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ABSTRACT

Sudden arrhythmic death syndrome (SADS) is a major cause of sudden cardiac death in young individuals, characterized by
structurally normal hearts and negative toxicology. Although guidelines recommend family screening, phenotyping remains
challenging. This study applied quantitative histology and deep-learning-based cell segmentation to investigate morphologi-
cal features in SADS compared to controls. We conducted a retrospective autopsy study of 77 SADS cases and 41 age- and
sex-matched controls (aged 1-49years) who died from trauma or suicide. Cardiac tissue was analyzed using QuPath and deep

learning-based image processing (Quan10). Random Forest classification and recursive feature elimination were used to iden-
tify discriminating features. Quantitative analysis found subtle but significant morphological differences. SADS cases had re-
duced residual myocardium in overall tissue (53% vs. 56%, p=0.02) and endocardial regions (49% vs. 54%, p <0.001). Endocardial
and epicardial adipocyte density were key discriminators in the model. Genetic analysis identified pathogenic variants in six

cases and three controls. AI-driven histology detected differences in hearts previously considered normal, suggesting subgroups

within SADS. These findings support the use of quantitative tools in postmortem phenotyping, with potential to refine diagnosis,

guide family screening, and improve understanding of arrhythmic mechanisms.

1 | Introduction

Sudden cardiac death (SCD) can be the first sign of a cardiac dis-
ease [1]. Autopsy is essential to determine the cause of death and
identify inherited conditions that can guide genetic testing and
family investigations [2-5]. In the forensic autopsy setting, SCD
is defined as an unexpected sudden death due to either a cardiac

or an unknown cause [3]. However, in many cases, the heart ap-
pears morphologically normal. These cases are labeled as sudden
arrhythmic death syndrome (SADS), defined as sudden unex-
plained death in individuals older than 1 year with a morpholog-
ically normal heart or only minimal structural changes, no other
pathological findings, and non-lethal toxicology [2, 3, 6]. SADS is a
diagnosis of exclusion and accounts for over half of autopsied SCD

Abbreviations: CCI, Charlson Comorbidity Index; EAT, epicardial adipose tissue; HE, hematoxylin—-eosin; LV, left ventricle; PSR, picrosirius red; RF, random forest;
RFE, recursive feature elimination; RV, right ventricle; RVOT, right ventricular outflow tract; SADS, sudden arrhythmic death syndrome; SCD, sudden cardiac death.
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under 35years in Denmark [7, 8] with reported prevalence ranging
from 4% to 53% internationally [9-13].

Current guidelines recommend referral of all SADS cases to
specialist cardiologists for evaluation [3]. However, the absence
of structural abnormalities complicates the diagnosis, and ex-
isting postmortem tools are limited. Autopsy-based cardiac
phenotyping combines circumstances of death, medical history,
toxicology, and a systematic cardiac examination to distinguish
morphologically normal hearts (SADS) from structural abnor-
malities [2, 5]. SADS has been associated with cardiac chan-
nelopathies (e.g., long QT syndrome and Brugada syndrome)
[14, 15] and with concealed cardiomyopathies, in which arrhyth-
mogenic variants may exist despite minimal or absent structural
changes [16, 17]. Subtle fibrosis in the right ventricular outflow
tract has been suggested as a potential arrhythmic substrate in
Brugada syndrome (BrS) [18, 19].

Histopathological evaluations of SADS remain challenging,
as subtle findings often have unclear significance [20-22].
Conventional microscopy is qualitative and may miss subtle
features, and few studies have applied systematic, quantitative
analyses to postmortem cardiac tissue. To address this gap, we
applied quantitative histology and deep learning-based cell seg-
mentation to identify histological and cellular features of SADS
cases compared with age- and sex-matched controls. The aim

was to identify subtle morphological differences that may char-
acterize subgroups within SADS.

