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Abstract
Although relatively uncommon, pathologists may encounter minimal inflammatory foci in the absence of typical structural
heart disease; however, the clinicopathological significance of minimal inflammatory foci, including correlation with sudden
unexpected death, is unexplored. From 1072 serial autopsy subjects, cases with unexplained minimal inflammatory foci, the
extent of which was under 1% of the whole examined ventricle, were extracted to exclude cases with borderline/focal
myocarditis resulting from local, systemic infection, or autoimmune mechanisms. Immunohistochemistry and genetic
analysis targeting viral genomes and heart disease-related genes using next generation sequencing were performed. We
detected 10 cases with unexplained minimal inflammatory foci (five males, five females, aged 15–68 years). The cause and/
or manner of death were sudden unexpected death (6 cases, 60%), sudden unexpected death with epilepsy (1 case, 10%),
drowning in a hot bath (1 case, 10%), and suicide (2 cases, 20%). In none of these cases was pathogen-derived DNA or RNA
detected. In 8 of the 10 cases (80%), 17 possible pathogenic genetic variants causative for arrhythmogenic right ventricular
cardiomyopathy or dilated cardiomyopathy; DSP was the most frequently involved gene (three cases with two different
variants), followed by LAMA4 and MYBPC3 (two cases, two variants for each gene), LDB3 (two cases, one variant), and the
remaining 10 variants occurred in seven cases (DSC2, RYR2, SOS1, SCN5A, SGCD, LPL, PKP2, MYH11, GATA6, and
DSG2). All mutations were missense mutations. DSP_Lys1581Glu and DSC2_p.Thr275Met were classified according to
American College of Medical Genetics and Genomics consensus statement guidelines as pathogenic or likely pathogenic for
arrhythmogenic cardiomyopathy in three patients (30%). The remaining 15 variants were classified as potentially pathogenic
variants. Unexplained minimal inflammatory foci may be an early sign of inherited cardiomyopathy, and such cases might
already have arrhythmogenic potential that can lead to sudden unexpected death. Detection of minimal inflammatory foci by
careful pathological examination may indicate the value of conducting comprehensive genetic analysis, even if significant
structural abnormalities are not evident.

Introduction

Sudden cardiac death, a major cause of sudden unexpected
death, occurs most commonly with structural heart disease
in both younger and older subjects [1, 2]. Methods for
detailed postmortem investigation of sudden unexpected
death have been proposed [3]; however, in some sudden
unexpected death cases the evaluation of pathogenicity is
complicated by the lack of any observable gross and/or
microscopic abnormality that fulfills the diagnostic
criteria. Such sudden unexpected death cases older than 1
year are classified as sudden unexpected death syndrome
or sudden arrhythmogenic death syndrome, which is
defined as death due to a possible arrhythmogenic event
but without clear evidence of pathological or toxicological
abnormality [4, 5].
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Postmortem genetic analysis using next generation
sequencing provides useful information relating to the
genetics of inherited heart diseases, such as channelopathies
and cardiomyopathy [6], and such investigation of sudden
unexpected death cases has been termed, molecular autopsy
[7, 8]. We recently presented the benefit of combined
pathological and genetic evaluation for sudden unexpected
death and sudden unexpected death with epilepsy cases
[9, 10]. We suggest that minute inflammatory foci of
unknown etiology might predict the association of sudden
unexpected death and sudden unexpected death with epi-
lepsy with possible pathogenic cardiomyopathy-related
genetic variants, including genes associated with dilated
cardiomyopathy and arrhythmogenic cardiomyopathy, even
if the clinical symptoms appeared just before death. Muta-
tions in a number of genes that encode proteins that function
in the cardiac sarcomere, desmosome, cytoskeleton, nuclear
lamina, mitochondria and in ion flux-handling, can cause
cardiomyopathy, which may result in contractile dysfunc-
tion and/or an arrhythmogenic event [11, 12].

In this study, we attempted to explore the cause and
clinicopathological significance of unexplained minimal
lesions by comprehensive genetic analysis using next gen-
eration sequencing for a series of autopsy cases with
minimal inflammatory foci lack significant structural heart
disease.

