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Abstract
Background  The out-of-hospital cardiac arrest (OHCA) in the young may be associated with a genetic predisposition which 
is relevant even for genetic counseling of relatives. The identification of genetic variants depends on the availability of intact 
genomic DNA. DNA from autopsy may be not available due to low autopsy frequencies or not suitable for high-throughput 
DNA sequencing (NGS). The emergency medical service (EMS) plays an important role to save biomaterial for subsequent 
molecular autopsy. It is not known whether the DNA integrity of samples collected by the EMS is better suited for NGS 
than autopsy specimens.
Material and methods  DNA integrity was analyzed by standardized protocols. Fourteen blood samples collected by the 
EMS and biomaterials from autopsy were compared. We collected 172 autopsy samples from different tissues and blood with 
postmortem intervals of 14–168 h. For comparison, DNA integrity derived from blood stored under experimental conditions 
was checked against autopsy blood after different time intervals.
Results  DNA integrity and extraction yield were higher in EMS blood compared to any autopsy tissue. DNA stability in 
autopsy specimens was highly variable and had unpredictable quality. In contrast, collecting blood samples by the EMS is 
feasible and delivered comparably the highest DNA integrity.
Conclusions  Isolation yield and DNA integrity from blood samples collected by the EMS is superior in comparison to 
autopsy specimens. DNA from blood samples collected by the EMS on scene is stable at room temperature or even for days 
at 4 °C. We conclude that the EMS personnel should always save a blood sample of young fatal OHCA cases died on scene 
to enable subsequent genetic analysis.

Keywords  Molecular autopsy · Resuscitation · Next-generation sequencing · Cardiomyopathy · Channelopathy · 
Emergency medical service · DNA stability

Background

Every year in the European population, 67–170 out-of-
hospital cardiac arrest (OHCA) cases per 100,000 are 
reported. Of those, 19–97 per 100,000 receive out-of-
hospital resuscitation attempts (OHRAs) by the emergency 
medical services (EMS) [1]. Among these patients of all age 
groups unrecognized cardiac conditions such as coronary 
heart disease, cardiomyopathies or different arrhythmogenic 
diseases may lead to sudden cardiac death (SCD) [2]. 
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However, the incidence of these conditions is not precisely 
known for several reasons [3].

Especially in the young, SCD is associated with higher 
proportion of arrhythmogenic or structural heart diseases, 
which may be related to genetic predispositions [4, 5]. 
However, the identification of genetic forms of SCD needs 
next-generation sequencing technologies (NGSs) which 
can only be applied if non-degraded biological material 
for extraction of high-quality DNA is available [6, 7]. 
The combination of autopsy and genetic analysis of fatal 
OHCA cases allows the identification of genetic forms of 
SCD in the young [5]. Due to low autopsy frequencies in 
several countries, a high proportion of these cases remain 
unexamined (see for an overview [4, 8]). This may have 
consequences on health of others in affected families [2, 
4, 8]. Moreover, biological materials for the isolation 
of genomic DNA (gDNA) may be not suitable for high-
throughput DNA sequencing because of postmortem 
degradation processes [9, 10] leading to fragmented gDNA 
at autopsy [11–14].

The recent European Resuscitation Council guidelines 
from 2021 (ERC-2021) do not consider the collection of 
blood samples from fatal OHCA cases by the EMS on scene. 
Instead, it is recommended to collect biomaterial from 
autopsy [15]. However, the minority of OHCA cases are 
autopsied, and autopsy biomaterial may be not suitable for 
NGS. Especially formalin-fixed paraffin-embedded (FFPE) 
tissue will result in comparably low-quality sequencing 
results. For these reasons, blood samples from fatal OHCA 
cases collected by the EMS on scene may play a deciding 

role to allow at least molecular autopsy by specialized 
cardiogenetic services if autopsies are not performed [16].

In this study, we determined the DNA integrity number 
(DIN) of the gDNA isolated from autopsy specimens and 
compared the data to gDNA extracted from blood collected 
by the EMS (Fig. 1). Moreover, we investigated different 
storage conditions for the blood samples with later gDNA 
extraction to simulate real-life conditions for handling blood 
samples by the EMS.