2 | Materials and Methods

This retrospective autopsy study was conducted at the
Department of Forensic Medicine, University of Copenhagen,
Denmark. The study population comprised SCD victims autop-
sied at the department between 2009 and 2011. The selection
criteria are illustrated in Figure 1, and included cases with ages
between 1 and 49years, natural or unknown manner of death,
and cardiovascular or unknown cause of death. Subjects were
excluded if the cause of death was ischemic heart disease, car-
diomyopathy, congenital heart disease, valve disease, or non-
cardiac (e.g., pulmonary embolism, brain aneurysm, or aortic
dissection). Similarly, an age- and sex-matched control group
was selected from the years 2006-2011 with individuals aged
1-49years whose manner of death was either accidental or sui-
cide with no cardiac disease or drug overdose.

2.1 | Autopsy and Tissue Collection

All cases were autopsied according to accredited departmental
procedures (ISO 17020). Cardiac examinations were performed
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FIGURE 1 | Flowchart illustrating the study population, including inclusion and exclusion criteria applied during case selection. The diagram
outlines the process from initial autopsy to final inclusion of SADS cases and controls, conducted at the Department of Forensic Medicine, University
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of Copenhagen (UCPH). Created with Biorender.com. Holm, P. (n.d.) https://BioRender.com/q0p34cd.
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according to the AECVP guidelines [5]. At autopsy, at least four
transmural cardiac samples were collected from the midventric-
ular slice: anterior and posterior left ventricle (LV), right ventri-
cle (RV), and septum. Additional samples from LV and RV were
obtained only when cardiac disease was suspected and were
solely used for re-evaluation of cardiac diagnosis during SADS
case selection. Right ventricular outflow tract (RVOT) samples
were not routinely collected at the time and are not included in
this study. All underwent histological examination. Toxicology
was negative in all cases.

From the autopsy report, the information provided by the police
included the circumstances of death (witnessed or unwitnessed),
activity before death, and possible comorbidities reported by
general practitioners or relatives. Comorbidities were catego-
rized using the Charlson Comorbidity Index (CCI) score [23].

2.2 | Tissue Preparation

Four standard midventricular tissue samples (RV, anterior LV,
posterior LV, septum) were fixed in formalin, embedded in par-
affin (FFPE), and 3 um sections were cut and stained with he-
matoxylin—eosin (HE) and picrosirius red (PSR). All samples
were whole slide scanned using a Hamamatsu S60 NanoZoomer
(Hamamatsu Corp., Hamamatsu, Shizuoka, Japan). The four
samples were scanned at a x20 resolution for both HE and PSR
staining. Additionally, three HE-stained samples (RV, anterior
LV, and septum) were scanned at x40 resolution.

2.3 | Re-Evaluation of the Original Diagnosis

All cases of SCD were re-evaluated by an expert panel after ex-
cluding cases with decomposition. Each case was microscop-
ically re-examined to ensure that it met the criteria for SADS
[12, 24]. Detailed information about the re-evaluation process is
available in the Supporting Information S1.

2.4 | Genetics

Genetic data were available for 73 of the 77 SADS cases and 16
of 41 controls. DNA was extracted from frozen blood (n="71),
frozen muscle (n=1), FFPE muscle (n="7), FFPE spleen (n=1),
or FFPE kidney (n=9) using the QLTAamp DNA Blood Mini kit
(Qiagen, Germany), QIAamp DNA Mini Kit (Qiagen, Germany),
or QIAamp DNA FFPE Tissue Kit (Qiagen, Germany).

For 32 of 73 SADS cases, which were included and described
in previous studies [25, 26], the coding regions of 100 genes
were sequenced using a custom design of the HaloPlex Target
Enrichment system (Agilent Technologies, USA). For four
SADS cases, whole exome sequencing (WES) was performed
using the SureSelectXT Target Enrichment System for Illumina
with the SureSelect Clinical research Exome library (Agilent
Technologies, USA). For the remaining 37 SADS cases, whole
genome sequencing (WGS) was performed using the TruSeq
DNA PCR-free kit (Illumina, USA) or the TruSeq DNA Nano kit
(llumina, USA). Sequencing was performed on Illumina plat-
forms (MiSeq, NextSeq 500, or NovaSeq 6000) for all cases.