Methods

Subjects

All autopsies performed in our department from 2010 to
2016 were evaluated (n= 1345). Of these cases, heart
specimens from 1072 subjects (0–101 years old, male; 667,
female; 405, mean age 62.6 ± 21.0) without severe injury or
postmortem degradation were examined. A natural cause of
death was recorded for 262 cases (male: 192, female: 70),
and 435 cases (male: 292, female: 143) suffered accidental
traumatic death, for example from a fall, traffic accident,
burning, drowning, or hypothermia. Suicide or homicide
accounted for 342 cases (male: 166, female: 176), and there
were 33 cases (male: 19, female: 14) with undetermined
causes of death. The clinical histories of patients were
obtained from their families and from police records. Tox-
icological screening was applied to all cases, and quantita-
tive assessment was also performed as appropriate, in
parallel with pathological and serological examination,
including quantitative estimation for C-reactive protein. A
natural cause of death was recorded for 262 cases (male;
192, female; 70), and 440 cases (male; 295, female; 145)
suffered accidental traumatic death, for example from a fall,
traffic accident, burning, drowning, or hypothermia.

This study was performed in accordance with the ethical
standards established in the 1964 Declaration of Helsinki
and approved by the Ethics Committee of Toyama
University.

Examination of cardiac pathology

Pathological examination was routinely conducted by
reference to recently proposed criteria and methods used by
cardiovascular pathologists [3, 13]. The hearts were excised
and dissected free from the great vessels. Heart weight,
including epicardial coronary arteries and epicardial fat, was
measured to the nearest gram. The right and left ventricles
were cut at 1 cm intervals parallel to the levels of the
papillary muscle from the apex. The hearts were then cut
open along the direction of blood flow and any abnormality
in the myocardium, endocardium, or valves was noted.
Sections at the level of the papillary muscle and the
level just above the apex were subjected to a thorough
histological examination after dividing into 5–8 blocks each
3 × 3 cm. Both atria were also cut into sections. The major
epicardial coronary arteries and the left main, left anterior
descending, left circumflex, and right coronary artery were
cut transversely at 5 mm intervals. In all cases, the right
ventricular out flow tract of 2–4 block and the conduction
system, including the sinoatrial node divided into 2–4
blocks, the atrioventricular conduction system divided into
4–6 blocks was histologically examined (Supplemental
Fig. 1) [14].

Cases with structural heart disease (e.g., congenital heart
disease, myocardial infarction, overt myocarditis, hyper-
trophic cardiomyopathy, arrhythmogenic cardiomyopathy,
coronary artery disease, including atherosclerosis of the
coronary artery with luminal narrowing beyond 70% or
coronary artery anomalies, obesity cardiomyopathy, idio-
pathic left ventricular hypertrophy, etc.) were excluded
(Supplemental Table 1) [3, 13]. Among the included cases,
we detected cases with minimal inflammatory foci in the
ventricular myocardium. In present study, we defined
minimal inflammatory foci as inflammatory foci in the
ventricle that constituted <1% of the whole examined area
to exclude cases with borderline/focal myocarditis resulting
from local, systemic infection, or autoimmune mechanisms.
The total area of a pathological lesion was measured using a
BX51 microscope (Olympus) equipped with a digital
camera (DP73, Olympus) and analyzed using Olympus
cellSens imaging software (version 1.7, Olympus, Tokyo,
Japan).

Immunohistochemical examination

Infiltrating cell populations were assessed by immunohis-
tochemistry. The T-lymphocyte marker, CD3 (F7.2.38, Dako,
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Glostrup, Denmark), the B-lymphocyte marker, CD20 (L26,
Dako), the neutrophil marker, myeloperoxidase (Dako), and
the macrophage marker, CD68 (KPI, Dako) were examined.
Sections 6-µm thick were deparaffinized, and antigen retrieval
was performed in a microwave oven for 20min at 98 °C
(in 10mM citrate buffer, pH 6.0). Immunostaining was per-
formed using the Leica Bond-IV automation and Leica Refine
detection kits (Leica Biosystems, Bannockburn, IL). Subse-
quently, all sections were counterstained with hematoxylin.

Library preparation and sequencing for next
generation sequencing analysis

Viral genomes

Extraction of total nucleic acids from serum samples was
performed with a QIAamp MinElute Virus Spin Kit
(Qiagen, Germantown, MD, USA) in accordance with the
manufacturer’s instructions. Sequencing libraries were pre-
pared using the ScriptSeq v2 RNA-Seq Library Preparation
kit (Illumina, San Diego, CA USA) and sequenced on a
MiSeq sequencer with the MiSeq reagent kit v3 to generate
2 × 75 bp pair-end protocol (Illumina). For identification of
virus-derived sequences from the paired end next generation
sequencing reads, the VirusTAP pipeline (https://gph.niid.
go.jp/cgi-bin/virustap/index.cgi) was used [15].

