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Abstract
Background: Atrial	fibrillation	(AF)	is	the	most	common	arrhythmia	and	is	as-
sociated	with	considerable	morbidity	and	mortality.	Ischaemic	heart	failure	(IHF)	
remains	one	of	the	most	common	causes	of	AF	in	clinical	practice.	However,	is-
chaemia-mediated	mechanisms	leading	to	AF	are	still	incompletely	understood,	
and	thus,	current	treatment	approaches	are	limited.	To	improve	our	understand-
ing	of	the	pathophysiology,	we	studied	a	porcine	IHF	model.
Methods: In	pigs,	IHF	was	induced	by	balloon	occlusion	of	the	left	anterior	de-
scending	artery	for	90	min.	After	30	days	of	reperfusion,	invasive	haemodynamic	
measurements	 and	 electrophysiological	 studies	 were	 performed.	 Masson	 tri-
chrome	and	immunofluorescence	staining	were	conducted	to	assess	interstitial	
fibrosis	and	myofibroblast	activation	in	different	heart	regions.
Results: After	30	days	of	reperfusion,	heart	failure	with	significantly	reduced	ejec-
tion	fraction	(left	anterior	obique	30°,	34.78	±	3.29%	[IHF]	vs.	62.03	±	2.36%	[con-
trol],	p	<	.001;	anterior–posterior	0°,	29.16	±	3.61%	vs.	59.54	±	1.09%,	p	<	.01)	was	
observed.	These	pigs	showed	a	significantly	higher	susceptibility	to	AF	(33.90%	
[IHF]	vs.	12.98%	[control],	p	<	.05).	Histological	assessment	revealed	aggravated	
fibrosis	in	atrial	appendages	but	not	in	atrial	free	walls	in	IHF	pigs	(11.13	±	1.44%	
vs.	5.99	±	.86%,	p	<	.01	 [LAA],	8.28	±	.56%	vs.	6.01	±	.35%,	p	<	.01	 [RAA]),	which	
was	paralleled	by	enhanced	myofibroblast	activation	(12.09	±	.65%	vs.	9.00	±	.94%,	
p	<	.05	[LAA],	14.37	±	.60%	vs.	10.30	±	1.41%,	p	<	.05	[RAA]).	Correlation	analysis	
indicated	that	not	fibrosis	per	se	but	its	cross-regional	heterogeneous	distribution	
across	the	left	atrium	was	associated	with	AF	susceptibility	(r	=	.6344,	p	<	.01).
Conclusion: Our	results	suggest	that	left	atrial	cross-regional	fibrosis	difference	
rather	than	overall	fibrosis	level	is	associated	with	IHF-related	AF	susceptibility,	
presumably	by	establishing	local	conduction	disturbances	and	heterogeneity.

https://doi.org/10.1111/eci.14137
www.wileyonlinelibrary.com/journal/eci
mailto:Sebastian.clauss@med.uni-muenchen.de
https://orcid.org/0000-0002-5675-6128
http://creativecommons.org/licenses/by/4.0/
mailto:Sebastian.clauss@med.uni-muenchen.de
mailto:Sebastian.clauss@med.uni-muenchen.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Feci.14137&domain=pdf&date_stamp=2023-11-27


2 of 11 |   ZHANG et al.

1 	 | 	 INTRODUCTION

More	 than	 33	 million	 people	 worldwide	 are	 suffering	
from	atrial	fibrillation	(AF),	the	most	common	sustained	
cardiac	arrhythmia	and	this	number	is	still	increasing	by	
around	 5	 million	 new	 cases	 per	 year.1	 AF	 is	 associated	
with	 numerous	 complications,	 most	 importantly	 with	 a	
fivefold	increased	risk	for	stroke,1	a	doubling	in	dementia	
risk,	a	tripling	in	heart	failure	risk	as	well	as	a	doubling	
in	mortality.1	Current	 treatment	options	are	 limited	due	
to	insufficient	effectivity	or	relevant	side	effects,	including	
proarrhythmic	 effects,	 most	 probably	 because	 therapies	
are	 not	 targeting	 causal	 mechanisms	 underlying	 AF.1–4	
Since	 AF	 pathophysiology	 is	 complex	 and	 still	 not	 fully	
understood,	 an	 improved	 understanding	 of	 AF	 disease	
mechanisms	is	the	key	to	identifying	novel	targets	and	de-
veloping	improved	treatment	approaches.2–4

Different	 mechanistic	 paradigms	 summarize	 our	 un-
derstanding	of	AF	pathophysiology,	 including	 the	estab-
lishment	of	a	vulnerable	substrate	and	enhanced	triggered	
activity	as	a	result	of	various	proarrhythmic	remodelling	
processes.2–4	 Enhanced	 automaticity	 or	 altered	 calcium	
homeostasis	 may	 lead	 to	 focal	 ectopic	 firing,	 whereas	
action	potential	 shortening	or	 the	establishment	of	 con-
duction	 barriers	 by	 atrial	 fibrosis	 result	 in	 a	 vulnerable	
substrate	 allowing	 reentry.2–4	 In	 around	 70%	 of	 the	 pa-
tients,	 AF	 is	 thought	 to	 be	 secondary	 to	 the	 underlying	
heart	 diseases,	 most	 importantly	 myocardial	 ischaemia	
or	(ischaemic)	heart	failure.1	According	to	several	clinical	
trials,	6.8%–21%	of	the	patients	presenting	with	an	acute	
myocardial	infarction	will	develop	AF.5,6