Material and methods

Study cohort

We included in total 42 hospital and forensic autopsy cases 
of deceased individuals aged 2–76 years. In total, 172 
samples from hospital and forensic autopsies derived from 
heart (n = 40), lung (n = 15), kidney (n = 17), cartilage (n 
= 17), fibrous connective tissue (n = 16), bone (n = 16), 
skeletal muscle (n = 25), and blood (n = 26) were collected. 
Samples were taken at postmortem intervals (PMIs) between 
14 and 168 h and stored at − 80 °C until gDNA extraction. 
All but one autopsy case was cooled until examination. 
For comparison, the EMS collected blood samples from 
14 fatal OHCA cases at scene who were later autopsied 
were included (for baseline data, see Table 1, Figs. 1 and 
2). For experiments simulating real-life conditions of blood 
collection by the EMS, we have also included samples of 20 
anonymous blood donors.

Fig. 1   Study overview (compare 
also Table 1 for details)

42 autopsy cases 

a) Samples collected by EMS at scene
14x blood of 14 cases before autopsy 

b) Samples collected during autopsy
26x blood 

40x cardiac 
15x lung 

17x kidney 
17x cartilage 

16x fibrous connective tissue 
16x bone 

25x skeletal muscle 

 20 blood donors

Experimental treatment of blood samples 
simulating real-life conditions at scene

Blood samples incubated 

for 0, 1, 2, 3, 4, 5, 7, 10 and 14 days each. 

shock freezing after incubation 

DNA-extraction and determination of the DNA-integrity number (DIN)

shock freezing 
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Inclusion criteria for autopsy samples

We included individuals who died, the time of death was known, 
and an autopsy was performed. As an autopsy subgroup fatal 
OHCA cases were included to compare biomaterial collected 
by the EMS at scene with samples collected during autopsy.

Blood samples for experimental testing

We also analyzed under experimental conditions blood samples 
isolated from 20 anonymous blood donors to reveal the effects 
of different storage conditions on the DNA stability. Blood 
was incubated up to 2 weeks at different temperatures and time 
intervals. Incubation was carried out at 4 °C, room temperate 
(RT), 32 °C, and 42 °C, and aliquots for gDNA isolation were 
frozen at − 22 °C at days 0, 1, 2, 3, 4, 5, 7, 10, and 14. For 
each time point, five biological replicates were analyzed. Five 
samples of the blood donors were also analyzed for DNA 
stability after repeated freeze-thaw cycles (0, 3×, 6×, 9×, 12×; 
see Supplements sFig. 1). All blood samples were collected 
in ethylenediaminetetraacetic acid (EDTA) containing plasma 
tubes (S-Monovette®, Sarstedt, Nümbrecht, Germany). Autopsy 
specimens were directly frozen on dry ice during examination. 
Samples included here were not used for genotyping in this study.

Extraction of gDNA from biomaterials

The gDNA was extracted using the High Pure PCR Template 
Preparation Kit (Roche, Mannheim, Germany) according 
to the manufacturer’s instructions. To isolate gDNA from 
tissues, 30 mg (w/w) of specimens were incubated overnight 
with lysis buffer and Proteinase K at 55 °C. The gDNA 
was eluted in 50 μl elution buffer and stored at − 20 °C for 
further analysis. The concentration was measured with the 
NanoDrop 2000. The technical scatter of gDNA isolation on 
the DNA integrity was analyzed in triplicate.

Determination of DNA integrity

DNA integrity was analyzed using the TAPEStation2200 
(Agilent Technologies, Santa Clara, CA, USA). DNA 
stability was given as DNA integrity number (DIN) ranging 
from 0 to 10 with 10 representing no degraded gDNA. 
Approximately 5–150 ng/μl of gDNA was applied on a 
Genomic DNA ScreenTape (Agilent Technologies, Santa 
Clara, CA, USA) according to manufacturer’s instructions. 
The DIN is calculated by an automated algorithm, which 
determines the fragmentation of a gDNA sample by 
assessing the distribution of signal across the size range [17]. 
We regarded a DIN of 7 as a cutoff value for reliable NGS 
as recommended by the manufacturer [17].A

bb
re

vi
at

io
ns

: B
 =

 b
on

e;
 B

L-
A 

=
 b

lo
od

 c
ol

le
ct

ed
 fr

om
 a

ut
op

sy
; B

L-
EM

S 
=

 b
lo

od
 c

ol
le

ct
ed

 b
y 

th
e 

EM
S;

