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Abstract
Introduction: QRS	fragmentation	(fQRS),	defined	as	the	presence	of	additional	spikes	
within the QRS complex, has been associated with myocardial conduction abnormali-
ties and arrhythmogenicity.
Objective: We aimed to assess whether fQRS is associated with incident ventricu-
lar	 arrhythmias	 (VA)	 in	 high-	risk	 patients	 treated	 with	 implantable	 cardioverter-	
defibrillator (ICD) for primary and secondary prevention.
Methods: In a prospective observational multicenter study, we included 495 patients 
treated with ICD. fQRS was analyzed according to previously validated criteria, by two 
physicians	blinded	for	outcome	data.	Incident	VA	were	obtained	from	ICD	recordings.
Results: ECG	recordings	interpretable	for	fQRS	were	available	in	459	patients	(93%),	
aged	66 ± 12 years	with	left	ventricular	ejection	fraction	40% ± 13%.	fQRS	was	pre-
sent	in	52	patients	(11%)	with	comparable	baseline	characteristics	to	patients	without	
fQRS,	except	higher	age,	higher	prevalence	of	coronary	artery	disease	(CAD),	lower	
prevalence of cardiomyopathy, and more frequently a secondary prevention ICD in-
dication.	Among	patients	with	native	QRS,	those	with	fQRS	had	similar	QRS	duration	
and	axis	to	those	without	fQRS.	During	3.1	± 0.7 years	follow-	up,	126	patients	(28%)	
had	≥1	VA	.	fQRS	was	associated	with	increased	risk	of	VA	(HR	3.41	[95%	CI	2.27–	
5.13],	p < .001),	which	persisted	after	adjusting	for	age,	gender,	sex,	BMI,	CAD,	heart	
failure, renal function, ICD indication, QRS duration, QRS axis, Q waves, and bundle 
branch	block.	fQRS	was	more	strongly	associated	with	VA	in	patients	with	a	primary	
(HR	6.05	[95%	CI	3.16–	11.60])	versus	secondary	 (HR	2.39	[95%	CI	1.41–	4.04])	 ICD	
indication (p-	for-	interaction	= .047).
Conclusions: fQRS	is	associated	with	threefold	increased	risk	of	VA	in	high-	risk	pa-
tients,	independent	of	established	risk	factors.
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1  |  INTRODUC TION

Sudden cardiac death (SCD) is a major global health challenge. 
Currently,	the	best-	known	predictor	of	SCD	is	either	the	presence	of	
severe	heart	failure	(HF)	or	an	episode	of	cardiac	arrest.	Hence,	guide-
lines	recommend	treatment	with	implantable	cardioverter-	defibrillator	
(ICD)	 as	 primary	 prevention	 in	 patients	with	 symptomatic	HF	 (New	
York	Heart	Association	[NYHA]	classification	II-	III)	and	left	ventricular	
ejection	fraction	(LVEF)	≤35%	(Priori	et	al.,	2015). Patients with docu-
mented	ventricular	fibrillation	(VF)	or	sustained	ventricular	tachycardia	
(VT) with hemodynamic consequence are also recommended for treat-
ment with ICD (secondary prevention; Priori et al., 2015).	However,	
several studies have found this approach to poorly discriminate pa-
tients	at	high	risk	of	SCD	(Buxton,	2003; Pascale et al., 2009).

Ventricular	 arrhythmias	 (VA)	 account	 for	 the	 majority	 of	 SCD	
cases	with	coronary	artery	disease	(CAD)	as	the	most	frequent	eti-
ology (Koplan & Stevenson, 2009; Zipes & Wellens, 1998).	However,	
the total burden of less common underlying conditions and arrhyth-
mogenic	mechanisms	make	 the	 prediction	 of	VA	 challenging.	 This	
underlines	 the	need	 for	 strategies	 to	 identify	patients	 at	high	 risk	
of	VA	and	SCD.	Some	electrocardiography	 (ECG)	parameters	have	
been	associated	with	risk	of	VA,	but	the	results	are	diverging.