Previously,	 we	 have	 demonstrated	 significantly	 in-
creased	left	atrial	fibrosis	in	pigs	with	ischaemic	heart	fail-
ure	(IHF)	and	AF.7	However,	it	remains	unclear,	whether	
fibrosis	 is	 homogeneously	 distributed	 across	 the	 atrium	
and	whether	the	distribution	pattern	has	an	impact	on	AF	
susceptibility	in	IHF.

Since	 pigs	 are	 among	 the	 most	 valuable	 species	 in	
electrophysiology	research	due	to	their	porcine	anatomy,	
haemodynamics	 and	 conduction	 properties,	 which	 re-
semble	 the	 human	 situation	 quite	 well,	 especially	 when	
compared	to	rodent	models,8,9	we	studied	the	above-men-
tioned	 porcine	 model	 of	 IHF	 to	 further	 investigate	 the	
ischaemia-mediated	 proarrhythmic	 atrial	 remodelling	
leading	to	AF.

2 	 | 	 MATERIAL AND METHODS

2.1	 |	 Animals

German	 landrace	 pigs	 (age	 range	 from	 3	 to	 4	 months,	
average	 body	 weight	 38.3	±	2.8	kg)	 were	 obtained	 from	
Landwirtschaftliche Forschungsstation Thalhausen,	
Technical	 University	 of	 Munich,	 Kranzberg,	 Germany,	
Moorversuchsgut,	Ludwig-Maximilians-University	Munich,	
Oberschleissheim,	 Germany	 and	 Lehr- und Versuchsgut 
der LMU,	 Ludwig-Maximilians-University,	 Munich,	
Oberschleissheim,	Germany.	Instrumentation	of	pigs	was	
conducted	 in	 accordance	 with	 the	 ‘Guide	 for	 the	 Care	
and	Use	of	Laboratory	Animals’	and	was	approved	by	the	
Regierung	 von	 Oberbayern	 (ROB-55.2-2631.Vet_02–10-
130	and	ROB-55.2-2532.Vet_02–15-209).	Twenty-two	pigs	
with	 IHF	 and	 18	 age-	 and	 weight-matched	 control	 pigs	
without	IHF	were	included	in	the	study.	As	animal	guide-
lines	evolve	and	tend	to	get	stricter,	it	has	never	been	as	
important	to	respect	the	3R	(replacement,	reduction	and	
refinement)	principle	when	designing	a	study.	Thus,	the	
current	manuscript	uses	in vivo	tracings	as	well	as	tissue	
samples	 from	a	previous	 study,7	 in	addition	 to	new	ani-
mals.	The	entire	tissue	workup	is	done	from	first-use	tis-
sue	samples,	and	all	analyses	shown	are	new	and	original;	
none	of	the	data	has	been	published	elsewhere.

2.2	 |	 Pig model

Model	 induction	was	previously	described	 in	detail.7,10	
In	 brief,	 pigs	 were	 sedated	 (by	 intramuscular	 keta-
mine	 [20	mg/kg],	 azaperone	 [10	mg/kg]	 and	 atropine	
[.05	mg/kg]),	 anaesthetized	 (induced	 by	 intravenous	
midazolam	 [.5	mg/kg]	 and	 maintained	 by	 intravenous	
fentanyl	 [.05	mg/kg],	 propofol	 [.5	mg/kg/min])	 and	
mechanically	ventilated	 (initial	parameters:	peak	pres-
sure	18–25	mmHg,	peep	5	mmHg,	tidal	volume	6–8	mL/
kg,	 FiO2	 21%;	 further	 adjustments	 according	 to	 regu-
lar	 blood	 gas	 test	 results).	 The	 right	 external	 jugular	
vein	 and	 right	 carotid	 artery	 were	 surgically	 prepared,	
and	 sheaths	 were	 inserted	 (9F	 and	 8F,	 respectively).	
Myocardial	 infarction	was	 induced	by	occlusion	of	 the	
left	 anterior	 descending	 coronary	 artery	 distal	 to	 the	
first	diagonal	branch	for	90	min	by	a	PTCA	balloon.	The	
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correct	 localization	 of	 the	 occlusion	 was	 confirmed	 by	
angiography.	 Afterwards,	 sheaths	 were	 removed,	 the	
wound	was	closed	and	pigs	were	transferred	to	the	stalls,	
where	they	were	kept	and	monitored	until	the	final	ex-
periment	30	days	later.

