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a b s t r a c t 

Primary myocardial fibrosis (PMF), defined as myocardial fibrosis in the absence of identifiable causes, 

may represent a common alternative phenotype in various cardiomyopathies and contribute to sudden 

cardiac death (SCD). No previous definitions of histopathological characteristics exist for PMF. We aimed 

to evaluate whether common features of fibrosis could be identified. PMF cases (n = 28) were selected 

from the FinGesture cohort consisting of 5,869 SCD victims that underwent a medicolegal autopsy. Twelve 

trauma controls and 10 ischemic heart disease cases were selected as reference groups. Further 3 PMF 

cases and 5 ischemic heart disease cases from autopsies performed in the University of Copenhagen, Den- 

mark, were selected for a validation substudy. Relative area of fibrosis, amount of diffuse and perivascular 

fibrosis, and location of fibrosis were assessed from left ventricle myocardial samples stained with Mas- 

son trichrome. Further evaluations were performed with alpha-smooth muscle actin ( α-SMA), vimentin, 

and CD68 stainings. Mean relative area of fibrosis was 5.8 ± 10.7%, 1.0 ± 0.7%, and 7.0 ± 7.4% in PMF, 

trauma controls, and ischemic cases, respectively. Fibrosis in the PMF group was mostly located in other 

sites than the endocardium. Most cases with fibrosis had vimentin-positive but α-SMA-negative stromal 

cells within fibrotic areas. Histopathologically, PMF represents a heterogeneous entity with variable fi- 

brotic lesions affecting the whole myocardium and a suggested significant role of fibroblasts. These find- 

ings may bring validation to PMF being a common manifestation of cardiomyopathies. Evidently, PMF 

stands out as a particular entity demanding special attention as a cause of SCD. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Myocardial fibrosis is a common manifestation of a wide spec- 

rum of cardiac diseases. Fibrosis is usually divided into macro- 
Abbreviations: α-SMA, alpha-smooth muscle actin; ARVC, arrhythmogenic right 

entricular cardiomyopathy; DCM, dilated cardiomyopathy; HCM, hypertrophic car- 

iomyopathy; PMF, primary myocardial fibrosis; PMI, postmortem interval; SCD, 

udden cardiac death; VUS, variant of uncertain significance. 
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copic or microscopic scarring, as well as interstitial and perivas- 

ular fibrosis [1] . Scarring, or replacement fibrosis, is commonly 

ssociated with coronary artery disease with related ischemic in- 

uries. The latter types are considered reactive and are seen not 

nly in ischemic disease but also in multitudinous nonischemic 

onditions [2] . Fibrosis disrupts the normal cellular electrical activ- 

ty and rigidifies the myocardium, which together may contribute 

o heart failure and provoke sudden cardiac death (SCD) [3] . 

Although the reparative fibrosis is a critical event in myocar- 

ial infarction protecting the ventricle wall from rupture, fibrotic 

emodeling of the myocardium in nonischemic heart diseases can 
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lso reflect a reparative process or be the main cellular process 

ausing dysfunction [4] . The excess extracellular matrix in fibrotic 

yocardium is mainly produced from activated myofibroblasts de- 

ived from resident myocardial fibroblasts [5] . Transdifferentiating 

 fibroblast to myofibroblast is known to take place during car- 

iac stress that can be caused by mechanical overload or fibrob- 

ast stimulation during ischemia or inflammation [ 4 , 6 ]. Myofibrob- 

asts can be immunohistochemically identified and separated from 

broblasts by their expression of alpha-smooth muscle actin ( α- 

MA) [6] . Even though α-SMA is not a specific marker for myofi- 

roblasts of heart or other organs, as demonstrated in single-cell 

equencing [7] , it is the most commonly used marker for myofi- 

roblast differentiation in histopathological studies. Expression of 

-SMA is additionally seen in vascular smooth muscle and the per- 

cytes of arterioles and venules [ 7 , 8 ]. 

Primary myocardial fibrosis (PMF) has been defined as myocar- 

ial fibrosis in the absence of identifiable causes [9] . Hookana et al. 

