence of a coro-
nary abnormality (Kurosu et al. 2016).

A single coronary artery is rare in hearts with-
out other congenital malformations (McConnell
and Collins 1998). In about 0.4% of adults under-
going angiography, single coronary arteries are
present (Thierauf et al. 2007). Clinical symptoms
occur in 11-41% of patients with coronary anom-
alies (Eber et al. 1991). Angina pectoris, myocar-
dial infarction, cardiac dysrhythmia, and acute
cardiac death have all been reported as possible
manifestations of coronary anomalies (Joswig
et al. 1978). Major coronary anomalies often
result in cardiac dysfunction and may cause car-
diac failure and death. Minor anomalies tend to
have no pathophysiological significance and
include alterations in the number and location of
coronary ostia. The anomalous origin of the left
main coronary artery can be divided into four
subtypes: intertruncal course, anterior free wall
course before the right ventricular outflow, poste-
rior course with the left coronary artery or one of
the great branches passing behind the aorta, and
an intertruncal-septal course through the crista
supraventricularis (Aoki et al. 1999; Roberts and
Shirami 1992).

In the case of insufficient perfusion of areas of
the myocardium as a result of a coronary anom-
aly, there will often be areas of fibrosis of varying
sizes replacing the myocardium, a finding high-
lighted by a Masson’s trichrome stain.
Surrounding myocytes exhibit hypertrophic
changes with large hyperchromatic nuclei. At
times, several foci of dystrophic calcifications
with fibrosis may be noted, and often intimal
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proliferations of intramyocardial vessels are evi-
dent (McConnell and Collins 1998). Additionally,
sections of the cerebrum can reveal neuronal sub-
acute hypoxic changes, and siderophages can be
found within pulmonary alveoli.

There are rare cases where the right coronary
artery departs from a Valsalva sinus aneurysm
(Albalooshi et al. 2008) or cases with an initial
anomaly of this artery with Roemheld syndrome
(Hagemeier and Madea 2009). Radiological
examinations are helpful to detect various forms
of coronary anomaly (McConnell et al. 1995),
including  hypoplastic ~ coronary  arteries
(McConnell and Collins 1998; Zugibe et al.
1993). The forensic literature contains various
descriptions of coronary anomalies which lead to
death (Hagemeier and Madea 2009; Albalooshi
et al. 2008; Iino et al. 2007; Madea and Dettmeyer
1998); when young athletes die suddenly, a coro-
nary anomaly should be considered (Tsung et al.
1982). Myocardial ischemia is also described in
connection with abnormal continuous forms
between the aorta and the departure of the pulmo-
nary trunk (Roynard et al. 1994). In cases of
abnormal origin of the left coronary artery (LCA)
from the right sinus, the clinical significance is
determined by the course of the artery. Cases of
sudden death, especially in young people during
exercise, are mainly reported in connection with
an intertruncal course of the artery (Madea and
Dettmeyer 1998; Janssen 1975). There have been
individual cases which reported the presence of
multiple coronary anomalies together with a bor-
derline hypertrophic cardiomyopathy (Dermengiu
et al. 2010a).

The following is valid in histological evalua-
tion: Myocardial samples must be removed from
the outer range of the supply areas of the coro-
nary arteries. Confluent coronary insufficiency
scars can be observed even macroscopically.
Older collagen scar tissue can be seen which
replaces the preexisting myocardium on the one
hand, while partially fresh myocardial necrosis
is detectable in an acute or subacute course on
the other; this is partially a sign of organizing
myocardial necrosis with alternating dense col-
lagen connective tissue, macrophages, lympho-
cytes, fibrocytes, fibroblasts, and branched

capillary blood vessels in the form of granula-
tion tissue.

Myocardial Bridging

Myocardial bridging is a common coronary
anomaly characterized by the presence of a
muscle bridge above an epicardial artery
(Srettabunjong 2016; Sunnassee et al.
2011; Weiler and Risse 1994; Ferreira et al.
1991). According to the literature, intersti-
tial fibrosis (Brodsky et al. 2008), intersti-
tial edema, and hypoxia-induced changes,
particularly inside the left ventricular front
wall (Dermengiu et al. 2010b), are often
found in myocardial bridging (Rile and
Weiler 1985). Individual studies report
myocardial infarction in connection with
myocardial bridging (Baldassarre et al.
1996; Bestetti et al. 1987; Bezerra et al.
1987). Nevertheless, controversy exists
over whether myocardial bridging can
actually cause sudden cardiac death (Biggs
et al. 2008; Mohlenkamp et al. 2002).