The QRS complex represents ventricular depolarization, and dis-
turbances in the depolarization may cause arrhythmias. QRS frag-
mentation (fQRS) is a morphological change in the QRS complex and 
is recognized as additional fractionation or notches within the QRS 
complex. Presence of fQRS suggests disturbed cardiac depolariza-
tion	 due	 to	 myocardial	 conduction	 abnormality	 caused	 by	 a	 non-	
uniform ventricular activation usually due to myocardial scarring (Das 
et al., 2006).	fQRS	has	been	identified	as	predictor	of	VA	in	patients	
with Brugada syndrome (Morita et al., 2008)	and	in	patients	with	CAD	
and dilated cardiomyopathy (Das et al., 2010; Ratheendran et al., 2020). 
Accordingly,	in	the	current	study	we	aimed	to	determine	whether	fQRS	
is	associated	with	risk	of	VA	in	a	heterogeneous	population	with	ICD.	
We	hypothesized	that	the	presence	of	fQRS	in	a	standard	12-	lead	ECG	
is	independently	associated	with	risk	of	VA	in	patients	treated	with	ICD.

2  |  METHODS

2.1  |  Study design and study population

The	 SMASH	 1	 Study	 (Scandinavian	 Multicenter	 study	 to	 Advance	
risk	 Stratification	 in	 Heart	 disease—	ventricular	 arrhythmias;	
NCT#02864771)	 is	 a	 multicenter,	 observational,	 prospective	 study	

aiming	to	help	identify	predictors	of	VA	in	patients	treated	with	ICD.	
Eligible patients were consecutively included during their regular 
outpatient	 follow-	up	visits	 for	 ICD	control	between	May	2016	and	
March	2018	at	Akershus	University	Hospital	or	Stavanger	University	
Hospital	in	Norway.	All	patients	treated	with	ICD,	aged	≥18 years,	were	
eligible for enrollment. Inclusion and exclusion criteria are presented 
in Figure 1.	All	patients	provided	informed	written	consent,	and	the	
study was approved by the Regional Ethics Committee (2015/2080) 
and the local Data Protection Officers at the institutions.

At	the	baseline	visit,	patients	underwent	a	standardized	interview	
to obtain information regarding medical history, symptoms, and med-
ication	 use.	 Diabetes	mellitus	 (DM),	 HF,	 cardiomyopathy,	 and	 CAD	
were defined by review of medical records and patient interviews. 
Measurements of heart rate and blood pressure (three measurements, 
where	the	average	of	the	2nd	and	3rd	measurement	was	used)	were	
performed	after	5-	min	rest.	Standard	10-	s	12-	lead	ECG	recording	was	
obtained	upon	inclusion	using	Mortara	350/380	(filter	150 Hz,	AC	fil-
ter	50 Hz,	50 mm/s,	10 mm/mV)	or	Schiller	AT-	110	 (filter	150 Hz,	AC	
Filter	50 Hz,	50 mm/s,	10 mm/mv).	Blood	samples	were	collected	by	
venipuncture and analyzed by the core laboratory at each hospital.