2.3	 |	 Invasive haemodynamic 
measurements

Thirty	days	after	myocardial	 infarction,	 invasive	haemo-
dynamic	 measurements	 were	 performed	 as	 previously	
described,7,10	including	left	ventricular	laevocardiography	
in	two	planes	(30°	left	anterior	obique	[LAO]	and	0°	an-
terior–posterior	[AP]	projection)	as	well	as	measurement	
of	left	ventricular	systolic	and	enddiastolic	pressure,	pul-
monary	capillary	wedge	pressure,	pulmonary	artery	pres-
sure,	right	ventricular	pressure	and	right	atrial	pressure.	
All	measurements	were	performed	under	high	right	atrial	
electrical	stimulation	at	130	bpm	(with	1:1	atrioventricu-
lar	 [AV]	 conduction).	 Control	 pigs	 were	 assessed	 in	 the	
same	fashion	but	without	prior	myocardial	infarction.

2.4	 |	 Electrocardiography and 
electrophysiological studies

Electrophysiological	 studies	were	performed	 following	a	
standardized	 protocol	 as	 reported	 previously.7,10	 Briefly,	
a	multipolar	electrophysiology	catheter	was	placed	at	the	
high	 right	atrium	 to	allow	atrial	 stimulation	 (at	2×	pac-
ing	 threshold).	 The	 Wenckebach	 point	 was	 assessed	 by	
a	 progressively	 decreased	 pacing	 cycle	 length	 until	 the	
atrial	signal	was	no	longer	conducted	1:1	via	the	AV	node.	
The	effective	refractory	periods	of	the	atrium	and	the	AV	
node	(AERP	and	AVERP)	were	determined	by	a	train	of	
eight	 fixed	 stimulations	 followed	 by	 a	 single	 premature	
stimulation	 at	 a	 stepwise	 decreased	 pacing	 cycle	 length	
until	the	premature	stimulation	failed	to	induce	an	atrial	
signal	(AERP)	or	to	propagate	to	the	ventricle	via	the	AV	
node	(AVERP).	Six	 fixed	pacing	cycle	 lengths,	 including	
500,	450,	400,	350,	300	and	250	ms,	were	used	to	perform	
ERP	 measurements.	 Finally,	 arrhythmias	 were	 induced	
by	 rapid	 burst	 pacing	 (at	 the	 2×	 pacing	 threshold)	 at	
1200	bpm	for	6	s.	Per	pig,	10	burst	pacings	were	performed.	
AF	was	defined	as	an	atrial	arrhythmic	episode	with	 ir-
regular	RR	intervals	longer	than	10	s.

2.5	 |	 Histology

After	the	electrophysiological	study,	pigs	were	euthanized	
in	deep	sedation	and	hearts	were	removed.	Tissue	samples	

from	left	and	right	atrial	appendages,	atrial	free	walls	and	
ventricular	 free	 walls	 (remote	 to	 the	 infarct	 zone)	 were	
harvested,	 fixed	 in	 4%	 formaldehyde	 and	 embedded	 in	
paraffin	for	the	following	histological	staining.

Masson's	 trichrome	 staining	 was	 performed	 in	 paraf-
fin-embedded	 sections	 (5	μm)	 using	 a	 Masson-Goldner	
Trichrome	 staining	 kit	 (Carl	 Roth	 GmbH	 +	 Co.	 KG,	
Germany).	 After	 the	 staining,	 pictures	 were	 acquired	 at	
a	 high-resolution	 microscope	 (DM6	 B,	 Leica,	 Germany)	
with	a	40-fold	objective.	Ten	nonoverlapping	pictures	per	
region	 were	 analysed	 by	 three	 blinded	 observers	 using	
Adobe	 Photoshop	 software.	 Interstitial	 fibrosis	 was	 as-
sessed	by	pixel	counting	using	Adobe	Photoshop	software	
(the	percentage	of	fibrosis	was	calculated	as	the	number	
of	interstitial	fibrosis	pixels	[excluding	perivascular	fibro-
sis]	divided	by	the	total	number	of	pixels	per	picture).	Per	
pig,	10	nonoverlapping	pictures	per	region	were	analysed.