Inherited genetic defects

Genomic DNA was extracted from whole blood samples
from subjects with minimal inflammatory foci using a
QIAamp DNA Mini Kit (Qiagen). Next generation
sequencing of 404 cardiovascular disorder-related genes
(Life Technologies, Carlsbad, CA, USA), which are listed
in Supplemental Table 2, was performed using an Ion PGM
system (Life Technologies). Minimal coverage of 20 reads
was defined as the cut-off value. All known and potential
variants were classified as candidate pathogenic variants
and were validated by Sanger sequencing. Detailed methods
used for sequence analysis are previously reported [9, 10].

Variant classification of inherited genetic defects

The allelic frequency in the Genome Aggregation Database
(gnomAD) (http://gnomad.broadinstitute.org) was determined
for all detected variants and those with a minor allele fre-
quency of >0.1% in the general population were removed.
Variants were then verified using combined annotation-
dependent depletion (CADD), which is a tool for scoring
variants and variants with a score <15 were filtered out [16].
We then classified the remaining variants as one of the fol-
lowing: pathogenic, likely pathogenic, or variant of uncertain
significance, according to the American College of Medical

Genetics and Genomics consensus statement guidelines [17].
To evaluate the pathogenic potential of variant of uncertain
significance, we used the in silico predictive algorithm:
GAVIN (https://molgenis20.gcc.rug.nl) and the disease
mutation database: Clinvar disease mutation database
(http://www.ncbi.nlm.nih.gov/clinvar), which accurately clas-
sify variants for clinical diagnostic purposes.

Statistical analysis

Differences in the frequency of rare variants versus control
variants archived in the human genetic variation database
(HGVD; http://www.hgvd.genome.med.kyoto-u.ac.jp) [18]
and the integrative Japanese genome variation database
(iJGVD; https://ijgvd.megabank.tohoku.ac.jp) [19] were
assessed using Fisher’s exact test with p < 0.05 being sta-
tistically significant.

Results

Subjects

From 1072 serial autopsy cases, the cases of coronary artery
disease (191 cases), deformity of aortic valve with calcifi-
cation (20 cases), hypertrophic cardiomyopathy (7 cases),
dystrophic myopathy (3 cases), overt myocarditis (3 cases),
sarcoidosis (4 cases), amyloidosis (25 cases), irradiation
pericarditis (1 case), infectious endocarditis (1 case), Rosai-
Dorfman syndrome (1 case), idiopathic left ventricular
hypertrophy (57 cases), obesity cardiomyopathy (14 cases),
and atthythmogenic cardiomyopathy (1 case) were exclu-
ded. In remaining 744 cases, 10 cases fulfilled the criteria of
minimal inflammatory foci of the present study (five males
and five females, aged 15–68 years). A summary of all
cases is described in Table 1. Eight of ten cases did not have
family of sudden unexpected death within first degree
relative, and we cannot obtain the data of other two cases.
Some autopsy data for Cases 6 and 9 have already been
reported [9]. With respect to cause of death, six cases (60%)
were judged as sudden unexpected death syndrome, and the
other causes of death were judged as sudden unexpected
death with epilepsy (one case), drowning in a bathtub
because of a sudden intrinsic loss of consciousness (one
case) suicidal drowning (one case), and drug intoxication
with a high blood concentration of olanzapine (one case).
Four of the ten cases showed abnormal electrocardiogram in
the clinical record, and Cases 5 (ventricular premature
contraction) and 6 (Saddleback-type ST elevation in V2)
had received routine follow up but had not received
treatment. Two cases showed mild elevation of C-reactive
protein and one had localized bronchitis and the other
liver fibrosis, possibly because of excessive alcohol

Minimal inflammatory foci of unknown etiology may be a tentative sign of early stage inherited. . . 1283

https://gph.niid.go.jp/cgi-bin/virustap/index.cgi
https://gph.niid.go.jp/cgi-bin/virustap/index.cgi
http://gnomad.broadinstitute.org
https://molgenis20.gcc.rug.nl
http://www.ncbi.nlm.nih.gov/clinvar
http://www.hgvd.genome.med.kyoto-u.ac.jp
https://ijgvd.megabank.tohoku.ac.jp


Ta
bl
e1

S
um

m
ar
ie
s
of

cl
in
ic
al

an
d
au
to
ps
y
da
ta

in
th
is
st
ud

y

S
ub
je
ct

ch
ar
ac
te
ri
st
ic
s

T
ox
ic
ol
og
ic
al
,
se
ro
lo
gi
ca
l

an
al
ys
is

C
ar
di
ac

pa
th
ol
og
y

C
as
e

A
ge

S
ex

B
M
I

C
au
se

of
de
at
h

P
re
vi
ou
s

cl
in
ic
al

hi
st
or
y

P
re
vi
ou
s

ca
rd
ia
c
te
st

(E
C
G
)