 C
 =

 c
ar

til
ag

e;
 E

M
S 

=
 e

m
er

ge
nc

y 
m

ed
ic

al
 s

er
vi

ce
; F

 =
 fe

m
al

e;
 F

C
 =

 fi
br

ou
s 

co
nn

ec
-

tiv
e 

tis
su

e;
 H

 =
 h

ea
rt;

 K
 =

 k
id

ne
y;

 L
 =

 lu
ng

; M
 =

 m
al

e;
 N

.A
. =

 n
ot

 av
ai

la
bl

e;
 S

K
M

 =
 sk

el
et

al
 m

us
cl

e

Ta
bl

e 
1  

(c
on

tin
ue

d)

C
as

e 
no

.
A

ge
 [y

ea
rs

]
Se

x
C

au
se

 o
f d

ea
th

C
oo

le
d 

un
til

 a
ut

op
sy

PM
I [

h]
B

io
m

a-
te

ria
ls

H
L

K
C

FC
B

SK
M

B
L-

A
B

L-
EM

S

#3
4

22
M

N
ot

 c
le

ar
Ye

s
12

0
X

X
X

X
#3

5
34

M
N

.A
.

Ye
s

12
0

X
X

X
#3

6
19

M
A

cu
te

 c
ar

di
or

es
pi

ra
to

ry
 d

ec
om

pe
ns

at
io

n
Ye

s
12

3
X

X
X

X
X

X
X

X
#3

7
23

F
N

.A
.

Ye
s

12
5

X
X

X
X

#3
8

22
M

N
.A

.
Ye

s
13

4
X

X
#3

9
27

M
N

.A
.

Ye
s

13
6

X
X

X
X

#4
0

73
M

C
ar

di
ac

 d
ec

om
pe

ns
at

io
n 

w
ith

 th
ro

m
bo

tic
 o

cc
lu

si
on

 o
f t

he
 d

es
ce

nd
-

in
g 

ao
rta

Ye
s

13
8

X
X

X
X

X
X

X

#4
1

68
F

C
ar

di
ac

 d
ec

om
pe

ns
at

io
n

Ye
s

14
1

X
X

X
X

X
X

X
#4

2
26

F
H

ea
rt 

fa
ilu

re
Ye

s
16

8
X

X
N

o.
 o

f a
na

ly
ze

d 
sa

m
pl

es
40

15
17

17
16

16
25

26
14



1573International Journal of Legal Medicine (2023) 137:1569–1581	

1 3

To estimate the technical and biological scatter, we 
isolated gDNA in triplicates of three tissue specimens and 
determined the DINs by TapeStation analysis.

PCR amplification of specific target sites in selected 
cardiac genes

We further validated the DIN analysis by PCR amplification of 
gDNA with different integrity values [18]. For PCR fragment 
analysis, single amplicons of four different genes were used 
(NEXN, TTN, TNNI3, and MYL2). These genes may carry DNA 
variants in genetic forms of cardiomyopathies and are located 
at chromosomal sites known to be sensitive for hydrolytic DNA 
cleavage [19]. PCR amplicons of these chromosomal sites 
were designed with different amplicon sizes (for MYL2-Ex.6 
it was 206bp, TNNI3-Ex.7 381bp, TTN-Ex.27.1 430bp, and 
NEXN-Ex.12 529bp) for parallel analysis in one lane (primer 
sequences are available upon request).

Statistics

For statistical analysis GraphPad Prism v9.4.1 for Mac was 
used (GraphPad Software, San Diego, CA, USA; www.​graph​
pad.​com). Medians are given within the manuscript including 
the upper and lower quartiles. In box and whiskers plots, boxes 
represent the quartiles and whiskers extend from 10 to 90 
percentiles. Statistical significance was analyzed for multiple 
comparisons by Kruskal-Wallis or pairwise by Mann-Whitney 
test for non-Gaussian distributed data, where appropriate.