10] reported the prevalence of PMF among autopsied nonischemic 

CD cases to be 13.6%, with PMF being the most frequent cause 

f SCD in victims under 40 years of age. Other studies have re- 

orted nonspecific fibrosis as an autopsy finding in 12–32% of 

eaths considered as SCD [11–15] . Based on postmortem genetic 

nalysis, variants associated with arrhythmogenic right ventricular 

ardiomyopathy (ARVC), dilated cardiomyopathy (DCM), and hyper- 

rophic cardiomyopathy (HCM) were previously found among PMF 

ases as part of the FinGesture (Finnish Genetic Study for Arrhyth- 

ic Events) cohort, and it is speculated that PMF may represent a 

ommon alternative phenotype in these diseases [9] . 

Autopsy findings in genetic disorders affecting the heart may 

ary from structurally normal heart to extensive fibrosis and hyper- 

rophy [16] . ARVC, DCM, and HCM each have their own histopatho- 

ogical features of fibrosis, including location and type [17] . Yet, 

cquired conditions, such as ischemic heart disease, hypertensive 

eart disease, and aortic stenosis are more common causes of my- 

cardial fibrosis and can lead to extensive fibrotic lesions [18] . 

A systematic histopathological evaluation of myocardial fibrosis 

as not been carried out in PMF cases before. A rigorous histo- 

ogical examination could help recognize common patterns in PMF 

nd bring light upon the nature of this unclear entity. Hence, the 

im of this study was to assess whether common features exist 

s to the location or other characteristics of fibrosis among these 

ases and to compare the findings with non-fibrotic hearts as well 

s with hearts with known ischemic disease. 

. Materials and methods 

The study is a retrospective autopsy-based collaboration study 

etween University of Oulu, Finland and University of Copenhagen, 

enmark. 

FinGesture study protocol was approved by the Ethics Com- 

ittee of Northern Ostrobothnia Hospital District and complies 

ith the Declaration of Helsinki. Permissions to use medicole- 

al autopsy material and gather data from the documents of 

edicolegal cause-of-death investigation were obtained from the 

innish Institute for Health and Welfare (Document record num- 

er: THL/697/5.05.00/2017), and from the Regional State Admin- 

strative Agency of Northern Finland (PSAVI/2904/05.07.00/2018). 

urthermore, approval to process data from University of Copen- 

agen was obtained (514-0774/22-30 0 0). 

.1. Study and control groups 

A study group (PMF, n = 28) consisted of cases selected from 

he FinGesture cohort, which includes 5,869 SCD victims that 

ave undergone a medicolegal autopsy in the Finnish Institute for 
2

ealth and Welfare, Oulu, Finland, or at the Department of Foren- 

ic Medicine, University of Oulu, Oulu, Finland during 1998–2017. 

he FinGesture study has been described in detail earlier [ 10 , 19 ].

or this study, we selected all cases in which the main cause of 

eath was an undetermined cardiomyopathy with varying degrees 

f interstitial, diffuse or patchy myocardial fibrosis without hy- 

ertrophy, other structural abnormalities, or determinable etiology, 

nd with age at death no more than 45 years, as well as the post-

ortem interval (PMI; time between death and autopsy) no more 

han 5 days. The causes of death were determined by experienced 

orensic pathologists based on complete medicolegal autopsy in- 

luding macroscopic and histological examination, as well as nec- 

ssary ancillary investigations such as toxicology. 

As reference groups, we randomly selected a group of cases 

ith a traumatic cause of death and with no known cardiac dis- 

ase (trauma controls, n = 12), as well as a group with ischemic 

eart disease as the main cause of death (n = 10). All cases had a

MI no more than 5 days. The trauma controls were age-matched 

ith the PMF cases. However, no such matching was done with is- 

hemic cases, because ischemic heart disease is extremely rare as 

 cause of death in the young. All cases had undergone a medi- 

olegal autopsy during the study period. 

.2. Subset analysis for further validation and classification 

To further assure the quality of measurements of the fibrotic in- 

olvement in the myocardium and to assess whether cases can be 

lassified based on the amount of fibrosis, we performed a subset 

nalysis. For this, we selected 3 PMF cases and 5 cases with is- 

hemic heart disease from autopsies performed at the Department 

f Forensic Medicine, University of Copenhagen, Copenhagen, Den- 

ark during 20 07–20 09. The Danish cases were pooled with a ran- 

om set of 15 Finnish cases (5 cases from each group). 