A
lc
oh
ol

(m
g/
m
l)

D
ru
g

C
R
P

(m
g/

dl
)

H
ea
rt

w
ei
gh
t

(g
)

W
al
l
th
ic
kn
es
s
(c
m
)

F
at
ty

in
fi
ltr
at
io
n

F
ib
ro
si
s

N
ec
ro
si
s

In
fl
am

m
at
io
n

Im
m
un
oh
is
to
ch
em

is
tr
y

O
th
er

pa
th
ol
og
y

L
V

R
V

L
V

R
V

L
V

R
V

L
V
F

IV
S

R
V
F

R
V
O
T

M
P
O

C
D
3

C
D
20

C
D
68

1
42

F
21
.8

S
U
D
S

(d
ur
in
g

de
fe
ca
tio

n)

P
sy
ch
os
is

N
or
m
al

N
D

T
he
ra
pe
ut
ic

ra
ng
e

0.
08

32
3

1.
2

0.
2

−
+

−
+

−
−

−
−

+
−

+
+

+
−

2
68

F
21
.5

S
U
D
E
P

(s
le
ep
in
g)

E
pi
le
ps
y

N
or
m
al

N
D

N
D

0.
79

32
5

1.
5

0.
2

−
+

−
+

−
−

−
+

+
−

+
−

+
S
cl
er
os
is

of A
m
m
on
’s

ho
rn
,

br
on
ch
iti
s

3
24

M
18
.1

D
ro
w
ni
ng

in
ho
t
ba
th
s

N
on
e

N
A

1.
7

N
D

0.
03

26
4

1.
2

0.
2

−
+

−
+

+
+

−
−

+
+

−
+

+
−

4
39

F
21
.1

S
U
D
S

(s
le
ep
in
g)

A
lc
oh
ol
ic
s,

ps
yc
ho
si
s

L
ow

vo
lta
ge

N
D

T
he
ra
pe
ut
ic

ra
ng
e

0.
93

18
9

0.
9

0.
2

−
+

+
+

−
−

−
−

+
−

+
+

+
A
lc
oh
ol
ic

liv
er

fi
br
os
is

5
15

M
24
.7

S
U
D
S

(s
le
ep
in
g)

A
rr
hy
th
m
ia

V
P
C

N
D

N
D

0.
1

39
3

1.
2

0.
2

−
+

+
−

+
+

−
−

−
+

−
−

+
−

6
25

M
24

S
U
D
S

(s
le
ep
in
g)

N
on
e

S
ad
dl
eb
ac
k-

ty
pe

S
T

el
ev
at
io
n
in

V
2

N
D

N
D

0.
07

39
4

1.
4

0.
2

−
+

+
−

+
+

−
−

−
+

−
−

+
−

7
66

F
25

D
ro
w
ni
ng

(s
ui
ci
de
)

D
ep
re
ss
io
n

N
or
m
al

N
D

N
D

0.
27

35
8

1.
5

0.
2

−
−

+
−

+
+

−
−

−
+

−
−

+
E
ar
ly

ga
st
ri
c

ca
nc
er

8
26

M
22
.8

S
U
D
S

(d
ur
in
g

dr
iv
in
g)

N
on
e

N
A

N
D

N
D

0.
27

45
4

1.
5

0.
1

−
−

−
−

+
+

−
−

−
+

+
+

+
−

9
41

M
19
.7

S
U
D
S

(d
ur
in
g
lo
w

ac
tiv

ity
)

M
ig
ra
in
e

S
in
us

ta
ch
yc
ar
di
a

N
D

T
he
ra
pe
ut
ic

ra
ng
e

0.
02

39
1

1.
4

0.
2

−
−

−
−

+
+

−
−

−
+

+
+

+
−

10
25

F
21
.2

D
ru
g

in
to
xi
ca
tio

n
(s
ui
ci
de
)

D
ep
re
ss
io
n

N
A

1.
5

F
et
al

ra
ng
e

(o
la
nz
ap
in
e)