Bioinformatic processing of sequencing data was performed
as previously described [25-27]. Briefly, adapter sequences
and low-quality bases were removed, the sequencing reads
were aligned to the human reference genome, and genetic
variants were identified. Only single nucleotide variants with
a read depth (DP) >8 and Genome Analysis Toolkit (GATK)
Genotype Quality (GQ)>10 were included in subsequent anal-
yses. Homozygous variant calls were defined as one allele being
called in > 80% of the locus sequencing reads, whereas heterozy-
gous variant calls were defined as two alleles having frequencies
between 33.3% and 66.7% of the locus sequencing reads. To en-
sure comparability among all investigated individuals, only re-
gions that were covered by all three sequencing approaches (100
gene panel, WES, and WGS) were investigated. Several genes in-
cluded in the original 100 gene panel have limited evidence for
association with inherited cardiac disease. To ensure analysis of
genes with strong evidence for disease association, only genes
on the “ACMG SF v3.2 list for reporting of secondary findings
in clinical exome and genome sequencing” [28] were assessed.
Hence, genetic variation in the following 29 genes were investi-
gated: ACTC1, BAG3, CALM1, CALM2, CALM3, CASQ2, DES,
DSC2, DSG2, DSP, GLA, KCNH2, KCNQI1, LMNA, MYBPC3,
MYH7, MYL2, MYL3, PKP2, PRKAG2, RBM20, RYR2, SCN5A,
TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTN. For variants in
TTN, only frameshift and nonsense variants, as well as splice
site variants located in exons with a percent spliced in (PSI)
value >90% were assessed [29]. The pathogenicity of genetic
variants was assessed using the American College of Medical
Genetics and Genomics (ACMG) guidelines [30]. To assess pop-
ulation frequencies, gnomAD v4.1.0 was used. All genetic vari-
ants are reported in GRCh38/hg38 coordinates.

2.5 | Digital Image Analysis Methods
2.5.1 | QuPath

Four standard PSR-stained samples were analyzed using
QuPath software following the previously published pipeline
[31]. Briefly, fibrosis and myocardial tissue were automatically
quantified using a pixel classifier, and adipocytes were detected
using the Cellpose algorithm. The method has been validated
against manual assessment in the original publication. Regions
were subdivided into endocardium, midmyocardium, epicar-
dium, and epicardial adipose tissue (EAT). The resulting data
were exported for further statistical analysis.

2.5.2 | Quanl0—Machine Learning Based
Image Processing

Three HE-stained samples (anterior left ventricle, right ventri-
cle, and septum) were analyzed with Quanl0 due to extensive
data and time required for deep learning-based processing.
Representative regions were selected to capture full wall rep-
resentation while maintaining feasibility. These regions were
processed by Quanl0 for automated segmentation and classifi-
cation of myocytes and other cellular features.

Inference-leveraging machine learning utilized a process-
ing pipeline that included segmentation and subsequent
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classification of cells. The deep learning convolutional neural
network (CNN) model Hover-net from Graham et al. [32] was
used for instance segmentation of cell nuclei and trained on
Gamper et al. PanNuke dataset [33]. The classification process
involved a CNN model that was influenced by the ResNet frame-
work [34]. From each segmented cell, exhaustive morphological
quantifications were registered, for example, granularity using
gray-level co-occurrence matrices [35] and metrics derived from
cell nuclei [36] collectively termed as morphological features.

For cell classification, an experienced cardiac pathologist
(THLJ) used a dataset of approximately 70 FFPE HE-stained
cardiac tissue samples from a previous cohort of COVID-19
deaths [37]. In total, 64 X 64 pixel patches of 1590 myocytes, 141
lymphocytes, 1516 mesenchymal cells, and 122 other cells were
included as training data. A multiclass RESNET network was
trained to identify cell classes. The performance metrics after
100 epochs of training had a validation accuracy of 94.4, an ac-
curacy of 97.69, and a loss of 0.0729 (cross-entropy loss function).
An example of the cellular segmentation is shown in Figure 2.