13.7 Cardiac Conduction System
(CCS)

When the cause of death remains unclear, and in
those cases where the cause of death cannot be
explained even after the case history and autopsy
findings have been examined, one should also
consider lesions of the cardiac conduction sys-
tem, particularly of the sinoatrial node (Ogbuihi
1989; Doerr 1980; Smith and Davis 1997).
However, up to now histological examinations of
the cardiac conduction system are carried out too
rarely in cases of sudden cardiac death caused by
conduction disturbances (Zack and Wegener
1994). This is also valid for cases which do not
demonstrate relevant microscopic myocardial or
coronary findings. In this case, samples should be
taken from various areas of the heart, which may
lead to pathologic findings, as has been fre-
quently the case. In addition, while histological
examination of the cardiac conduction system is
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useful, the findings require interpretation (Suarez-
Mier and Aguilera 1998; Suarez-Mier et al. 1995)
and are sometimes regarded as inconclusive
(Pedersen 1980). Cystic tumors of the atrioven-
tricular nodal region are a rare cause of sudden
death (Patel and Sheppard 2011).

13.7.1 Examining the CCS

Earlier studies suggested methods to examine
the cardiac conduction system, many of which
required differentiated tissue work-up with
between hundreds and thousands of tissue sec-
tions per case (Bharati and Lev 1995; Song et al.
1991; Okada and Kawai 1983; Hudson 1963;
Lenegre and Chevalier 1951). Currently, there
are suggestions for a modified and simplified
method to examine the conduction system
(Michaud et al. 2002; Sigrist and Germann
1998; Song et al. 1997; Charlton and Williams
1990; Chandrasiri 1985). Song et al. (1997,
1991) described a revised technique in which
the sinoatrial node, the AV node, the distal part
of the His bundle, and the bundle branches of
the CCS are demonstrated in longitudinal sec-
tions by cutting between four and five blocks.
This method reduces workload and can make
examination of the CCS a routine procedure to
some extent.

Sigrist and Germann (1998) described a fur-
ther possible dissection approach:

1. Firstly, the coronary arteries are dissected,
including the sinoatrial node and AV node
arteries (Haas’ artery).

2. Secondly, the coronary ventricles are opened
either by cutting with scissors alongside the
blood flow or by cutting with a knife vertically
to the heart axis. The upper third of the inter-
ventricular septum must not be damaged.

3. Thirdly, starting at the left ventricular cham-
ber, one can easily observe the membranous
portion. Four radical incisions with the scalpel
are made in this region:

(a) Firstly, through the attachment of the
frontal valvula mitralis at the septum
interventriculare

(b) Secondly, parallel to the first incision,
approximately 1.5 cm before the membra-
nous part

(¢) Thirdly, 1 cm above the membranous por-
tion vertically through the vestibule
septum

(d) Fourthly, parallel to the third incision
2 cm below the membranous portion

With these four incisions, a tissue sample
almost rectangular in shape has been removed
which may be sliced into 2-3-mm-thick slices
after formaldehyde fixation. These tissue slices
can be used to prepare tissue sections suitable for
histological examination. Occasionally, the cross
section of the His bundle can be recognized as a
light brown point structure inside the membra-
nous portion. Other investigators have described
a similar examination technique, in particular
Michaud et al. (2002), Davies et al. (1975), and
Hudson (1963).

13.7.2 Histopathologic Findings
in the CCS

Histopathological changes such as a fibromus-
cular dysplasia (James and Marshall 1976),
modular wall thickening, or thrombosis of the
sinoatrial node artery are described in numerous
publications (Zack et al. 2011). However, for
some of these findings, there are no systematic
investigations into their frequency or their rele-
vance in terms of the cause of death. Some of
the histological changes in the cardiac conduc-
tion system evidently occur more frequently
than previously assumed and cannot necessarily
be considered as pathological findings. For
example, it was found that fibromuscular prolif-
eration of the AV node artery is also seen rela-
tively frequently in individuals free of cardiac
disease (Zack et al. 2016). Fat cell nests, moder-
ate lumen-narrowing proliferations in the wall
of the sinus node artery, and discrete inflamma-
tory infiltrates in the sinus node or surrounding
area are found more commonly in individuals
that died of a nonnatural cause of death (Zack
et al. 2016). Therefore, findings of this type
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should at most—if at all—only be considered in
the diagnosis of cause of death once other causes
of death have been ruled out. In this context, any
coincidence of arrhythmogenic or cardiotoxic
drugs and histopathological findings in the car-
diac conduction system should prompt consid-
eration of a cumulative cause of death, for
instance, in pronounced lipomatosis of the atrio-
ventricular node and simultaneous sertindole
and pipamperone use (Zack et al. 2014a).
Traumatic damage is possible in addition to
degenerative changes and inflammatory infil-
trates. Local fibrosis with degeneration of the
specific musculature is also reported (Ogbuihi
1989). This fibrosis may explain sick sinus syn-
drome. However, previous studies have not
proven that there is increased fibrosis of the
sinoatrial node with increasing age (Hudson
1960; Doerr 1959), nor which degree of fibrosis
can be regarded as a pathological finding at all
(Song et al. 1999). However, examination of the
conduction system in 150 Finnish subjects led
to the result that an increase in fibrosis and adi-
posis of the cardiac conduction system (CCS)
could be observed with increasing age (Song
et al. 2001). In about half of the subjects exam-
ined, there were calcium deposits in the central
fibrous body, membranous portion, and the top
of the musculature in the interventricular sep-
tum. In seven cases, the AV node, His bundle, or
bundle branches (right bundle branch, left bun-
dle branch) were compressed by the calcium
deposits. Hemorrhage, inflammation, amyloido-
sis, tumor, fatty infiltration, and development
malformations were observed in 31 cases.
Although 28 cases died of myocardial infarc-
tion, no involvement of the CCS was observed
in these subjects (Song et al. 2001).