0.
29

29
5

1.
2

0.
2

−
−

−
−

−
+

−
−

+
−

+
+

+
−

B
M
I
bo

dy
m
as
s
in
de
x,

E
C
G
el
ec
tr
oc
ar
di
og

ra
m
,C

R
P
C
-r
ea
ct
iv
e
pr
ot
ei
n,

N
A
no

ta
va
ila
bl
e,
N
D
no

td
et
ec
te
d,

L
V
le
ft
ve
nt
ri
cl
e,
R
V
ri
gh

tv
en
tr
ic
le
,L

V
F
le
ft
ve
nt
ri
cu
la
r
fr
ee

w
al
l,
IV
S
in
tr
av
en
tr
ic
ul
ar

se
pt
um

,
R
V
F
ri
gh

t
ve
nt
ri
cu
la
r
fr
ee

w
al
l,
R
V
O
T
ri
gh

t
ve
nt
ri
cu
la
r
ou

tfl
ow

tr
ac
t,
M
P
O

m
ye
lo
pe
ro
xi
da
se
,
V
P
C
ve
nt
ri
cu
la
r
pr
em

at
ur
e
co
nt
ra
ct
io
n

1284 Y. Hata et al.



consumption. Next generation sequencing that mapped to a
specific viral genome were not detected in all serum sam-
ples. Sequencing result is shown in Supplemental Table 3.

Gross and microscopic features

Mild to moderate fatty infiltration of right ventricle without
significant interstitial fibrosis that did not fulfill the criteria
of arrhythmogenic cardiomyopathy was identified in six
cases. Four cases did not show significant pathological
change (Fig. 1a).

None of the cases had obvious replacement fibrosis. In
six cases with fatty infiltration of right ventricle, four cases
(Cases 1–4) additionally showed mild to moderate inter-
stitial fibrosis in the right ventricle and three cases (Cases
4–6) showed minor fibrosis in the left ventricle. Only Case
4 showed fibrosis in the both ventricles. (Fig. 1b–d), and
three cases (Cases 8–10) did not show significant interstitial
fibrosis in the heart. The minimal number of inflammatory

cells in one focus was 20. Necrosis was visible in six of ten
cases (Cases 3, 5–9). The distribution of minimal inflam-
matory foci was varied; minimal inflammatory foci were
detected in the free wall of the left ventricle in seven cases,
in the interventricular septum in no cases, in the right
ventricular free wall in one case (Case 2) and in the right
ventricular outfloe tract in five cases (Cases 1–4, 10)
(Fig. 1e–n). Myeloperoxidase positive neutrophils were
observed in six cases that had necrosis. Both T and B cells
were also frequently found. CD68-positive macrophages
were found in all cases (Fig. 2). No cases with eosinophil-
predominant inflammation were evident, and minimal
inflammatory foci were not found in the cardiac conduction
system.

Cardiovascular disorder-related genes variants

In two (20%) of the ten cases with unexplained minimal
inflammatory foci, no potential pathogenic mutation was

Fig. 1 Gross and microscopic appearance of hearts. a Gross appear-
ance of Case 4 with fatty infiltration of the right ventricle. b, c Fatty
infiltration with mild interstitial fibrosis in the right ventricular free
wall of Case 4 (b) and outflow tract of Case 1 (c). d High power view

of the left ventricle with mild interstitial fibrosis of Case 6 (f–n)
Minimal inflammatory foci in all extracted cases. Shows Case 1–Case
10, respectively. Minimal necrosis can be seen in Cases 3 and 5–9.
Scale bars: 500 µm (b), 200 µm (c, d), 50 µm (e–n)

Minimal inflammatory foci of unknown etiology may be a tentative sign of early stage inherited. . . 1285



identified. In eight cases (80%), a total of 17 rare variants in
14 different genes were identified, which are causative
genes variants for arrhythmogenic cardiomyopathy or
dilated cardiomyopathy; DSP was the most frequently
involved gene (three cases with two different variants),
followed by LAMA4 and MYBPC3 (two cases, two variants
for each gene), LDB3 (two cases, one variant) and the
remaining 10 variants occurred in seven cases (DSC2,
RYR2, SOS1, SCN5A, SGCD, LPL, PKP2,MYH11, GATA6,
and DSG2) (Fig. 3). All mutations were missense mutations.
Two of the 17 rare variants were classified according to
American College of Medical Genetics and Genomics
consensus statement guidelines as pathogenic or likely
pathogenic for arrhythmogenic cardiomyopathy in three
patients (30%). These were DSP_Lys1581Glu and
DSC2_p.Thr275Met. The remaining 15 variants were
classified as potentially pathogenic variants. The prevalence
of gene variants detected in the present study and in Japa-
nese controls was compared. One variant (RYR2_p.
Tyr4939Phe) were not found in gnomAD, HGVD, or
iJGVD, and the prevalence of one variant (LDB3_p.
Asp673Asn) was significantly higher than in control cases
(Table 2, Supplement Table 4). Two or more rare

heterozygous variants were found in six of the 10 cases
(60%), and three cases (30%) carried three or more variants
(Fig. 4).