Cellular data from all samples were compressed into a single
dataset in R (version 4.3.1) [38, 39]. Myocytes and lymphocytes
were selected using a probability threshold of >80%. An exten-
sive list of the measured morphological features is provided in
the Supporting Information S2.

2.6 | Statistics

Statistical analyses were performed in R (version 4.3.1; R
Foundation for Statistical Computing, Vienna, Austria) using
RStudio [38, 39]. Means, medians, standard deviations, and

interquartile ranges were calculated. Groups were compared
using Wilcoxon rank-sum test for continuous variables and
Pearson's chi-squared test or Fisher's exact test for categorical
variables. A P-value <0.05 was considered statistically signifi-
cant; no adjustment for multiple comparisons was made due to
the exploratory nature of the study.

The large cellular and histological dataset was normalized for
comparison. Random forest (RF) classification was conducted
using the randomForest package (version 4.7.1.1) [40], initially
including all features. Training and test sets were split 70/30,
and the training set was balanced using Random Over-Sampling
Examples (ROSE, version 0.0.4) [41]. Features with a mean de-
crease in Gini >0.95 were included in subsequent subset analy-
sis. Model performance was evaluated using confusion matrix,
standard metrics, and receiver operating characteristic (ROC)
curves with area under the curve (AUC) values. Recursive fea-
ture elimination (RFE) using the caret package (version 6.0.94)
[42] was applied as an alternative method to identify features
distinguishing cases and controls.

Additional R Packages used for data management, visualiza-
tion, and performance metrics were PRROC (version 1.3.1) [43],
pPROC (version 1.18.5) [44], GGally (version 2.2.1) [45], tidyverse
(version 2.0.0) [46], readxl (version 1.4.3) [47], flextable (version
0.9.6) [48] and gtsummary (version 1.7.2) [49].

2.7 | Ethics Statement

The study was approved by the National Committee on Health
Research Ethics, Denmark (H-19084051 and H-2-2012-017), and
by the Faculty of Health and Medical Sciences, University of

FIGURE2 | Example of the Quanl0 algorithm with cellular segmentation and classification in HE-stained cardiac samples. Red outlines indicate

endothelial cells, and green outlines indicate cardiomyocyte nuclei.
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Copenhagen (514-0671/21-3000 and 514-0725/22-3000). The
study adhered to the principles of the Declaration of Helsinki.
The Danish Law stipulates that consent from the next of kin
is not required in cases before 2012 and was therefore not ob-
tained in this study. A collaboration agreement was obtained be-
tween the Department of Forensic Medicine, Faculty of Health
and Medical Sciences, University of Copenhagen, and CRY,
Cardiovascular Pathology Unit, City St. George's University of
London, London, United Kingdom (MTA2024-145).

3 | Results

After re-evaluation of the original diagnoses, the study included
77 SADS cases and 41 age- and sex-matched controls. The co-
horts were generally comparable (Table 1). Statistically signifi-
cant differences were observed for the proportion of witnessed
deaths (21% vs. 63%, p <0.001), activity at death, and prevalence
of psychiatric diseases, which was higher in SADS cases (30% vs.

7.3%, p=10.005). Substance abuse trended higher in SADS cases
(25% vs. 9.8%, p=0.051). Heart weight and LV wall thickness did
not differ significantly between groups. Genetic analysis iden-
tified likely pathogenic (LP) variants in six SADS cases (PKP2,
RBM20, TTN (two cases), SCN5A, and DSP) and in three control
cases (TTN only). No pathogenic variants were detected. Full de-
tails are provided in the Supporting Information S3.