.3. Stainings 

Myocardial tissue samples were collected as part of the routine 

orensic autopsy protocol. Each autopsy case had 1–4 samples (me- 

ian 2 samples per case in each group) taken from different loca- 

ions of the left ventricle per autopsy case. Myocardial tissue sam- 

les were immediately formalin-fixed and embedded in paraffin. 

ematoxylin-eosin-stained slides were re-evaluated by an experi- 

nced cardiac pathologist (A .A .). Totally 102 samples were selected 

or preliminary histological analysis. The most representative sam- 

les revealing total cross-section of the left ventricle were selected 

or further analyses. Histochemical staining of Masson trichrome 

as used for the evaluation of fibrosis in all representative sam- 

les. 

Immunohistochemical staining was performed in serial, consec- 

tive 3.5 μm thick tissue sections. CD34 staining (1:10 0 0 mono- 

lonal mouse anti-CD34, Novocastra, Leica Biosystems, Cat# NCL- 

-END) was used for identifying endothelial cells lining the en- 

ocardium. To identify the phenotype of stromal cells within fi- 

rosis, myofibroblasts and fibroblasts were detected using α-SMA 

lone 1A4 (1:10 0 0, Dako, Cat# M0851) and anti-vimentin clone 

9 (1:20 0 0, Dako, Cat# M0725) stainings. Anti-CD68, clone PG-M1 

1:100 Dako, Cat# M0876) staining was further used for identifying 

acrophages in lesions with α-SMA positivity. Envision kit (Dako 

5007) was used for the detection of antibodies. All stainings were 

arried out using manufacturers’ protocol. The immunohistochem- 

cal stainings were successfully conducted in 25 PMF, 9 ischemic, 

nd 7 trauma control cases. Phosphate-buffered saline and mouse 

sotype controls (Invitrogen, Carlsbad, CA, USA) were used as neg- 

tive controls. 
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Fig. 1. Mean relative area of fibrosis in primary myocardial fibrosis, trauma con- 

trols, and ischemic heart disease. Error bars represent standard deviation. Statistical 

significances are reported compared with trauma controls. 
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Whole slide images were acquired with a Leica-Aperio AT2 

Leica Biosystems, Nussloch, Germany) at 40x magnification in 

iobank Borealis of Northern Finland, Oulu University Hospital. 

.4. Analyses of fibrosis in tissue samples 

Total area without epicardial adipose tissue, as well as the 

umber and area of fibrotic lesions were measured from digitized 

asson trichrome stainings with an open-source software ImageJ 

20] using freehand area selection tool. A relative area of fibrosis 

as determined by calculating the percentual proportion of total 

brotic area to the total area of tissue section. Measurements were 

onducted blinded by 2 independent researchers (H.A. and L.P.). 

he results of H.A. were used for statistical analyses, and the re- 

ults of L.P. to measure inter-rater reliability. In the subset anal- 

sis, digitized slides stained with Masson trichrome were cross- 

valuated blinded by L.P. and P.H.H. 

Digitized slides stained with Masson trichrome were also ex- 

mined with virtual microscopy software Aperio ImageScope (Leica 

iosystems, Buffalo Grove, IL, USA). The amount of diffuse fibro- 

is and perivascular fibrosis were assessed semiquantitatively on 

cale: 0–3 (0 = none, 1 = slight, 2 = moderate, and 3 = abun-

ant). A mean was calculated of these 2 parameters, and the re- 

ulting score was classified as follows: 0–1.5: none or slight; 2–3: 

oderate or abundant. Location of fibrosis was assessed in 4 cate- 

ories: epicardium, midwall, endocardium, and transmural. 

.5. Analysis of fibroblasts and myofibroblasts 

The number of vimentin-positive stromal cells, for example, fi- 

roblasts, was assessed semiquantitatively with ImageScope in 3 

ategories, namely as decreased, no difference, and increased, in 

elation to non-fibrotic areas. Alpha-SMA-positive stromal cells, for 

xample, apparent myofibroblasts, were assessed as present or ab- 

ent. Care was taken not to interpret the vimentin-positive stro- 

al cells associated to neovascularization or inflammatory cells as 

broblasts and vascular smooth muscle cells or pericytes as my- 

fibroblasts. The evaluation was conducted blinded by a cardiac 

athologist (A .A .), and the results were re-evaluated by an inde- 

endent observer (H.A.). 