Discussion

Many pathologists have experience of minimal inflamma-
tory foci-like lesions in autopsy cases, however, the
pathological significance and the etiology of such restricted
lesion remained to be determined. We assume that cases
with restricted minimal inflammatory foci of uncertain
etiology are likely to be evaluated as “myocarditis of
uncertain significance” [20] or as sudden arrhythmogenic
death syndrome because the lesion is overlooked or dis-
regarded. In the present study, we selected the minimal
inflammatory foci cases using relatively strict conditions to
avoid selecting cases with infection or systemic inflamma-
tory disease. Our postmortem investigation indicated that of
10 cases with unexplained minimal inflammatory foci, eight
suffered sudden unexpected death after the onset of some
sort of arrhythmogenic event and two cases were suicide
victims. Therefore, the etiology of undetermined minimal

Fig. 2 Pathological appearance
including immunohistochemistry.
(a–c) Case 2; (a)
hematoxylin–eosin, (b)
myeloperoxidase, (c) CD3. (d–f)
Case 9; (d) hematoxylin–eosin,
(e) myeloperoxidase, (f) CD68.
Scale bars: 50 μm

Fig. 3 Detected variant
classification strategy. MAF
minor allele frequency, VUS
variant of uncertain significance

1286 Y. Hata et al.



inflammatory foci may correlate with the occurrence of
sudden unexpected death even if clinical signs and gross
abnormalities are not evident. Under conditions of coronary
vessel disease, where infection and the other primary
inflammatory disease is carefully ruled out, applied genetic
analysis shows that restricted minimal inflammatory foci of
uncertain etiology may be a pathological sign of early
inherited arrythmogenic cardiomyopathy or dilated cardio-
myopathy, which can result in sudden unexpected death,

including drowning in a bathtub or sudden unexpected
death with epilepsy.

Interpretation of pathogenicity of variants detected using
next generation sequencing remains difficult in some cases
because the number of rare variants detected was higher
than we expected. Determination of pathogenicity of the
variants mainly relies on the prevalence of the variants in
large control cohorts, such as gnomAD, segregation in
family members, in silico predictive programs, and experi-
mental investigations [21, 22]. Segregation studies or
experimental investigations are useful for evaluating the
pathogenicity of detected variants in some cases; however,
in many autopsy departments or laboratories it may be
difficult to apply appropriate segregation analysis or
experimental techniques. Other investigators have also
commented that future approaches to validate the patho-
genicity of variants will rely more strongly on in silico
predictive tools and population frequency [23, 24].
Although we should always note the considerable “back-
ground noise” of innocent variants in the genetic analysis of
heart disease, including sudden cardiac death [25–27], the
present study shows that detailed pathological examination
for the heart of sudden unexpected death cases might be
useful for evaluating the pathogenicity of detected variants,
and may be especially useful to avoid false positive results.
In contrast, additional pathological examination targeting
minimal inflammatory foci might be essential when possible
pathogenic variants associated with cardiomyopathy are
detected, even if initial routine pathological examination
concludes that the heart is within normal limits. In
addition, an unpredictable cardiomyopathy-related genetic
variant might be present in some patients diagnosed as mild/
borderline myocarditis on myocardial biopsy.

Arrhythmogenic cardiomyopathy is characterized by a
high incidence of ventricular arrhythmia and sudden cardiac
death. Pathogenesis of arrhythmogenic cardiomyopathy
involves disruption of cell–cell adhesion and/or altered
intracellular signaling resulting from mutations in various
desmosome-related genes [28]. A series of ultrastructural
alterations, which decease mechanical coupling between cells,

Table 2 Summary of genetic analysis data

Case Pathogenic/likely pathogenic
variant

Possibly pathogenic
variant

1 DSP p.Lys1581Glu LPL p.Ala288Thr

2 DSC2 p.Thr275Met

3 SGCD p.Gln282Arg

4

5 SCN5A p.Leu1988Arg

LAMA4 p.Arg1039Gln

LDB3 p.Asp673Asna

6 RYR2 p.Tyr4939Pheb

PKP2 p.Pro717Leu

7

8 DSP p.Ser1629Ile

LDB3 p.Asp673Asna

MYH11 p.Arg709Cys

DSG2 p.Asp676Asn

9 SOS1_p.Ile610Thr

LAMA4 p.Ala299Thr

MYBPC3 p.Glu334Lys

GATA6 p.Ser184Asn

10 DSP p.Lys1581Glu MYBPC3 p.Arg1138Cys

aA significant difference between cases and the sum of controls in the
human genetic variation and the iIntegrative Japanese genome
variation database (Fisher’s exact test)
bNot reported in the exome aggregation consortium database, the
human genetic variation database or the integrative japanese genome
variation database