Arteriosclerotic changes, especially those of
the sinoatrial node artery, can certainly lead to
even fatal cardiac arrhythmia (Lev et al. 1970),
including surgical and other trauma to the
region of the conduction system (Cohle and
Lie 1998; Titus et al. 1963). There is one case
of elective fatty degeneration of the specific
heart muscle cells in connection with digitoxin
intoxication described in the literature (Doerr
1969).

Histological findings on the CCS after acute
hypoxia such as perinuclear vacuoles and cavities
next to the cell nuclei with fish bone-like defor-
mation have been known for a long time. These
findings include “tubular myopathy” with tube-
shaped cavity formation and peripheral displace-
ment of the cytoplasm, whereby the
cross-sectional fibers retain a ring-like appear-
ance (Biichner 1975; Pichotka 1942). These find-
ings could also be proven at autopsy. A loss of
specific heart muscle fibers is the result of chronic
lack of oxygen (Sigrist and Germann 1998).

Pathologic changes in the cardiac conduction
system may already be found intrauterine.
Piercecchi-Marti et al. (2003) provide the
description of a fetus in the 29th gestational week
with histologically proven alterations of the AV
node and the His bundle with fibrosis, calcifica-
tion, endocardial fibroelastosis, and mononuclear
inflammatory infiltration. Embolism caused by
adiposis of the CCS is also described (Schwartz
et al. 1988).

A correlation between histopathological
changes and clinically diagnosed cardiac arrhyth-
mias should be considered first, including fatal
arrhythmias (Lev et al. 1979; Doerr 1975).
Nevertheless, in individual cases, histopathologic
findings in relation to their importance in terms
of the time of death are often difficult to interpret,
and other causes of death must be excluded first
(Nishida et al. 2002; Zack and Wegener 1994;
Ogbuihi 1989; Voigt 1976).

Sinus Node Fibrosis

In addition to histopathological lesions in
the region of the AV node and bundle of
His, findings made in the sinus node could
explain death, assuming other causes have
been excluded. Sinus node fibrosis is of
particular relevance in this regard. As part
of this process, the specific muscle fibers
may be largely destroyed (Zack et al. 1996;
Ogbuihi 1989). Individual fat cell nests
have been reported, as have occasional
lymphocytic infiltrates (Knieriem et al.
1979) (Fig. 13.31).
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Fig. 13.31 Largely
fibrosed sinus node
region with peripheral
fibrosis, scant
lymphocytic infiltration,
and tiny individual fat
cell nests (H&E x100)

Fig. 13.32 AV node
artery (AVNA) of the
heart with strong
thickening of the arterial
wall, narrowing of the
lumen (H&E x100), and
destruction of the
internal elastic lamina
(arrows; Elastica van
Gieson x400)

artery. Histological findings include
prominent vascular dilatation, interstitial

Fibromuscular Dysplasia
Intramyocardial small vessel anomalies

are not commonly recognized. Small ves-
sel disease has been reported as an iso-
lated cardiac anomaly in individuals with
sudden death. The best known anomaly is
fibromuscular dysplasia (Fig. 13.32),
involving the sinoatrial or AV nodal

edema, and marked vascular narrowing of
intramyocardial arterioles due to fibro-
muscular dysplasia. The vessel presents a
thick media which is disorganized, caus-
ing narrowing of the vessel (Veinot et al.
2002).
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Finally, in the case of sudden death with no
histomorphological correlation to a plausible
cause of death, rare genetic defects should be
considered (e.g., ion channel defects). In order to
clarify these defects, molecular genetic investiga-
tions are necessary (Michaud et al. 2011;
Kauferstein et al. 2009). Doubts about the patho-
physiological significance of fibromuscular dys-
plasia have been expressed, since this entity is
not infrequently an incidental finding in the con-
text of thorough investigations (Zack et al. 2014b,
2016). Evidently, the vessel lumen stenosis asso-
ciated with fibromuscular dysplasia does not nec-
essarily cause acute ischemia under strain; one
assumes sufficient formation of collateral ves-
sels. In the case of negative histopathological
findings and assumed sudden cardiac death,
molecular genetic testing is able to determine
cardiac ion channel defects as the cause of death
in some cases (Kauferstein et al. 2013;
Campuzano et al. 2014).
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