Results

Extraction of gDNA

We included biomaterial for DNA integrity measurements of 
42 autopsy cases with a median age at death of 39 years (range 
2–77 years; Fig. 2; Table 1). The median PMI at autopsy was 
64 h (range 14–168 h; Fig. 2). The yield for gDNA extraction 
was highest in samples from blood (median 44; 26.8–74.9 μg/
mL) and lowest in fibrous connective tissue (median 61; 29–94 
ng/mg tissue) given that blood has a specific weight of 1.05 
mg/mL [20] (Fig. 3; Table 2). Repeated freeze-thaw cycles had 
no influence on the DNA integrity (see sFig. 1).

The DNA integrity does not directly depend 
on the postmortem interval

The mean technical scatter for TapeStation analysis 
was 3.6% and 4.5% for combined gDNA isolation and 
TapeStation analysis (Supplements, sFig. 2).

We correlated the DNA integrity against the PMI in 
different tissues from 42 autopsies. We measured the DIN in 
specimens from 40 hearts, 15 lungs, 17 kidneys, 17 cartilage 
tissues, 16 fibrous connective tissues, 16 bones, 25 skeletal 
muscles, and 26 blood samples. As a reference, we measured 
the DIN also in blood samples of 14 EMS cases (for details, 
see Table 2). We found that the DNA integrity is not directly 
dependent on the PMI but differs considerably between 
autopsy cases. However, samples derived from skeletal or 
cardiac muscle appeared to have the lowest scatter of DIN, 
as compared to all other tissues (Fig. 4). We did not find a 
correlation between PMI and DIN in autopsy samples by 
linear regression analysis (Fig. 4). We also compared the 
DIN of different tissues within the same autopsy case with 
considerable differences between tissues and PMI. Thus, the 
DIN depends in an unpredictable manner on the case, the 
tissue, and the PMI (Supplements, sFig. 3).

gDNA isolated from blood samples collected 
by the EMS has the highest integrity

We compared the DNA integrity of all biomaterials 
collected during autopsy and by the EMS (Table 2; Fig. 5). 
The DIN of blood samples from autopsy (BL-A; median 
6.6; 5.3–7.1) and from the EMS (BL-EMS; median 7.6; 
7–8.1) were significantly different (Kruskal-Wallis test, p 
= 0.005). The 25% percentile of the BL-EMS DIN was 7.0 
and above the level recommended for NGS analysis. Vice 
versa 75% of BL-A samples were at or below the cutoff 
recommended for NGS sequencing (Fig. 5) [17].

Notably, among the autopsy biomaterials tested in this 
study skeletal muscle revealed the highest levels of DIN, 
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Fig. 2   Violin plot of age distribution and postmortem intervals 
(PMIs) at autopsy. The median age of autopsy cases is 39 years. The 
median PMI was 64 h. Truncated violin plots showing medians as 
solid lines, quartiles are given as dotted lines
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which was significantly higher as compared to samples 
from cardiac, renal, and fibrous connective tissues (Fig. 5).

EDTA blood samples from blood donors provide 
intact gDNA even for several days under robust 
storage conditions

We further compared blood samples collected during autopsy 
and from blood donors under experimental conditions. DINs 

of samples collected from blood donors plotted against 
the storage time could be fit by linear regression analysis 
independently of the storage conditions, revealing degradation 
of DNA integrity over time (slope significantly different from 
zero, p < 0.001; see Supplements sFig. 4). In contrast, DINs 
of blood samples from autopsy plotted against the PMI could 
not be fitted by regression analysis (slope different from zero in 
linear regression analysis, p = 0.967; see Supplements sFig. 4). 
This reveals that the stability of gDNA derived from autopsy 
blood samples cannot be predicted from the postmortem time.

Fig. 3   Violin plot of gDNA 
extraction yields of solid tissues 
(left Y-axis) and blood (red, 
right Y-axis) derived from 
autopsies. gDNA isolated from 
autopsy blood provides by far 
the highest yields of gDNA 
(Kruskal-Wallis test for multiple 
comparisons; medians are given 
as solid, quartiles as dotted 
lines)
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We observed that the DIN of samples stored at room 
temperature (RT) remained above the cutoff of 7 for 2 
days (Fig. 6). Even after storage of blood samples for 
5 days at RT, the DIN was above the median of blood 
samples collected during autopsy (compare Fig. 5 and 
Fig. 6). The quality of gDNA could be improved storing 
the blood samples at 4 °C, yielding a median DIN of 7.6 
(7.1–8.2; Fig.  6). The incubation of blood samples at 
32 °C accelerated the degradation process, whereas the 
DNA integrity measured in samples stored at 42 °C was 
comparable to samples kept at 4 °C (Fig. 6), but the yield 
dropped considerably (Supplements sFig. 6).