Fig. 4 The number of variants in
each gene subset
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resulting in detachment of cardiomyocytes with subsequent
cell death [27, 29], may contribute to the typical gross and
microscopic pathology of advanced arrhythmogenic cardio-
myopathy, which includes islands of surviving myocytes,
inflammatory infiltration, and fibro-fatty tissue [30].

Te Riele et al. examined the relatives of arrhythmogenic
cardiomyopathy patients and revealed that almost one-third
already showed electrical instability preceding detectable
structural change. Such electrical instability may cause sud-
den cardiac death at any time during the course of arrhyth-
mogenic cardiomyopathy arrhythmogenic cardiomyopathy
[31]. In none of the six cases with a desmosome-related
genetic variant was advanced fibrofatty infiltration evident;
however, distribution of minimal inflammatory foci may be
consistent with the pericardial side of the right ventricle in
advanced arrhythmogenic cardiomyopathy [32]. In addition,
examination of the right ventricular outflow tract, which,
routinely, is less frequently examined but is a common site of
arrhythmogenic cardiomyopathy, might be significant for
detecting minimal inflammatory foci in sudden unexpected
death cases with arrhythmogenic cardiomyopathy-related
variants. Involvement of the left ventricle, as found in two of
the six cases with desmosome-related variants, is also found
in a large number of arrhythmogenic cardiomyopathy cases
[28, 32, 33]. In addition, the present study showed that fatty
infiltration of right ventricle, which mimics early arrhyth-
mogenic cardiomyopathy, may not be relevant to arrhyth-
mogenic cardiomyopathy because fatty infiltration of right
ventricle was also found in the case without desmosome
gene-related variants. Both detailed pathological examination
targeting minimal inflammatory foci and genetic analysis
may be essential for detecting early cases of arrhythmogenic
cardiomyopathy.

We also note that desmosome molecules including pla-
kophilin 2 (PKP2) synergistically interact with gap junctions
and with the voltage-gated sodium channels, and that failure
of these interactions associated with desmosome-related
genetic variants can create a substrate for arrhythmias by
decreasing the amplitude and kinetics of the Na+ current,
even in the early phase of the disease [28, 34]. These
observations may also explain the clinical and electro-
physiological similarities between arrhythmogenic cardio-
myopathy and Brugada syndrome cases, which sometimes
have desmosome-related variants but do not show significant
structural abnormality [35]. In this regard, differentiation
between early arrhythmogenic cardiomyopathy and Brugada
syndrome may be complicated when typical arrhythmogenic
cardiomyopathy pathology is not evident, as in the present
cases. “Possible Brugada syndrome with minimal inflam-
matory foci related to desmosome gene variation” might be a
more appropriate autopsy diagnosis rather than “early or
preclinical arrhythmogenic cardiomyopathy” when typical
arrhythmogenic cardiomyopathy pathology is absent. In Case

6 with a history of saddleback type ST elevation, the rare
variant of PKP2 may be associated with possible Brugada
syndrome-related arrhythmia, as shown in a previous report
[36]. It is also interesting that RYR2 has been shown to be a
possible Brugada syndrome-causing gene [37]. An overlap of
such genes might contribute to the occurrence of this sudden
unexpected death, possibly through Brugada syndrome.

The etiology of dilated cardiomyopathy is complex,
involving structural heart disease, hypertension, inflamma-
tory diseases, and toxins [38]; therefore, careful investigation
to rule out “secondary dilated cardiomyopathy-associated
minimal inflammatory foci” should be performed ahead of
genetic investigation. However, recent studies have revealed
mutations in various genes may regulate the pathogenesis of
dilated cardiomyopathy [38]. Variants of sarcomere-related
genes, involved with the cytoskeleton, extracellular matrix,
sarcoplasmic reticulum, nuclear envelope, and nucleus, were
found in the present study, and are also considered to
be dilated cardiomyopathy-causing genes [22–24], even if
the number of the reported cases has been small. Although
the specific pathology of early dilated cardiomyopathy has
not been explored, mutations in these genes may generate
vulnerability in myocytes to mechanical stress, and may lead
to necrosis of myocytes [39], which could subsequently
trigger an inflammatory response and fibrosis [40].