Quantitative QuPath analysis revealed lower myocardial per-
centages in SADS cases compared to controls: total tissue com-
bined (53% vs. 56%, p=0.02), endocardial region (49% vs. 54%,
p<0.001), septum (55% vs. 61%, p=0.007), and RV (40% vs.
47%, p=0.002) (Table 2). These differences are illustrated in
the violin plots in Figure 3, which shows a tail-like distribution
in SADS cases, whereas control cases showed a more uniform
distribution.

An RF classification model was employed to evaluate the
relative importance of histological and cellular features in

TABLE1 | Characteristics of the overall study population, SADS group, and control group with comparisons.

Characteristics Overall (N=118) SADS (n=77) Controls (n=41) p-value
Age at death (years) 38 (29-43) 38 (29-43) 39 (28-43) 0.80
Sex (male) 84 (71%) 55 (71%) 29 (71%) >0.90
Witnessed 42 (36%) 16 (21%) 26 (63%) <0.001*
Activity at death
Rest 15 (13%) 14 (18%) 1(2.4%) 0.015*
Daily activity 27 (23%) 12 (16%) 15 (37%) 0.010*
Physical activity 7 (5.9%) 6(7.8%) 1(2.4%) 0.40
Unknown 69 (58%) 45 (58%) 24 (59%) >0.90
Resuscitation 52 (44%) 37 (48%) 15 (37%) 0.20
Comorbidities
Hypertension 7 (5.9%) 6(7.8%) 1(2.4%) 0.40
Hypercholesterolemia 1(0.8%) 1(1.3%) 0(0%) >0.90
Psychiatric disease 26 (22%) 23 (30%) 3(7.3%) 0.005*
Substance abuse 23 (19%) 19 (25%) 4(9.8%) 0.051
CCI score
0 106 (90%) 66 (86%) 40 (98%) 0.055
1 9 (7.6%) 8 (10%) 1(2.4%) 0.20
2+ 3(2.5%) 3(3.9%) 0(0%) 0.60
Autopsy findings
BMI (kg/m?) 25 (22-29) 25 (23-30) 24 (21-28) 0.15
Heart weight (g) 368 (316-409) 374 (330-418) 364 (295-402) 0.09
LV wall (mm) 14 (12-15) 14 (13-15) 13 (12-15) 0.07
RV wall (mm) 4(3-4) 4(3-4) 4 (3-4) 0.80

Note: Values are presented as n (%) or medians (Q1-Q3). The CCI scores were based on information from police reports. Statistical analyses were performed using the

Wilcoxon rank-sum test, Pearson's chi-squared test, and Fisher's exact test.

Abbreviations: BMI, Body mass index; CCI, Charlson Comorbidity Index; LV, left ventricle; RV, right ventricle; SADS, Sudden arrhythmic death syndrome.

*Statistically significant values (p<0.05) are indicated in bold.
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TABLE 2 | QuPath results in the overall study population with a comparison between SADS and controls.

Overall (N=118) SADS (n=77) Controls (n=41) p-value

Total tissue (without epicardial adipose tissue)

Myocardium (%) 54 (49-60) 53 (46-59) 56 (52-60) 0.02*

Fibrosis (%) 28 (22-33) 29 (23-37) 26 (21-32) 0.15

Adipocytes (per mm?) 5(3-9) 5(3-10) 5(3-8) 0.09
Epicardial region

Myocardium (%) 55 (44-60) 53 (43-60) 55 (49-62) 0.08

Fibrosis (%) 27 (22-35) 27 (22-37) 26 (20-31) 0.20

Adipocytes (per mm?) 11 (6-20) 12 (6-23) 9 (4-18) 0.08
Mid region

Myocardium (%) 61 (53-67) 59 (52-66) 62 (55-67) 0.14

Fibrosis (%) 25 (20-30) 25 (21-31) 24 (19-28) 0.20

Adipocytes (per mm?) 4(2-7) 4(2-8) 3(2-6) 0.20
Endocardial region

Myocardium (%) 51 (46-56) 49 (42-54) 54 (49-59) <0.001*

Fibrosis (%) 30 (24-37) 31 (25-39) 28 (22-35) 0.08

Adipocytes (per mm?) 2 (1-4) 2 (1-5) 2(1-3) 0.09
Left ventricle

Myocardium (%) 56 (49-62) 56 (48-61) 57 (51-64) 0.09

Fibrosis (%) 26 (21-32) 27 (21-35) 24 (20-30) 0.09

Adipocytes (per mm?) 3(2-4) 3(2-4) 2(1-4) 0.20
Septum (n=115)