PCR works also with gDNA of low integrity

We found for all targets PCR amplicons, indicating 
that targeted Sanger sequencing may work even with 
fragmented gDNA (DIN range 1–7.7; see Supplements 
sFig. 5).

Discussion

Sudden cardiac death in the young is a devastating event 
for relatives. For the EMS, it remains challenging to 
identify non-ischemic cardiac failure in patient with need 
for OHRA. It is known that the etiology for cardiac failure 
differs considerably with patient age. In a Danish nationwide 
study, coronary artery disease was the main cause of SCD 
in patients between 1 and 49 years [4]. In young cases of 
OHCA, a major cause of cardiac arrest may be associated 
with a considerable burden of genetic etiologies [21]. It 
is known that in fatal OHRA, the cause of death may be 
unraveled by autopsy. Autopsy without molecular analysis 
may fail to identify the cause of death in a considerable high 
number of cases, i.e., in patients with sudden arrhythmic 
death [22]. In addition, low DNA integrity due to postmortem 
decomposition processes can impact the option to perform 
routine high-throughput NGS. However, the parallel DNA 
sequencing of a high number of genes or even the whole 
exome in cases of young fatal OHCA is mandatory [23]. We 
found that DNA isolated from frozen tissue and even with 
low DIN can provide PCR amplicons suitable for Sanger 
sequencing. In families with known genetic predispositions, 
PCR-based Sanger sequencing may be performed in autopsy 
material even with low-quality DNA [24]. Whereas in fatal 
OHCA cases of unknown etiology, hundreds of genes must 
be sequenced and therefore Sanger sequencing will not be 
appropriate for molecular autopsy.

The ERC-2021 guidelines recommend consistently to 
consider an advanced post-resuscitation care including 
autopsy and molecular analysis of cardiovascular diseases in A
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not precisely selected fatal OHCA cases [1]. In an ideal 
setting and according to the ERC guidelines, this combined 
procedure will have an impact on unraveling even rare 

forms of genetic diseases, which not necessarily have to be 
inherited in cases of de novo variants [25] or homozygous 
genotypes [26].

Fig. 4   DNA integrity plotted 
against the postmortem interval 
(PMI) for different tissues from 
autopsy biomaterial. There is no 
linear correlation between DNA 
integrity and PMI (maximum 
6 days). Results from linear 
regression analysis are given 
as dotted lines (slopes are not 
significant from zero). Dashed 
lines indicate cutoff of DIN = 
7. A Heart; B skeletal muscle; 
C lung; D kidney; E cartilage; 
F bone; G fibrous connective 
tissue; H blood. DIN relative 
DNA integrity number
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Unfortunately, the rate of autopsies in many countries is 
notoriously low for several reasons and the PMI may lead to 
gDNA degradation limiting the extent of possible molecular 
analysis. In a recent EMS study, about 40% of fatal OHCA 
cases were not transported to a hospital and about 43% of 
cases were not autopsied [16]. This shows that the ERC-2021 
guidelines do not consider fatal cases who are not transported 
to a hospital and/or are not transferred to autopsy.

We recently suggested that the EMS has the unique 
opportunity in young fatal cases of OHCA to collect a blood 
sample at scene [8]. We showed that the number of fatal 
OHCA cases with an identified predisposition for cardiac 
arrest was remarkably higher when the EMS collects a 
blood sample on scene as compared to those cases identified 
by autopsy only [16]. For these reasons, the EMS should 
always save a blood sample for later molecular autopsy in 
young (1–50 years of age) fatal OHCA cases [16], which is 
currently not recommended by the ERC guidelines [1].

In EMS practice, it is important to know how stable a 
blood sample will be for a possible subsequent NGS analysis. 
Therefore, we analyzed in parallel samples from different tissues 
derived from autopsies and compared the data to the biomaterial, 
which was collected by the EMS. We found that gDNA from 
autopsy had significantly lower DNA integrities depending on 
tissue and PMI as compared to EDTA blood samples collected 
by the EMS. We also found that the yields and the DNA integrity 
differed among autopsy cases in an unpredictable manner, 
which is in line with problems to calculate the PMI from gDNA 
fragmentation in forensic medicine (for a review, see [27]). The 
best DNA integrity but with a low extraction yield was found 
in samples of the skeletal muscle, which is in concordance with 
previous work [9, 12, 28], whereas the blood samples collected 
during autopsy delivered quite heterogenous results.