.6. Statistical analyses 

Statistical analyses were done with IBM SPSS Statistics for Win- 

ows, version 27.0 (IBM Corp., Armonk, NY, USA). Inter-rater reli- 

bilities were analyzed with Pearson’s correlation coefficient and 

ith Cohen’s kappa coefficient regarding continuous and categor- 

cal variables, respectively. Statistical differences were estimated 

ith Student’s t-test, or analysis of variance for continuous vari- 

bles, and Chi-squared test or Fisher’s exact for categorical vari- 

bles. Effect sizes were measured with Cohen’s d and Cramer’s V 

or continuous and categorical variables, respectively. 

. Results 

.1. Demographics of the study subjects 

Demographics of the study subjects are presented in Table 1 . 

he ischemic group had a higher mean age compared with the 

ther groups, but no significant differences arose regarding sex dis- 

ribution, PMI, or BMI. Heart weight was significantly greater in is- 

hemic cases than in PMF cases ( p = .001), or trauma controls ( p

 .001). Demographic data of cases selected for the subset analysis 

re presented in Table 2 . 
3 
.2. Extent of myocardial fibrosis 

The mean relative area of fibrosis was higher in PMF group than 

n trauma controls (5.8 ± 10.7% vs. 1.0 ± 0.7%; p = .026, d = 0.5; 

ig. 1 ). Three PMF cases had the highest relative area of fibrosis 

29.2%, 38.26%, and 42.5%) even though the mean relative area of 

brosis was highest in the ischemic group (7.0 ± 7.4%). A signifi- 

ant difference arose between the ischemic group and trauma con- 

rols ( p = .032, d = 1.2), but not between the ischemic and PMF

roups ( p = .742, d = 0.1). 

Diffuse and perivascular fibrosis ( Fig. 2 ) was more often mod- 

rate or abundant in PMF and ischemic cases than in trauma con- 

rols, though the differences did not reach statistical significance 

 Table 3 ). 

.3. Location of fibrosis 

Fibrosis was mostly located in other sites than the endocardium 

 Fig. 3 ) in PMF cases when only the cases with relative area of fi-

rosis ≥2% and moderate or abundant diffuse and perivascular fi- 

rosis were included ( Table 3 ). However, the differences did not 

each statistical significance due to the small group sizes (PMF 

s. trauma controls: p = .375, V = 0.5; PMF vs. ischemic group: 

 = .242, V = 0.4). 

.4. Fibroblasts and myofibroblasts in fibrotic areas 

An increase in the number of vimentin-positive but α-SMA- 

egative stromal cells, apparent fibroblasts in or around fibrotic 

rea was observed in 6 of the 8 ischemic cases (75%) ( Fig. 4 ) and

4 of the 25 PMF cases (56%) ( Fig. 5 ). One trauma control case

12.5%) had slight increase in the perivascular fibroblast popula- 

ion although fibrosis per se was not observed ( Fig. 6 ). Alpha-SMA- 

ositive stromal cells, interpreted as myofibroblasts, were found in 

 ischemic cases (37.5%) ( Fig. 4 ) and one PMF case (4%) ( Fig. 5 ) but

one of the trauma controls ( Fig. 6 ). All lesions with myofibrob- 

asts were associated with various infiltrations of CD68-positive 

acrophages. One ischemic case had multiple lesions with vary- 

ng ages of ischemia and fibrosis in the same histological sample. 

epresentative images of these lesions are presented in the Supple- 

ental Figure. All the lesions seemed to have increased numbers of 

imentin-positive fibroblasts, but only the scar-type loose fibrosis 

evoid of necrosis was associated with focal α-SMA-positive my- 

fibroblasts. Fibrotic areas totally devoid of fibroblasts and myofi- 

roblasts were seen in 2 ischemic and 1 PMF case, all associated 

ith sclerotic endocardial fibrosis. 
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Table 1 

Demographics of the subjects with primary myocardial fibrosis, trauma controls, and ischemic heart disease 

Group 

Primary myocardial fibrosis Trauma controls Ischemic heart disease All 

n (%) 28 (56.0) 12 (24.0) 10 (20.0) 50 (100.0) 

Sex, n (%) 

Men 19 (67.9) 9 (75.0) 6 (60.0) 34 (68.0) 

Women 9 (32.1) 3 (25.0) 4 (40.0) 16 (32.0) 

Age, years, mean ± SD 36 ± 8 29 ± 9 70 ± 11 41 ± 17 

BMI, kg/m 

2 , mean ± SD 23.7 ± 4.8 24.5 ± 4.9 26.0 ± 5.0 24.3 ± 4.8 

Heart weight, g, mean ± SD 352 ± 71 311 ± 49 466 ± 130 365 ± 96 

PMI, days, mean ± SD 3 ± 1 3 ± 1 4 ± 1 3 ± 1 

BMI, body mass index; PMI, postmortem interval; SD, standard deviation. 