2.2  |  Outcome measures

The	primary	outcome	of	the	SMASH	1	Study	was	defined	a	priori	as	
episodes	of	ventricular	fibrillation	(VF)	or	ventricular	tachycardia	(VT)	
that were sustained (>100 beats per minute >30 s)	or	resulting	in	ap-
propriately	delivered	ICD	therapy	(electrical	shock	or	anti-	tachycardia	
pacing	 [ATP]).	 Secondary	 outcome	was	 defined	 as	 death	 from	 any	
cause.	 Arrhythmic	 events	 were	 obtained	 from	 ICD	 interrogations	
and/or	hospital	 records	during	 follow-	up	and	 include	 ICD-	recorded	
(monitored and treated events) and clinically recorded events (includ-
ing sustained VT episodes outside programmed monitor/treatment 
zones) and were conducted by experienced cardiac electrophysiolo-
gists. Study investigators reviewed the ICD recordings and reports in 
the electronic healthcare record and performed validation to ensure 
that only real events and appropriate ICD therapies were included 
as	 outcomes	 in	 this	 analysis.	 Adjudicators	 did	 not	 have	 knowledge	
of fQRS in the baseline ECG. In a sensitivity analysis accounting for 
death	as	a	competing	risk,	we	combined	incident	VA	or	appropriate	
ICD	therapy	with	all-	cause	death.	Clinical	events	were	recorded	by	re-
ports in the electronic healthcare records and by obtaining data from 
the	Norwegian	Cause	of	Death	Registry	(follow-	up	until	01.09.2020).

2.3  |  ECG criteria for fQRS

Adjudication	 of	 fQRS	 on	 ECG	was	 based	 on	 the	 following	 criteria	
as defined by Das et al. (2006), Das et al. (2008), Das et al. (2010): 
fQRS	was	defined	as	the	presence	of	an	additional	R	wave	(R′),	the	

K E Y W O R D S
cardiac	arrest,	implantable	cardioverter-	defibrillator,	QRS	fragmentation,	risk	prediction,	
ventricular arrhythmia
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presence of >1	R′	 (fragmentation)	or	notching	 in	 the	downslope	of	
the S wave (Figure 2a).	For	ECGs	with	wide	QRS	complexes	(>120 ms),	
including	bundle	 branch	block	 (BBB),	 fQRS	was	defined	 as	 various	
RSR′	patterns,	with	>2 R waves or >2 notches in the R wave or S wave 
(Figure 2b). In case of paced QRS, fQRS was defined as the presence 
of >2	R′	or	>2 notches in the S waves. fQRS was only classified if 
observed in two contiguous leads: Lateral leads (I, aVL, and V6) cor-
responding	to	left	circumflex	artery	territory,	anterior	leads	(V1–	V5)	
corresponding to the left anterior descending artery territory or infe-
rior	leads	(II,	III,	and	aVF)	corresponding	to	right	coronary	artery	ter-
ritory (Das et al., 2006). Patients with incomplete right bundle branch 
block	(iRBBB)	were	excluded,	as	there	is	risk	of	over-	interpretation	of	
fQRS in these ECGs (Das et al., 2006; Das et al., 2008).

Two independent experienced physicians evaluated all ECGs 
blinded to outcome and adjudicated the presence of fQRS. If the 

two reviewers disagreed on the adjudication, this was solved by con-
sensus, involving a third adjudicator if needed.

2.4  |  Statistical analysis

Baseline	 characteristics	 are	 expressed	 as	 N	 (%)	 for	 categorical	
variables,	 median	 [Q1,	 Q3]	 for	 skewed	 continuous	 variables,	 and	
mean ± SD	 for	 normally	 distributed	 continuous	 variables.	 Patients	
with and without fQRS in baseline ECG were compared using 
ANOVA	or	 t-	test	 for	 continuous	 variables	 and	Chi-	square	 test	 for	
categorical variables. To assess independent predictors of fQRS, we 
performed a multivariable logistic regression analysis with fQRS as 
the	dependent	variable	and	age,	sex,	body	mass	index	(BMI),	CAD,	
HF,	estimated	glomerular	filtration	rate	 (eGFR),	and	ICD	indication	