Immunofluorescence	 staining	 was	 performed	 in	 par-
affin-embedded	 sections	 (5	μm)	 by	 the	 following	 steps:	
The	tissue	was	rehydrated	by	immersing	in	xylene,	100%	
ethanol,	95%	ethanol,	70%	ethanol	and	1×	phosphate-buff-
ered	saline	for	5	min	per	step.	Antigen	retrieval	was	per-
formed	at	95°C	for	20	min.	Then	.1%	Triton	X-100	solution	
was	 used	 for	 tissue	 permeabilization,	 and	 block	 buffer	
(1%	 goat	 serum	 in	 phosphate-buffered	 saline)	 was	 used	
to	block	nonspecific	staining	for	1	h	at	room	temperature.	
After	blocking,	tissue	was	incubated	with	anti-α-SMA	an-
tibody	(Cat#ab150301,	Abcam,	UK,	1:500)	and	anti-α-ac-
tinin	antibody	 (Cat#A7811,	Sigmal-Aldrich,	USA,	1:200)	
overnight	 at	 4°C.	 After	 washing	 three	 times	 in	 washing	
buffer	(5%	bovine	serum	albumin	+.1%	Tween	20	in	phos-
phate-buffered	saline)	for	5	min,	tissue	was	subsequently	
incubated	with	Alexa	Fluor™	488	anti-mouse	secondary	
antibody	 (Cat#4408S,	 Cell	 Signaling	 Technology,	 USA,	
1:100)	and	Alexa	Fluor™	647	anti-rabbit	secondary	anti-
body	(Cat#A21245,	Thermo	Fisher	Scientific,	USA,	1:100)	
for	 1	h	 each.	 The	 diluted	 DAPI	 solution	 (Cat#H3570,	
Thermo	Fisher	Scientific,	USA,	1:1000	in	phosphate-buff-
ered	 saline)	 was	 applied	 to	 incubate	 tissue	 for	 10	min	
following	the	secondary	antibody	incubation.	After	wash-
ing	 three	 times	 in	 phosphate-buffered	 saline	 for	 5	min,	
slides	 were	 covered	 by	 fluorescence	 mounting	 medium	
(Cat#S3023,	Dako,	Denmark)	and	sealed	by	glass	covers-
lips.	Immunofluorescence	staining	pictures	were	acquired	
at	a	high-resolution	microscope	(DM6	B,	Leica,	Germany)	
with	 a	 40-fold	 objective.	 Five	 nonoverlapping	 pictures	
per	 region	 were	 taken	 and	 analysed	 by	 using	 ImageJ	
software	 (National	 Institutes	 of	 Health).	The	 number	 of	
α-SMA-positive	cells	and	the	total	cell	number	were	quan-
tified	using	the	ImageJ	counting	tool.	The	percentage	of	
α-SMA-positive	cells	was	calculated	by	the	number	of	pos-
itive	cells	divided	by	the	total	number	of	cells.	Per	pig,	five	
nonoverlapping	pictures	per	region	were	analysed.
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2.6	 |	 Statistical analysis

Data	 are	 presented	 as	 mean	±	SEM.	 Statistical	 analysis	
was	performed	using	GraphPad	Prism	9.	Differences	be-
tween	 two	 groups	 were	 calculated	 by	 unpaired	 t-tests.	
Categorical	 variables	 were	 compared	 by	 Fisher's	 exact	
test.	 A	 significant	 correlation	 was	 identified	 by	 the	
Pearson	 correlation.	 A	 p-value	 of	 <.05	 was	 considered	
statistically	significant.

3 	 | 	 RESULTS

3.1	 |	 Left anterior descending coronary 
artery occlusion leads to significant IHF

Myocardial	 infarction	 in	 pigs	 resulted	 in	 a	 significantly	
reduced	ejection	fraction	compared	to	control	pigs	(LAO	
30°,	34.78	±	3.29%	vs.	62.03	±	2.36%,	***p	<	.001;	Figure 1A	
and	 AP	 0°,	 29.16	±	3.61%	 vs.	 59.54	±	1.09%,	 **p	<	.01;	
Figure 1B).	Consistently,	left	ventricular	enddiastolic	pres-
sure	(LVEDP,	18.02	±	1.16	mmHg	vs.	14.11	±	1.31	mmHg,	

*p	<	.05;	Figure 1D),	pulmonary	capillary	wedge	pressure	
(PCWP,	21.34	±	.97	mmHg	vs.	16.40	±	1.33	mmHg,	**p	<	.01;	
Figure 1E)	and	right	atrial	pressure	(16.30	±	.85	mmHg	vs.	
13.40	±	.79	mmHg,	*p	<	.05;	Figure 1H)	were	significantly	
increased	in	IHF	pigs	compared	to	control	pigs.

There	 were	 no	 differences	 in	 left	 ventricular	 systolic	
pressure,	pulmonary	artery	pressure	and	right	ventricular	
pressure	 between	 IHF	 and	 control	 pigs	 (Figure  1C,F,G,	
respectively).

3.2	 |	 IHF results in an increased 
susceptibility for AF without affecting 
electrical conduction

Pigs	 with	 IHF	 showed	 a	 clear	 arrhythmic	 phenotype.	
Compared	 to	 control	 pigs,	 IHF	 pigs	 demonstrated	 a	 sig-
nificantly	 higher	 inducibility	 of	 AF	 (33.90%	 of	 IHF	 pigs	
vs.	 12.98%	 of	 control	 pigs,	 *p	<	.05;	 Figure  2A)	 and	 a	 sig-
nificantly	 higher	 percentage	 of	 burst	 pacing	 attempts	 re-
sulting	 in	 AF	 (31.72%	 vs.	 15.06%,	 ***p	<	.001;	 Figure  2B).	
To	 further	 investigate	 electrical	 conduction	 properties,	