Table 2 

Demographics of the subjects in subset analysis with Finnish and Danish cases 

Primary myocardial fibrosis Trauma controls Ischemic heart disease 

Finnish Danish Finnish Danish Finnish Danish 

n 5 3 5 0 5 5 

Sex, n (%) 

Men 3 (60.0) 3 (100.0) 3 (60.0) 4 (80.0) 5 (100.0) 

Women 2 (40.0) 0 (0.0) 2 (40.0) 1 (20.0) 0 (0.0) 

Age, years, mean ± SD 36 ± 8 37 ± 7 29 ± 9 70 ± 11 42 ± 4 

BMI, kg/m2, mean ± SD 22.7 ± 4.3 24.6 ± 2.7 22.9 ± 3.8 26.1 ± 4.1 25.0 ± 4.2 

Heart weight, g, mean ± SD 373 ± 82 350 ± 66 318 ± 60 482 ± 140 470 ± 96 

PMI, days, mean ± SD 3 ± 2 2 ± 1 3 ± 1 4 ± 1 3 ± 1 

Fig 2. Examples of diffuse myocardial fibrosis assessed semiquantitatively on scale: 0–3, where 0 = none (A), 1 = slight (B), 2 = moderate (C), and 3 = abundant (D). The 

tissue samples were taken from the left ventricle and stained with Masson trichrome. 

4 
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Table 3 

Results of the histological findings of primary myocardial fibrosis, trauma controls, and ischemic heart disease 

Variable Group 

Primary myocardial fibrosis Trauma controls Ischemic heart disease 

Mean sample area without epicardial adipose tissue, mm 

2 ±SD 280.2 ± 95.5 257.6 ± 71.3 282.8 ± 43.2 

Number of fibrotic areas, mean ± SD 4 ± 3 5 ± 3 7 ± 4 

Mean size of fibrotic areas, mm 

2 ± SD 3.9 ± 7.9 0.5 ± 0.3 4.2 ± 5.6 

Diffuse and perivascular fibrosis n (%) n (%) n (%) 

None or slight 13 (46.4) 8 (66.7) 4 (40.0) 

Moderate or abundant 15 (53.6) 4 (33.3) 6 (60.0) 

Location of fibrosis 1 n (%) n (%) n (%) 

Endocardium exclusively 2 (28.6) 1 (100.0) 3 (75.0) 

Other sites 5 (71.4) 0 (0.0) 1 (25.0) 

SD, standard deviation. 
1 Cases with moderate or abundant diffuse and perivascular fibrosis, and relative area of fibrosis ≥2%. 

Fig. 3. Examples of the location of myocardial fibrosis assessed in 4 categories: transmural (A), endocardium (B), midwall (C) and epicardium (D). The tissue samples were 

taken from the left ventricle and stained with Masson trichrome. 
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.5. Genetic variants of PMF cases 

Four PMF cases had a previously identified mutation: 2 cases 

ith variants associated with HCM (genes MYH7, TPM1 ), one case 

ith 2 variants associated with ARVC ( DSP ) and DCM ( LMNA ),

nd one case with a variant of uncertain significance (VUS) 

 DTNA ). Histological characteristics of these cases are presented 
n Table 4 . b

5

.6. Underlying factors affecting fibrosis 

Mean BMI was marginally higher in cases with no or slight 

iffuse and perivascular fibrosis (25.5 ± 4.1 kg/m 

2 vs. 23.2 ± 5.3 

g/m2), though the difference did not reach statistical significance 

 p = .098, d = 0.5). The amount of diffuse and perivascular fibrosis 

id not differ according to heart weight, and no correlations arose 

etween relative area of fibrosis and BMI, or heart weight. 
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Fig. 4. Two cases from the ischemic group. A, C, E: sclerosing fibrosis without fibroblast proliferation or myofibroblasts. B, D, F: fibrosis with fibroblast proliferation (stars) 

and myofibroblasts (arrows). A–B Masson trichrome, C–D vimentin, E–F alpha-smooth muscle actin. 