F I G U R E  1 Flow	diagram	of	the	SMASH	1	Study
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as independent variables. In patients with native QRS (without 
ventricular PM rhythm) on the baseline ECG, we performed an ex-
tended multivariable regression analysis also including baseline ECG 
parameters: QRS duration, QRS axis, presence of Q wave, and BBB. 
We examined the association between the presence of fQRS on 
baseline ECG and time to the first event of incident ventricular ar-
rhythmias using Cox proportional hazards regression analyses. The 
models were adjusted for a priori determined covariates based on 
established	risk	factors	for	VA	and	used	 in	three	separate	models:	
Model 1 was adjusted for age, sex, and BMI, and Model 2 was addi-
tionally	adjusted	for	CAD,	HF,	eGFR,	and	ICD	indication.	In	Model	3,	

we additionally adjusted for QRS duration, QRS axis, presence of Q 
wave, and BBB in patients with native QRS on ECG. Sensitivity, spec-
ificity,	and	likelihood	ratios	were	calculated	for	the	ability	of	fQRS	to	
predict	VA.	Kaplan–	Meier	plots	were	used	to	visualize	the	propor-
tion of patients with events over time. Stata software (version 16, 
Statacorp.)	was	used	to	perform	all	analyses.	For	all	statistical	tests,	
p-	value	of	less	than	0.05	was	considered	significant.

3  |  RESULTS

3.1  |  Baseline characteristics

Of	495	patients	enrolled	in	the	SMASH	1	Study,	36	(7%)	patients	were	
excluded	from	the	current	analysis	due	to	missing	baseline	ECG,	low-	
quality ECG recordings, and the presence of iRBBB (Figure 1). The 459 
patients	 included	 in	 this	 analysis	 were	 aged	 66 ± 12 years,	 8%	were	
male,	and	BMI	was	28 ± 5	kg/m2 (Table 1).	Moreover,	20%	had	DM	and	
64%	had	established	CAD,	including	57%	of	the	total	population	having	
a prior myocardial infarction (MI). In total, 12 patients had underlying 
arrhythmogenic right ventricular cardiomyopathy, 12 patients had hy-
pertrophic cardiomyopathy, and 6 patients had channelopathy. Mean 
LVEF	was	40% ± 13%	in	the	total	study	cohort	with	LVEF	38% ± 13%	
in	patients	with	primary	ICD	indication.	In	total,	81%	of	the	population	
reported	a	diagnosis	of	HF	and	11%	were	classified	in	NYHA	functional	
class	3	or	4.	The	indication	for	ICD	was	primary	prevention	in	51%	of	

F I G U R E  2 Example	of	fragmented	QRS	in	a	patient	with	narrow	
QRS	(panel	a)	and	wide	QRS	(panel	b),	with	paper	speed	50 mm/s.	
(a) Patient with QRS fragmentation in narrow QRS in both lateral 
and inferior wall (i.e., additional R wave). (b) Patient with QRS 
fragmentation in wide QRS in lateral wall (i.e., >2 notches in R 
waves) and also in inferior wall to some extent (i.e., >2 notches in S 
waves).

TA B L E  1 Baseline	characteristics	of	the	study	population

Age 66.1 ± 12.0

Sex (male) 378	(82.5%)

Body	mass	index,	kg/m2 27.8 ± 4.7

Systolic	blood	pressure,	mm	Hg 126 ± 21

Diabetes mellitus 91	(19.8%)

Estimated	glomerular	filtration	rate,	ml/min/1.73 m2 74 ± 23.4

Coronary artery disease 291	(64.4%)

History	of	acute	myocardial	infarction 260	(57.0%)

History	of	heart	failure 370	(80.8%)

Left	ventricular	ejection	fraction,	% 40 ± 13

New	York	Heart	Association	class	III-	IV 49	(10.7%)

Cardiomyopathy 30	(6.6%)

Previous ventricular arrhythmiasa 257	(56.2%)

History	of	atrial	fibrillation 188	(41.2%)

ICD indication (secondary) 223	(48.6%)

Baseline ECG Parametersb

Bundle	branch	block 80	(23.8%)

QRS duration (ms) 106	[94,	126]

QRS axis (degrees) 7	[−24,	38]

QTc duration (ms) 433 ± 34

Note:	Data	is	shown	as	n	(%),	mean ± SD	or	median	[Q1,	Q3].
aIncluding episodes registered before ICD implantation.
bIn patients with native QRS on baseline ECG (n =	336).
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the	 population,	 27%	 had	CRT-	D,	 and	 the	 time	 from	 implantation	 to	
study	inclusion	in	the	SMASH	1	Study	was	5.0 ± 6.7 years.