Myocardium (%) 58 (50-62) 55 (48-61) 61 (55-64) 0.007*

Fibrosis (%) 28 (22-34) 29 (23-37) 26 (19-31) 0.09

Adipocytes (per mm?) 1(0-2) 1(1-3) 1(0-2) 0.10
Right ventricle (n=113)

Myocardium (%) 42 (35-50) 40 (32-50) 47 (41-52) 0.002*

Fibrosis (%) 35 (28-41) 35 (28-41) 33 (30-41) 0.40

Adipocytes (per mm?) 23 (11-41) 24 (13-47) 20 (7-34) 0.06

Note: Data from the epicardial, mid-, and endocardial regions were compiled across the ventricles, and for septum from the endocardial and midregion. Total tissue
included all sample and regions averaged excluding the epicardial adipose tissue. Tissue samples were excluded from the right ventricle in five cases and the septum in
three cases because of tangential or incorrect sampling. Values represent medians (Q1-Q3). Statistical analysis was performed using the Wilcoxon rank-sum test.

Abbreviation: SADS, sudden arrhythmic death syndrome.
*Statistically significant values (p <0.05) are indicated in bold.

distinguishing SADS from controls. The model, as illustrated
in Figure 4, achieved an AUC of 0.73, indicating moderate dis-
crimination with accuracy, sensitivity (recall), and specificity of
72.4%, 66.7%, and 78.6%, respectively. Adipocyte density in the
endocardial region was the most important variable (mean de-
crease in Gini ~4.8), followed by myocardial proportion in the
endocardial region and epicardial regions, and epicardial adipo-
cyte density (Supporting Information S4). At the cellular level,
only two features (mean lymphocyte ferret diameter max and

cardiomyocyte nucleus equivalent diameter area) were retained
in the RF subset model.

RFE analysis identified additional features of potential impor-
tance. Approximately 10 features were optimal based on ac-
curacy, and highly correlated features (r>0.9) were excluded
(Supporting Information S5). Important features included those
identified by the RF model as well as additional cellular charac-
teristics, such as mean cardiomyocyte nucleus area, minimum
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FIGURE 3 | Violin plots comparing the percentage of total myocardium and myocardium in the endocardial region between SADS and controls.

SADS shows a statistically significant reduction in myocardium percentage and a wider distribution compared to controls. Statistical significance
(p<0.05) is indicated with asterisks (*). SADS, sudden arrhythmic death syndrome. Created with Biorender.com. Holm, P. (n.d.) https://BioRender.

com/qOp34cd.
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FIGURE 4 | Figure showing two panels. First panel displays a con-
fusion matrix comparing predicted and true labels for SADS and con-
trols using a random forest model. The second panel shows a ROC curve
with an AUC of 0.73, illustrating the model's ability to differentiate be-
tween SADS and controls. SADS, sudden arrhythmic death syndrome;
ROC, receiver operating characteristic; AUC, area under the curve.

intensity, intensity standard deviation, and nearest-neighbor
distance.

4 | Discussion

This study identified subtle histological differences between
SADS cases and non-cardiac controls, including reduced myo-
cardial content and changes in adipocyte density, suggesting
potential morphological subgroups within SADS.