We also measured the DNA integrity of EDTA blood 
under challenging experimental storage conditions, 
simulating real-life conditions of blood sample collection 
by the EMS. The integrity of the DNA is not influenced by 
repeated freezing-thawing revealing stability of the genomic 
DNA under robust handling conditions (see sFig. 1). The 
gDNA degradation is enzyme dependent, which is reflected 
by the temperature dependency of its storage conditions. At 
experimental temperatures of 4 °C or 42 °C, the enzymatic 
degradation of gDNA is low in comparison to RT or 32 °C, 
respectively. Since DNA degradation is an enzyme catalyzed 
process, gDNA remains stable at higher temperature, but the 
extraction yield at 42 °C was considerably low (Supplements 
sFig. 6). However, EDTA blood samples incubated for even 
up to 10 days at 4 °C delivered gDNA with a DIN at 7. 
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Even storage at RT will provide DNA stability for up to 
2 days revealing the feasibility of sample handling by the 
EMS personnel. This further indicates that blood sample 
collection by the EMS will provide excellent biomaterial for 
later molecular autopsy—especially in fatal cases of OHCA.

An interdisciplinary network of pathologists, molecular 
biologists, cardiologists, and geneticists is most effective for 
unraveling genetic causes of fatal cardiac arrest. However, 
this network will be most effective by integrating the EMS. 
The EMS is essential to unravel the medical circumstances 
of death in fatal OHCA, who are not transported to a 
hospital and/or not autopsied. Thus, with little efforts, the 
identification of genetic forms of severe cardiovascular 
diseases with fatal outcome can be improved.

Conclusions

1.	 Our data show that in this study, the integrity of gDNA in 
blood samples collected by the EMS is higher as in any 
biomaterial from autopsy. We recommend changing future 
ERC guidelines accordingly: in fatal cases of young OHCAs, 
the collection of a sample of 2 mL EDTA blood is a safe and 
reliable way to obtain gDNA for later molecular autopsy, 
especially of those who are not transported to hospital. This 
requires no special storage or handling conditions. The 
collection of a 2 mL blood sample by the EMS should be 
mandatory in fatal OHCA cases younger than 50 years of 
age. An adequate blood sample ensures the option of a later 
targeted consultation of survivors and the relatives, when 
compared with clinical or pathological findings.

2.	 If no blood sample collected by the EMS is available and 
an autopsy is performed, specimen of the skeletal muscle 
should be considered for gDNA extraction. Since the yield 
of gDNA extraction is limited, in skeletal muscle, we 
recommend to isolate 1 cm3 tissue for immediate freezing 
(− 20 °C or lower). In any case, tissue must not be fixed by 
formalin if NGS is considered for subsequent investigation.

Limitations

For the determination of DNA stability, we determined 
the DNA integrity number (DIN) using an established 
semiautomated chromatography method [17]. We did 
not perform NGS genotyping in parallel. DINs above 7 
are recommended by the NGS manufacturer to generate 
reproducible sequencing data and therefore used as a technical 
cutoff in this study. Since the correlation of DIN and NGS 
data quality has a high scatter, DINs below 7 may nevertheless 
deliver acceptable sequencing results in selected cases.

Abbreviations  BL-A:  Blood sample collected during autopsy; 
BL-EMS:  Blood sample-collected by the emergency medical 

service; DIN: DNA integrity number; DNA: Desoxyribonucleic acid; 
EMS: Emergency medical service; EDTA: Ethylendiaminetetraacetic 
acid; ERC: European Resuscitation Council; FFPE: Formalin-fixed 
paraffin-embedded tissue; gDNA:  Genomic DNA; NGS:  Next-
generation sequencing; OHCA:  Out-of-hospital cardiac arrest; 
OHRA:  Out-of-hospital resuscitation attempt; PCR:  Polymerase 
chain reaction; PMI: Postmortem interval; RT: Room temperature; 
SCD: Sudden cardiac death
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