Dilated cardiomyopathy is associated with an increased risk
of arrhythmogenic events and sudden cardiac death [41];
however, prevalence of early dilated cardiomyopathy in sud-
den unexpected death autopsy cases has not been explored
because of a lack of pathological diagnostic criteria of early
dilated cardiomyopathy. Spezzacatene et al. identified a subset
of dilated cardiomyopathy patients with a prominent
arrhythmic phenotype (arrhythmogenic dilated cardiomyo-
pathy) in the early stages of the disease, characterized by
frequent ventricular arrhythmias and unexplained syncope in
the absence of overt heart failure [42]. A few studies have
aimed to detect early dilated cardiomyopathy. Mahon et al.
showed most asymptomatic relatives of dilated cardiomyo-
pathy patients with mild left ventricular enlargement already
showed infiltration of inflammatory cells, at levels that were
similar to those of patients with established disease [43].
Additionally, previous results indicated that MYBPC3 is
considered one of the major hypertrophic cardiomyopathy-
causing genes [44]. Lynch et al. have recently demonstrated
that a proinflammatory response occurs in a form of genetic
dilated cardiomyopathy caused byMYBPC3 mutation and this
is likely a response to cardiac myocyte damage resulting from
contractile dysfunction and mechanical stress [45]. The pre-
sent study shows that minimal inflammatory foci might be a
sign of early dilated cardiomyopathy in cases with various
disease-causing variants, including inMYBPC3, and that some
such cases may already have arrhythmogenic potential that
can lead to sudden unexpected death. We should also note that
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the SCN5A variant p.Leu1988Arg, seen in Case 5, is asso-
ciated with Long QT syndrome [46], and that other SCN5A
variants may be causative of Brugada syndrome or Long QT
syndrome depending on kind of variants. No abnormal QT
interval was found before death in Case 5. Therefore, rather
than evaluating SCN5A p.Leu1988Arg, we assessed two other
dialted cardiomyopathy-causing variants that may contribute
to ventricular premature contraction as a complication of
minimal inflammatory foci associated with cardiomyopathy.

The present study has some limitations. We did not carry
out a genetic investigation of “control cases” who died from
known causes with minimal inflammatory foci in the heart
or who died suddenly without minimal inflammatory foci.
Full investigations of such age-matched, sex-matched, and
comorbidity-matched control cases might establish the
importance of our present findings. Arrhythmogenic events
and related sudden unexpected death usually require both an
abnormal myocardial substrate and an instigating trigger,
such as exercise, being asleep, or emotional stress [47, 48].
However, many of the cases with minimal inflammatory
foci in the present study were young adults and/or cases of
unwitnessed death; therefore, we could not fully discuss the
clinical appearance or precursor state of sudden unexpected
death with respect to minimal inflammatory foci because of
insufficient clinical and radiological data, and information
immediately before death. Also we cannot explore the
correlation between the kind of genetic variants and
microscopic appearance including the location of the
minimal inflammatory foci because of both paucity of the
examined cases and the restricted lesion in examined cases.
On the other hand, we found multiple variants in six cases.
A significant proportion of patients with hypertrophic car-
diomyopathy harbor multiple mutations [49]; however, the
significance of multiple variants in arrhythmogenic cardio-
myopathy and dilated cardiomyopathy remains to be
determined. In addition, we could not find any pathogenic
variant in one case with minimal inflammatory foci. Future
investigation using advanced genetic analysis methods with
appropriate control cases may more clearly reveal the
pathogenesis of unexplained minimal inflammatory foci.

In a retrospective analysis of a series of autopsy cases,
the cause of death in many cases with unexplained minimal
inflammatory foci was evaluated as a possible arrhythmo-
genic event. Also, a genetic investigation using next gen-
eration sequencing showed that eight of 10 cases with
unexplained minimal inflammatory foci had potential
pathogenic variants of arrhythmnogenic cardiomyopathy or
dilated cardiomyopathy-related genes. These findings show
that minimal inflammatory foci are a tentative pathological
finding in early stages of inherited cardiomyopathy and that
some cases might have a risk of sudden cardiac
death. Detection of minimal inflammatory foci by careful
histopathological evaluation may promote comprehensive

genetic investigation targeting cardiomyopathy-related
genetic variants. Such an approach might provide a reli-
able diagnosis for sudden unexpected death autopsy cases,
even if significant structural heart disease is not evident.
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