We found a lower percentage of myocardial tissue in the endo-
cardial region, particularly in the septum and RV, in SADS cases
compared to controls. While fibrosis was not significantly differ-
ent overall, epicardial fibrosis emerged as an important feature
in the RF analysis. Both fibrosis and fat infiltration can consti-
tute a substrate for reentry arrhythmia, potentially contributing
to SADS pathophysiology [50-52]. Epicardial fibrosis is charac-
teristic of arrhythmogenic cardiomyopathy (ACM) [21], whereas
endocardial fibrosis is more typical of idiopathic forms [53]. The
presence of epicardial fibrosis in SADS may therefore represent
concealed ACM, suggesting early structural changes [22]. BrS
and ACM may represent phenotypically different presentations

within a shared disease spectrum [54]. BrS has been associ-
ated with fibrous replacement in the RVOT [18], which was not
sampled in our cohort. Studies incorporating automated RVOT
quantification and genetic examination are warranted to further
elucidate disease pathogenesis. These findings also emphasize
the role of the autopsy in SADS to enable accurate diagnosis, but
declining autopsy rates remain a significant barrier underscor-
ing the need for close collaboration between pathologists and
cardiologists [55].

RF analysis also revealed adipocyte density in the endocardial
region as a key discriminator between SADS and controls. Fatty
infiltration in the RV is generally considered a normal phe-
nomenon [21, 56-58]. However, computational models suggest
that adipose tissue may trigger cardiac arrhythmias and serve
as a substrate for reentry arrhythmia. Whether fibrosis poses a
greater arrhythmic risk than fat infiltration remains unclear.
Some studies indicate that fat has a lesser impact [59], while
others propose that infiltrating adipose tissue could be more
significant than a fibrotic scar in determining the arrhythmic
burden and promoting ventricular arrhythmias [52]. The fi-
brosis and fatty infiltration observed in this study could also
represent reactive changes secondary to arrhythmia, poten-
tially driven by genetic variants affecting ion channel function
[50, 51]. Advanced quantitative techniques could enable refined
postmortem phenotyping of SADS, revealing subgroups based
on fibrous versus fatty replacement. Fatty infiltration may in-
crease with higher body mass index (BMI) and could represent a
potential confounder when interpreting adipocyte density find-
ings [58]. In the present study, BMI did not differ significantly
between groups. Obesity is associated with cardiac hypertro-
phy, increased right ventricular epicardial fat, and left ventric-
ular fibrosis [60]. The detected subtle changes could represent
obesity-related changes; however, these findings require further
validation.

Genetic analysis identified variants in genes associated with
cardiomyopathies. Specifically, PKP2 and DSP, both linked to
ACM, were identified in two cases, whereas RBM20, predom-
inantly associated with familial dilated cardiomyopathy, was
found in one case [61, 62]. These individuals may represent cases
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of concealed cardiomyopathy [16, 17]. This supports the notion
that sudden death can occur at any point along the disease spec-
trum, including in the absence of overt structural abnormalities.
Only one case had a variant in a channelopathy-associated gene
(SCN5A), linked to BrS, long QT syndrome, and dilated cardio-
myopathy [63]. Variants in TTN were observed in two SADS
cases and three controls. Although TTN variants are associ-
ated with dilated cardiomyopathy, their clinical interpretation
remains challenging due to bioinformatic limitations in assess-
ing pathogenicity and their relatively high allele frequency in
the general population (1%-3%) [29, 64-65]. Further studies
are needed to explore the relationship between genotype and
improved morphological phenotypes in SADS, and to better
delineate subgroups with a high likelihood of inherited cardiac
disease. Recent long-term follow-up data show that 12% of rel-
atives of SCD victims are diagnosed with an inherited cardiac
disease, highlighting the relatively low yield of family screening
and underscoring the need for improved postmortem phenotyp-
ing to better target the high-risk families [66].