F I G U R E  1  Myocardial	infarction	resulted	in	significant	ischaemic	heart	failure	as	observed	by	haemodynamic	measurements.	(A)	
Left	ventricular	ejection	fraction	assessed	by	laevocardiography	at	left	anterior	obique	30°	and	(B)	anterior–posterior	0°;	(C)	left	ventricular	
systolic	pressure;	(D)	left	ventricular	enddiastolic	pressure	(LVEDP);	(E)	pulmonary	capillary	wedge	pressure	(PCWP);	(F)	pulmonary	artery	
pressure;	(G)	right	ventricular	pressure;	and	(H)	right	atrial	pressure.	Bar	graphs	represent	the	mean	±	SEM,	and	grey	circles	represent	the	
data	of	individual	pigs.	Unpaired	t-tests	were	applied.	*p	<	.05,	**p	<	.01,	***p	<	.001.
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invasive	 electrophysiological	 studies	 were	 performed	
30	days	after	myocardial	 infarction	(IHF	pigs)	and	 in	age-	
and	 weight-matched	 pigs	 without	 myocardial	 infarction	
(control	pigs).	AV	Wenckebach	cycle	length	(AV	WCL)	was	
prolonged	 in	IHF	pigs	without	reaching	statistical	 signifi-
cance	(243.6	±	9.0	ms	vs.	220.0	±	6.5	ms,	p	=	.08;	Figure 2C).	
Effective	 refractory	 periods	 of	 the	 AV	 node	 (AVERP,	
Figure 2D)	and	the	atrium	(AERP,	Figure 2E)	did	not	differ	
between	groups.

3.3	 |	 IHF results in heterogeneous 
distribution of interstitial atrial fibrosis

Structural	 remodelling,	 especially	 the	 development	 of	 fi-
brosis,	 has	 been	 identified	 as	 one	 of	 the	 hallmarks	 of	 AF	
pathophysiology.	 Thus,	 we	 quantified	 interstitial	 fibrosis	
in	different	regions	of	 the	heart	separately,	both	 in	control	
and	IHF	pigs.	We	observed	a	significant	increase	of	fibrosis	
in	 left	 atrial	 appendage	 and	 right	 atrial	 appendage	 in	 IHF	
pigs	 (11.13	±	1.44%	 vs.	 5.99	±	.86%,	 **p	<	.01,	 Figure  3A,B	
and	 8.28	±	.56%	 vs.	 6.01	±	.35%,	 **p	<	.01,	 Figure  3A,E).	 In	

the	 left	atrial	 free	wall	 (Figure 3A,C),	 right	atrial	 free	wall	
(Figure  3A,F),	 left	 ventricular	 free	 wall	 (Figure  3A,D)	 and	
right	ventricular	free	wall	(Figure 3A,G),	however,	the	over-
all	level	of	fibrosis	did	not	significantly	differ	between	control	
and	IHF	pigs,	demonstrating	a	heterogeneous	distribution	of	
fibrosis	in	IHF.

3.4	 |	 Aggravated interstitial fibrosis in 
IHF is paralleled by increased numbers of 
myofibroblasts in atrial appendages

Activated	myofibroblasts	are	the	main	source	of	fibrosis.11	
Thus,	we	quantified	myofibroblasts	by	counting	α-SMA-
positive	 cells11	 in	 different	 regions	 of	 the	 heart,	 both	 in	
control	and	IHF	pigs.	We	observed	a	significant	increase	
of	 myofibroblast	 numbers	 only	 in	 left	 atrial	 appendage	
and	 right	 atrial	 appendage	 of	 IHF	 pigs	 (12.09	±	.65%	 vs.	
9.00	±	.94%,	 *p	<	.05,	 Figure  4A,B	 and	 14.37	±	.60%	 vs.	
10.30	±	1.41%,	 *p	<	.05,	 Figure  4A,E),	 whereas	 myofibro-
blast	numbers	in	left	atrial	free	wall	(Figure 4A,C),	right	
atrial	 free	 wall	 (Figure  4A,F),	 left	 ventricular	 free	 wall	

F I G U R E  2  Arrhythmia	phenotype	and	electrophysiological	properties	in	control	and	ischaemic	heart	failure	pigs.	(A)	Inducibility	
of	atrial	fibrillation	(AF)	per	pig;	(B)	percentage	of	bursts	inducing	AF;	(C)	atrioventricular	(AV)	Wenckebach	cycle	length;	(D)	effective	
refractory	period	of	the	AV	node	(AVERP);	(E)	effective	refractory	period	of	the	atrium	(AERP).	Bar	graphs	represent	the	mean	±	SEM	
where	applicable,	and	grey	circles	represent	the	data	of	individual	pigs.	An	unpaired	t-test	was	applied	in	(A),	(C),	(D)	and	(E),	and	Fisher's	
exact	test	was	applied	in	(B).	*p	<	.05,	***p	<	.001.
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6 of 11 |   ZHANG et al.

(Figure 4A,D)	and	right	ventricular	free	wall	(Figure 4A,G)	
did	not	differ	between	control	and	IHF	pigs.