Table 4 

Histological characteristics of primary myocardial fibrosis cases with identified mutations. 

Case 1 2 3 4 

Affected gene(s) MYH7 TPM1 DSP, LMNA DTNA 

Total relative area of fibrosis, % 0.46 2.57 29.22 0.21 

Diffuse and perivascular fibrosis moderate/abundant moderate/abundant moderate/abundant none/slight 

Average size of fibrotic area, mm 

2 0.40 1.10 38.26 0.20 

Location of fibrosis - transmural endocardium - 
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.7. Validation and classification 

In the subset analysis, the cases were classified according to the 

elative area of fibrosis, and cutoff values were determined based 

n the fibrosis levels in the larger set: low < 1 %, moderate 1–5%,

nd abundant > 5%. Half the PMF cases were classified as moderate 

nd the other half as low, whereas most of the ischemic cases were 

oderate or abundant ( Fig. 7 ). 

.8. Evaluation of interobserver variability 

No interobserver differences (H.A., L.P.) emerged since intraclass 

orrelation coefficients were 0.992 and 0.996 when measuring the 

otal area of sample and the area of fibrosis, respectively. Kappa 

alues were 0.561, 0.550, and 0.538 for measurements of diffuse fi- 

rosis, perivascular fibrosis, and location of fibrosis, respectively. In 

he subset analysis, intraclass correlation coefficients in measure- 

ents between L.P. and P.H.H. were 0.941 (total sample area) and 

.972 (fibrosis area). 
6

. Discussion 

To our knowledge, this is the first study to describe histopatho- 

ogical characteristics of fibrosis in PMF. We suggest that certain 

atterns of fibrosis distribution could be recognized in relation to 

rauma controls and cases with ischemic heart disease. 

The relative area of fibrosis was significantly higher in PMF 

ases than in trauma controls with the effect size reaching medium 

evel. Clinically speaking, the fibrotic area in PMF may not seem 

ery prominent with a mean of 5.8% of the sample area. However, 

he total amount of fibrosis does not necessarily correspond to the 

linical outcome, as different fibrosis patterns have differing effects 

n conduction abnormalities [21] . Thus, even relatively small fi- 

rotic lesions may act as substrate for lethal arrhythmias, which is 

robably the mechanism of death in SCDs caused by PMF. Few data 

ave been previously published on the amount of fibrotic tissue in 

ormal myocardium. Miles et al. [22] measured the relative con- 

ent of collagen with an automated approach and found percentual 

ontents of 9.5%, 8.6%, and 15.2% for the left ventricle, septum, and 
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Fig. 5. Two cases from the primary myocardial fibrosis group. A, C, E: fibrosis with mild increase in fibroblasts (stars) but no myofibroblasts. B, D, F: fibrosis with increased 

number of fibroblasts (stars) and focal myofibroblasts (arrows). A–B Masson trichrome, C–D vimentin, E–F α smooth muscle actin. 
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ight ventricle, respectively. These results cannot, however, be di- 

ectly compared with the present findings of relative fibrosis. In 

he subset analysis here, a cutoff value of 1% was used, which cor- 

ectly identified all trauma control subjects, though this approach 

id not count for potential diffuse fibrotic lesions. 

The PMF cases exhibited quite large variation in the measured 

reas of fibrosis, which was also evident in the subset analysis. 

lso, semiquantitative estimation of diffuse and perivascular fibro- 

is showed variability when only a little more than half the cases 

xpressed moderate or abundant fibrosis. The varying distributions 

oint to a certain heterogeneity in the level of fibrosis, which may 

eflect differences in disease stages. Also, differences in disease 

rogress may be related to the underlying disorder if PMF indeed 

epresents a common phenotype for specific cardiomyopathies, as 

peculated previously [9] . 

A notable feature was the location of fibrosis in the samples 

ith distinct fibrosis. In most PMF cases, fibrosis was found in 

ther sites than the endocardium exclusively, suggesting that the 

isease affects the whole myocardium. Specific cardiomyopathies 

re known to have some differences in their distribution of fibro- 

is. In HCM, most prominent fibrosis is seen in the midventricular 

ayer, though also epicardial, endocardial, and trabecular sites are 

ffected [23] . DCM, in contrast, typically exhibits endocardial thick- 

ning and fibrosis [24] . In ARVC, fibrosis gradually progresses from 

picardium to the whole myocardium [25] . In contrast to specific 
7 
ardiomyopathies and PMF, ischemic fibrosis can be quite focal. As 

n the present study, the endocardium is often affected, but also 

picardial and transmural locations are seen depending on the ex- 

ent of the ischemic lesion [17] . 