The characteristics of our SADS cohort broadly align with pre-
vious studies, being primarily male (71%) with a median age
of 38years [11, 24]. However, the circumstances of death dif-
fered: 58% were unwitnessed, 18% occurred during sleep or rest,
and only 21% were witnessed, in contrast to prior reports [11].
Psychiatric disorders were more common in SADS cases than
in controls, consistent with earlier studies [11, 67]. Although the
mechanisms remain unclear, medication use, behavioral and
lifestyle factors may contribute to arrhythmic vulnerability, as
well as selection bias, since individuals with severe psychiat-
ric disease are overrepresented in autopsy studies [68, 69]. To
evaluate health status, we assessed comorbidities using police
reports and information from relatives or general practitioners.
The reliability of these data varies, particularly concerning sub-
stance abuse and psychiatric diseases [70]. Both conditions, also
in conjunction, have been linked to SCD and cardiac changes
[21, 69, 71-72]. The reliability of these data represents a limita-
tion to this study and limits our possibility to examine the pos-
sible effects of chronic use of psychotropic drugs on the heart.
Overall, most SADS cases appeared healthy: 86% had a CCI
score of zero [23]. This aligns with previous reports and supports
that SADS occurs in otherwise apparently healthy individuals
[67]. Importantly, individuals with substance abuse or psychi-
atric disorders may represent distinct subgroups within SADS,
with a lower likelihood of underlying inherited cardiac disease.
Recognizing such cases has clinical value, as it may help reduce
unnecessary concern among families regarding heritable car-
diac risk. Future studies of SADS should incorporate systematic
assessment of these conditions using reliable Danish registry
data to explore the potential contribution to subtle myocardial
pathology.

In this study, we used standard samples available for all cases to
avoid introducing bias. Cardiac structural changes can be focal,
and it cannot be ruled out that potential structural changes were
not detected due to the limited sampling. All available samples
were examined and deemed morphologically normal in both
SADS and control cases. However, sampling did not include
RVOT, which may be critical for detecting fibrous changes in
arrhythmic disorders, such as BrS and concealed ACM [18, 73].
By using standardized samples across all cases, we ensured

uniformity. Even with this limitation, our approach was able to
detect significant differences in cardiac tissue between SADS
cases and controls. All samples were FFPE after autopsy; how-
ever, some had suboptimal quality, requiring exclusion. In other
cases, PSR staining was faint from tissue degradation, affecting
the algorithm's ability to quantify myocardial tissue [31]. The vi-
olin plot showed extreme outliers with low myocardial percent-
ages, particularly in the endocardial region. This could be due
to the staining variability, or papillary muscle attachment sites
within the endocardial regions, which could artificially elevate
fibrosis measurements.

Key strengths include the large cohort size and matched control
group, allowing meaningful comparisons of pathological find-
ings. Some SADS cohorts included cases with cardiac morpho-
logical findings of unknown significance [22, 74]. Such cases
were excluded after expert re-evaluation in our study. Thus, the
study focused on SADS cases without detectable structural ab-
normalities at gross or histopathological levels. Research sug-
gests that referral to expert cardiac pathologists increases the
proportion of cases classified as SADS [75, 76]. Enhancing the
characterization of SADS and identifying phenotypic subgroups
may improve understanding of the underlying pathophysiology.
A major advantage is the use of digital image analysis, which
enables objective quantification of tissue morphology and cell
features.

In this study, we applied quantitative histology to investigate
morphological differences between SADS cases and controls,
cases considered normal by conventional methods. Our find-
ings showed a modest reduction in residual myocardium in
SADS cases. RF analysis distinguished SADS cases from con-
trols, identifying epicardial fibrosis and endocardial adipocyte
density as key discriminative features.

These results suggest potential morphologically distinct sub-
groups within SADS. Further studies with larger, independent
cohorts are needed to validate these findings. The identified
features may contribute to more precise postmortem phenotyp-
ing of SADS, potentially aiding the classification of cases and
identifying individuals less likely to have died from an inherited
arrhythmic condition. Future studies should explore the inte-
gration of Al-based histological profiling into routine autopsy
practice and workflows to enhance the diagnostic yield in sud-
den cardiac death cases and guide the targeted family screening
and follow-up.
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