3.5	 |	 Left atrial cross-regional fibrosis 
difference rather than the overall level of 
fibrosis is associated with AF

Ischaemia	 resulted	 in	 significantly	 enhanced	 fibrosis	
in	 atrial	 appendages.	 However,	 in	 pigs	 with	 IHF,	 the	

overall	level	of	fibrosis	did	not	correlate	with	the	number	
of	AF	episodes	in	these	pigs,	neither	in	atrial	appendages	
(Figure 5A,D)	nor	in	the	other	regions	(Figure 5B,C,E,F).	
Since	 we	 observed	 that	 fibrosis	 was	 not	 homogenously	
distributed	across	the	atria,	we	calculated	the	fibrosis	dif-
ference	between	appendages	and	free	walls	in	both	the	left	
and	right	atriums	and	investigated	a	potential	correlation	
between	 fibrosis	 differences	 and	 AF	 episode	 numbers.	
This	 analysis	 revealed	 a	 significant	 correlation	 between	
fibrosis	 differences	 and	 AF	 episode	 numbers	 in	 the	 left	

F I G U R E  3  Quantification	of	
interstitial	fibrosis.	(A)	Representative	
images	of	Masson	trichrome-stained	tissue	
slides	in	control	and	ischaemic	heart	
failure	pigs,	quantification	of	interstitial	
fibrosis	in	(B)	left	atrial	appendage,	(C)	
left	atrial	free	wall,	(D)	left	ventricular	free	
wall,	(E)	right	atrial	appendage,	(F)	right	
atrial	free	wall	and	(G)	right	ventricular	
free	wall.	Bar	graphs	represent	the	
mean	±	SEM,	and	grey	circles	represent	
the	data	of	individual	pigs.	Unpaired	t-
tests	were	applied.	**p	<	.01.
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atrium	(r	=	.6344,	**p	<	.01,	Figure 5G),	but	not	in	the	right	
atrium	of	IHF	pigs	(Figure 5H).

4 	 | 	 DISCUSSION

Various	 animal	 models	 for	 AF	 mimicking	 different	 as-
pects	 of	 the	 disease	 exist	 and	 are	 highly	 valuable	 to	

investigate	 specific	 underlying	 mechanisms	 and	 to	 im-
prove	our	understanding	of	AF.12	From	a	clinical	perspec-
tive,	 however,	 models	 closely	 resembling	 the	 situation	
in	 patients	 are	 more	 relevant,	 as	 they	 may	 allow	 direct	
transfer	 of	 novel	 findings	 into	 clinical	 application,	 im-
proving	 patients'	 health.	 Thus,	 we	 studied	 an	 ischaemia	
model	in	pigs	as	(i)	myocardial	ischaemia	is	the	most	com-
mon	 trigger	 for	 AF	 in	 patients	 with	 an	 incidence	 of	 AF	

F I G U R E  4  Quantification	of	
myofibroblasts.	(A)	Representative	
images	of	immunofluorescence	staining	
in	control	and	ischaemic	heart	failure	
pigs;	arrowheads	indicate	myofibroblasts.	
Quantification	of	myofibroblasts	(α-SMA-
positive	cell)	in	(B)	left	atrial	appendage,	
(C)	left	atrial	free	wall,	(D)	left	ventricular	
free	wall,	(E)	right	atrial	appendage,	
(F)	right	atrial	free	wall	and	(G)	right	
ventricular	free	wall.	Bar	graphs	represent	
the	mean	±	SEM,	and	grey	circles	
represent	the	data	of	individual	pigs.	
Unpaired	t-tests	were	applied.	*p	<	.05.
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after	myocardial	infarction	of	up	to	21%1,5,13	and	(ii)	pigs	
closely	resemble	the	human	anatomy	and	(electro-)physi-
ology,	making	pigs	an	ideal	model	species	for	translational	
AF	research.8,9	Specifically,	the	model	we	used	mimics	a	
common	 clinical	 situation	 in	 patients	 with	 ST	 elevation	
myocardial	 infarction	 that	 is	 revascularized	 90	min	 after	
coronary	 occlusion,	 but	 nevertheless,	 this	 short-term	 is-
chaemia	triggers	the	development	of	IHF	with	subsequent	
proarrhythmic	 remodelling,	 resulting	 in	 enhanced	 vul-
nerability	for	AF.7,10	As	we	wanted	to	investigate	ischae-
mia-mediated	proarrhythmic	structural	remodelling,	this	
preclinical	pig	model	seemed	to	be	well	suited.

In	our	study,	we	observed	a	significant	and	similar	to	
human	heart	failure	phenotype	demonstrated	by	reduced	
ejection	fraction	and	altered	haemodynamics	of	both	the	

ventricles	(elevated	LVEDP)	and	atria	(elevated	right	atrial	
and	postcapillary	wedge	pressure,	a	surrogate	for	left	atrial	
pressure).	We	also	observed	a	significantly	increased	vul-
nerability	to	AF	in	pigs	with	IHF,	which	confirms	our	pre-
vious	findings	in	an	additional	cohort	of	pigs	and	justifies	
using	this	model	to	further	investigate	ischaemia-induced	
proarrhythmic	remodelling.7

Next,	 we	 explored	 potential	 mechanisms	 underlying	
this	 ischaemia-mediated	 AF	 susceptibility	 by	 in  vivo	
electrophysiology	 studies	 and	 histologic	 analysis	 to	 as-
sess	 electrical	 and	 structural	 remodelling	 as	 two	 of	 the	
major	hallmarks	of	AF	pathophysiology.2–4,14	Atrial	elec-
trophysiological	 properties,	 for	 example	 AERP,	 vary	 in	
different	heart	 failure	models	and	different	animal	spe-
cies.8,9	In	our	IHF	pigs,	we	found	no	significant	alterations	

F I G U R E  5  Correlation	analysis.	Correlation	of	the	number	of	atrial	fibrillation	episodes	with	(A)	left	atrial	appendage	fibrosis,	(B)	left	
atrial	free	wall	fibrosis,	(C)	left	ventricular	free	wall	fibrosis,	(D)	right	atrial	appendage	fibrosis,	(E)	right	atrial	free	wall	fibrosis,	(F)	right	
ventricular	free	wall	fibrosis,	(G)	left	atrium	fibrosis	difference	and	(H)	right	atrium	fibrosis	difference.	Dots	represent	data	of	individual	
pigs.	Pearson	correlation	coefficients	were	applied.	**p	<	.01.