Both reactive- and replacement-type fibrosis were present in 

MF cases, and extensive scarring was seen in 3 cases. Replace- 

ent fibrosis is thought to result from cardiomyocyte death, com- 

only seen after myocardial infarction [1] , but many cardiomy- 

pathies also exhibit replacement fibrosis as a histopathologi- 

al feature [17] , especially at the end-stage [23] . Furthermore, 

eplacement-type fibrosis was always accompanied by interstitial 

brosis in ischemic heart disease, and fibrosis was seen primarily 

n perivascular locations in the study of Istr ̆atoaie et al. [26] This 

as also the case in our study, where most ischemic cases had 

oderate to abundant diffuse and perivascular fibrosis, as well as 

n extensive relative area of fibrosis. Interestingly, the average size 

f the measured fibrotic lesions was similar in both PMF and is- 

hemic cases, but somewhat greater variation was seen in the PMF 

amples. 

As expected, myocardial fibrosis in ischemic injury was related 

o an increase in the number of fibroblasts. Only 3 cases with 

clerotic fibrosis located to endocardium were devoid of fibrob- 

asts: 2 of them associated with ischemic injury and 1 with PMF. 

ne trauma control had mild increase in the number of fibrob- 

asts in a slightly expanded perivascular area. This could be due to 
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Fig. 6. Two cases from the trauma control group. A, C, E: no fibrosis. B, D, F: slight perivascular fibrosis with fibroblasts (stars) but no myofibroblasts. A–B Masson trichrome, 

C–D vimentin, E–F alpha-smooth muscle actin. 

Fig. 7. Distribution of cases according to relative area of fibrosis in subset analysis. 

Bar colors indicate fibrosis levels: low, < 1% (black); moderate, 1–5% (gray); abun- 

dant, > 5% (white). 
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cells contribute to the activation of fibroblasts and differentiation 
n undiagnosed hypertension, which perivascular fibrosis is often 

elated to. [4] Alpha-SMA-positive myofibroblasts were only seen 

n scar-type fibrosis with at least mild infiltrates of macrophages 

eflecting a proliferative phase in the fibrotic event. Myofibrob- 

asts were mainly present in the lesions of the ischemic group, ex- 

ept for one PMF case with extended transmural fibrosis and focal 

roliferation of myofibroblasts. Myofibroblasts were not found in 

he interstitial or perivascular fibrosis of either PMF or ischemic 

ases. This finding is consistent with the study of Suurmeijer et al. 

27] where they found that while post-infarct scars were occupied 
8 
y myofibroblasts, these cells were absent in interstitial fibrosis. 

imilar results were reported by Istr ̆atoaie et al. [28] who stud- 

ed different types of chronic heart diseases. The role of fibroblasts 

nd activated myofibroblasts in ischemic injury has been exten- 

ively studied and reported in several reviews (e.g., Frangogiannis 

t al. [29] ), but their role in non-ischemic myocardial fibrosis has 

eceived considerably less attention. While fibroblasts and myofi- 

roblasts have not been histologically characterized earlier in PMF, 

ohn et al. [30] reported a heterogeneous increase of collagen con- 

ent, and Hookana et al. [31] increased type I collagen synthesis 

n SCD victims with idiopathic myocardial fibrosis reflecting acti- 

ation of fibrogenic cells. The present study further suggests an 

ctive role of fibroblasts in the fibrotic event of PMF and only 

 minor role or, alternatively, a short period of existence of my- 

fibroblasts when compared with ischemic injury. Myofibroblasts 

ith α-SMA-positivity have been observed to appear within a few 

ays after infarction, but they lose their α-SMA-expression in a few 

eeks in mouse heart even though the cells persist throughout 

he whole lifespan of the scar [32] . Similar results of decreased 

-SMA-positivity in 21–28 days after reperfusion have been re- 

orted in canine heart [29] . Willems et al., [33] however, presented 

esults that α-SMA-positive stromal cells ultrastructurally resem- 

ling myofibroblasts were found in myocardial scars of up to sev- 

ral years old in humans. The presence of myofibroblasts in both 

schemic and PMF cases was associated with at least a slight infil- 

rate of macrophages consistent with the knowledge that immune 
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o myofibroblasts [34] . Necrosis or considerable infiltrates of in- 

ammatory cells were not found in any of the PMF cases sug- 

esting that the fibrotic event of PMF is different than the well- 

haracterized infarct-type remodeling of the myocardium. This is a 

ovel observation that requires further studies to clarify the spe- 

ific mechanism behind PMF. 