 13652362, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eci.14137 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 9 of 11ZHANG et al.

in	sinus	node	function,	AV	node	conduction	or	atrial	ef-
fective	refractory	periods,	which	is	in	line	with	insignifi-
cant	atrial	conduction	alterations	observed	in	ischaemic	
canine	hearts	previously,15	suggesting	that,	30	days	after	
myocardial	 infarction,	 electrical	 remodelling	 is	 not	 the	
major	 driver	 for	 enhanced	 arrhythmogenicity	 in	 our	
model.	Myocardial	infarction	induces	necrosis	or	apopto-
sis	of	cardiomyocytes,	which	are	then	replaced	by	repar-
ative	fibrosis,	establishing	a	stabilizing	scar	in	the	infarct	
zone.	Additionally,	ischaemia	with	progressive	heart	fail-
ure	also	 triggers	profibrotic	 signalling,	 leading	 to	 inter-
stitial	fibrosis	in	other	(nonischaemic)	areas	of	the	heart	
including	the	atria.16	This	results	in	local	conduction	het-
erogeneity,	which	in	turn	favours	re-entry.2–4,14

In	our	study,	we	observed	marked	regional	differences	
in	fibrosis	distribution,	with	significantly	increased	fibro-
sis	in	atrial	appendages	rather	than	in	atrial	free	walls	and	
ventricles	in	IHF	pigs.	Myofibroblasts	have	been	demon-
strated	as	the	main	contributor	to	structural	remodelling	
after	heart	injury.11	We	observed	a	significantly	increased	
myofibroblast	 number	 in	 atrial	 appendages	 but	 not	 in	
atrial	free	walls	and	ventricles	in	IHF	pigs.	To	explore	the	
differences	 between	 IHF	 pigs	 developing	 AF	 and	 those	
without	 AF,	 we	 further	 performed	 subgroup	 analyses	
regarding	 haemodynamics,	 electrophysiological	 mea-
surements,	fibrosis	amounts	and	myofibroblast	numbers.	
However,	 we	 found	 no	 significant	 differences	 between	
groups	(data	not	shown).

Several	studies	have	demonstrated	that	atrial	append-
ages	are	an	important	source	of	AF.17	In	patients	with	AF	
recurrence	after	ablation,	the	prevalence	of	left	atrial	ap-
pendage	firing	was	27%,	with	8.7%	of	cases	being	the	only	
source	of	AF.17	The	BELIFE	study	also	showed	that	addi-
tional	electrical	left	atrial	appendage	isolation	resulted	in	
lower	AF	recurrence	rates	compared	to	extensive	ablation	
of	 the	 left	atrium	alone.18	In	sum,	these	studies	 indicate	
that	not	only	the	atria	itself	but	also	atrial	appendages	play	
an	important	role	in	AF.

To	further	investigate	whether	the	overall	degree	of	fi-
brosis	is	important,	we	evaluated	the	correlation	between	
fibrosis	 and	 the	 number	 of	 AF	 episodes	 and	 could	 not	
detect	 a	 significant	 correlation,	 indicating	 that	 the	 over-
all	level	of	fibrosis	may	not	be	the	major	determinant	of	
AF,	susceptibility	in	this	model.	Recently,	Ramos	and	col-
leagues	could	similarly	demonstrate	that	in	patients	with	
AF	 the	 absolute	 degree	 of	 fibrosis	 is	 not	 the	 key	 driver	
for	AF.19	Furthermore,	 they	could	show	that	 the	hetero-
geneous	 distribution	 of	 fibrosis	 within	 the	 right	 atrial	
appendage	does	not	correlate	with	altered	electrical	con-
duction	properties.19

As	 interstitial	 fibrosis	 has	 been	 demonstrated	 to	 es-
tablish	 local	 conduction	 heterogeneities	 leading	 to	
AF,2–4,14	we	hypothesized	that	not	only	localized	but	also	