SCDs due to PMF affect foremost young people [10] . Ischemic 

eart disease, hypertensive heart disease, and valvular diseases are 

requent in the older population, and fibrotic changes detected in 

utopsy are usually attributed to these conditions. In younger peo- 

le, genetic conditions are more prevalent behind SCDs with esti- 

ations reaching as high as half the cases [35] . The genetic basis 

f many congenital pathologies, such as certain cardiomyopathies 

nd channelopathies, have been identified [36] . Many pathogenic 

nd likely pathogenic mutations, and VUSs were also identified in 

he FinGesture PMF population [9] of which the PMF cases in the 

resent study were derived. Intriguingly, the case with 2 known 

athogenic mutations was one of which had extensive fibrotic le- 

ions. It may be likely that the fibrotic lesions in these cases are 

ue to the detected mutations, but a definite diagnosis cannot be 

ade, because of the absence of morphological changes commonly 

een in these cardiomyopathies. However, our findings highlight 

he possibility of (yet unknown) genetic disorders behind PMF. 

Myocardial fibrosis is known to accompany myocardial hyper- 

rophy [18] . Although the mean heart weight in the ischemic 

roup was clearly hypertrophic and significantly greater than in 

MF group, heart weight did not in itself explain the occurrence 

f fibrosis. Another well-known risk factor for fibrosis is obesity 

hrough a variety of mechanisms [37] . Those with little diffuse 

nd perivascular fibrosis had a slightly higher mean BMI, though 

he difference was not significant. No such association was either 

ound between myocardial collagen content and BMI in noncardiac 

auses of death in the study of Miles et al. [22] in which the mean

MI of studied subjects was slightly higher than here, 28.7 kg/m 

2 . 

.1. Strengths and limitations 

The main strength of this study is that the FinGesture cohort 

epresents a large and unique study population, which provides 

xcellent opportunities to study even uncommon disease entities. 

ven so, the rarity of SCD due to PMF restricted the number 

f cases available for study, thus limiting the usefulness of sta- 

istical methods. Lack of exact data on all sampling sites poses 

ome challenges to interpretation of data. Sampling was focused 

n abnormal-looking areas, and the fibrosis in PMF cases is often 

ot macroscopically visible, which may emphasize replacement- 

ype scarring in the study population, specifically in the ischemic 

roup. Furthermore, the distribution of cases on a long time span 

ay be a limiting aspect, as autopsy methods and interpretation of 

ndings have developed in recent years [16] . However, the medi- 

olegal autopsies performed in the study population were done 

igorously by experienced forensic pathologists using contempo- 

ary guidelines including full macroscopic and microscopic exam- 

nations as well as requisite supplementary examinations such as 

oxicology. Moreover, the selected short PMI of the cases allowed 

e-evaluation with complementary stainings of the study samples 

o compensate for the lack of possible inconsistencies in the origi- 

al histological examinations. 

Quantifying myocardial fibrosis reliably is challenging, and dif- 

erent approaches limit the possibilities of comparing findings be- 

ween studies [38] . Automated processes are available for detecting 

brosis [39] , but they carry their own drawbacks related to con- 

rast issues, for instance. This is especially true when estimating 

iffuse fibrosis, which is why a manual approach was applied here. 

espite the limitations of this method, the results were repeatable 

s was demonstrated by excellent inter-rater reliability. 
9

.2. Conclusions 

In histopathological terms, PMF represents a heterogeneous en- 

ity with variable fibrotic lesions affecting the whole myocardium 

nd suggesting a significant role of fibroblasts behind fibrosis. 

hese observations may bring validation to the theory that PMF is 

 common manifestation of various cardiomyopathies. In any case, 

t is evident that PMF stands out as a particular entity demanding 

pecial attention as a cause of SCD. In addition to genetic studies, 

he histological morphology of PMF should be further analyzed to 

lucidate possible common features of this disease complex. 
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