cross-regional	 fibrosis	 heterogeneity	 contributes	 to	 AF.	
To	 address	 this,	 we	 assessed	 atrial	 cross-regional	 differ-
ences	 in	 fibrosis	 distribution	 by	 subtracting	 values	 from	
appendages	 and	 free	 walls.	 We	 could	 demonstrate	 that	
the	 left	 atrial	 fibrosis	 difference	 significantly	 correlates	
with	the	number	of	AF	episodes,	indicating	that	not	the	
overall	 level	 of	 atrial	 fibrosis	 but	 rather	 the	 left	 atrial	
cross-regional	fibrosis	difference	may	determine	the	vul-
nerability	for	AF	in	IHF.	Previous	studies	have	indicated	
that	the	gross	structure	and	myoarchitecture	between	the	
left	 atrium	 and	 the	 right	 atrium	 are	 markedly	 different,	
resulting	in	differences	in	electrical	conduction	as	well.20	
Thus,	left	and	right	atrial	remodelling	might	exert	variable	
effects	on	AF	susceptibility.	Compared	to	the	right	atrium,	
the	 left	 atrium	 has	 been	 well	 explored	 in	 most	 previous	
studies,21	and	 left	atrium	size	has	been	demonstrated	as	
the	 strongest	 independent	 predictor	 of	 new-onset	 AF	 in	
the	Framingham	study.22	However,	we	cannot	exclude	an	
important	role	of	right	atrial	remodelling	in	AF,	although	
we	did	not	find	a	correlation	between	right	atrial	fibrosis	
differences	and	AF	episode	numbers.

Our	 results	 demonstrate	 left	 atrial	 cross-regional	 fi-
brotic	differences	in	IHF	as	a	potential	mechanism	for	AF	
in	a	pig	model	for	the	first	time.	This	is	in	line	with	pre-
vious	studies	similarly	showing	 the	 importance	of	 local-
ized	fibrosis	heterogeneity	in	AF,	for	example	in	the	rapid	
ventricular	 pacing	 model	 in	 sheep	 or	 in	 the	 rapid	 atrial	
pacing	model	in	dogs.8,9	In	human	end-stage	heart	failure,	
nonuniform	patchy	fibrosis	and	long	fibrotic	strands	were	
associated	 with	 progressive	 activation	 delay,	 potentially	
leading	 to	arrhythmias	and	sudden	cardiac	death.23	 In	a	
recent	 study	 on	 patients	 with	 persistent	 AF,	 endomysial	
fibrosis	rather	than	the	overall	fibrosis	has	been	shown	to	
determine	AF	complexity.24

As	fibrosis	is	believed	to	slow	conduction	and,	for	ex-
ample	Kazbanov	et al.	recently	demonstrated	in	silico	that	
a	 larger	 degree	 of	 fibrosis	 heterogeneity	 induced	 more	
arrhythmias,25	 further	 investigation	 into	 this	 phenome-
non	 could	 involve	 visualization	 of	 electrical	 conduction	
in vivo,	for	example	by	3D	mapping.	Cardiac	MRI	can	be	
used	to	anatomically	correlate	the	voltage	mapping	with	
cardiac	fibrosis	and	provide	further	insights	into	the	un-
derlying	mechanisms.26,27	We	believe	that	a	better	under-
standing	 of	 the	 interplay	 between	 anatomy/fibrosis	 and	
electrical	conduction	will	benefit	catheter	ablation	strat-
egies	 for	 AF.	 Numerous	 studies	 indicated	 that	 the	 low	
effectiveness	of	AF	catheter	ablation	and	impaired	atrial	
function	 recovery	could	be	 linked	with	 interstitial	 fibro-
sis	across	the	atrium.28	As	pigs	share	many	anatomic	and	
physiological	 characteristics	 with	 humans,9	 pig	 models	
are	ideal	translational	models	and	can	be	used	to	investi-
gate	new	ablation	strategies	on	the	translational	road	from	
bench	to	bedside.
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Despite	 our	 findings	 linking	 left	 atrial	 cross-regional	
fibrosis	 heterogeneity	 to	 AF	 susceptibility,	 conclusions	
with	clinical	 impact	should	be	drawn	only	with	caution.	
In	 our	 pig	 model,	 AF	 episodes	 were	 short,	 self-limiting	
and	induced	by	burst	pacing,	probably	best	representing	
patients	 at	 risk	 of	 developing	 paroxysmal	 AF.	 Whether	
spontaneous	AF	occurs	 in	this	model,	 that	 is	 fully	mim-
icking	 patients	 with	 paroxysmal	 or	 persistent	 AF,	 needs	
to	be	studied,	for	example	by	implantable	loop	recorders	
in	the	future.

In	 sum,	 we	 demonstrate	 that	 increased	 AF	 suscepti-
bility	in	a	porcine	IHF	model	is	associated	with	a	hetero-
geneous	 distribution	 of	 fibrosis	 across	 left	 atrial	 regions	
rather	than	with	the	overall	level	of	fibrosis.	This	finding	
suggests	that	not	fibrosis	quantity	per	se	but	rather	its	dis-
tribution	across	the	atrium	seems	to	determine	AF	suscep-
tibility	in	IHF.	Thus,	in vivo	detection	of	atrial	fibrosis	in	
human	patients	(e.g.	by	cardiac	MRI	or	voltage	mapping)	
is	 important	 and	 may	 help	 to	 guide	 preventive	 or	 ther-
apeutic	 strategies	 (e.g.	 specific	 ablation	 of	 the	 left	 atrial	
appendage)	 in	patients	at	 risk	 to	develop	AF	or	patients	
already	suffering	from	AF,	respectively.	However,	further	
studies,	both	in	suitable	animal	models	and	in	human	pa-
tients,	are	warranted.
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