3.2  |  Predictors of fQRS

In	the	baseline	ECG,	217	(47%)	patients	had	narrow	QRS,	119	(26%)	
had	wide	QRS,	 and	123	 (27%)	had	paced	QRS,	 among	whom	100	
(81%)	 had	 biventricular	 pacing.	 fQRS	 was	 present	 in	 52	 patients	
(11%),	 and	of	 these	35	 (67%)	had	narrow	QRS,	10	 (19%)	had	wide	
QRS,	and	7	 (13%)	had	paced	QRS.	The	adjudicators	agreed	on	the	
ECG	interpretation	of	fQRS	in	99%	of	the	cases.	Patients	with	fQRS	
were	older	(69 ± 11	vs	66 ± 12 years,	p = .04), had higher prevalence 
of	 CAD	 (86%	 vs	 62%,	p < .001),	 and	were	more	 likely	 to	 have	 es-
tablished	CAD	 (86%	vs	62%,	p < .001)	 than	patients	without	 fQRS	
(Table 2). Patients with fQRS had more frequently ICD implantation 
for	secondary	prevention	(65%	vs.	46%,	p = .01) and more frequently 
experienced	an	episode	of	VT	or	VF	prior	to	study	enrollment	(83%	
vs.	53%,	p < .001).	Other	baseline	characteristics,	like	gender,	preva-
lence	of	HF,	and	LVEF,	were	comparable	between	patients	with	fQRS	
and	without	fQRS.	Among	patients	with	native	QRS	(n =	336),	there	
were no significant differences in measurements of established ECG 
parameters between patients with versus without fQRS, including 
QRS duration, QRS axis, QTc, prevalence of BBB, and heart rate.

In a multivariable prediction model with all patients, history of 
CAD	 and	 a	 secondary	 prevention	 ICD	 indication	 remained	 inde-
pendently associated with the presence of fQRS (Table S1).

3.3  |  fQRS in association with incident ventricular 
arrhythmias and appropriate ICD therapy

During	a	mean	follow-	up	of	3.1 ± 0.7 years,	126	patients	(28%)	had	at	
least	one	registered	episode	of	VA,	 including	115	patients	with	sus-
tained	VT,	 40	with	VF,	 and	 110	with	 appropriate	 ICD	 therapy.	 The	
presence	of	fQRS	in	the	baseline	ECG	was	associated	with	a	higher	risk	
of	time	to	the	first	event	of	incident	VA	or	appropriate	ICD	therapy:	
HR	3.41	(95%	CI	2.27–	5.13),	p < .001	(Table 3, Figure 3). fQRS remained 
associated with the primary endpoint after adjusting for age, sex, and 
BMI	(Model	1;	HR	3.28	[95%	CI	2.18–	4.94],	p < .001)	and	after	addi-
tionally	 adjusting	 for	CAD,	HF,	 eGFR,	 and	 ICD	 indication	 (Model	 2;	
HR	2.60	[95%	CI	1.69–	4.01],	p < .001).	fQRS	also	remained	associated	
with the primary endpoint after additionally adjusting for established 
ECG parameters in patients with native QRS, including QRS duration, 
QRS	axis,	presence	of	Q	wave,	and	BBB	on	baseline	ECG	(Model	3;	
HR	2.79	[95%	CI	1.71–	4.54],	p < .001).	The	association	between	fQRS	
and the primary endpoint was consistent between the two study 
sites	 (HR	3.37	 [95%	CI	1.98–	5.73]	and	HR	3.63	 [95%	CI	1.89–	6.98],	

fQRS not present 
n = 407

fQRS present 
n = 52 p- value

Age 65.7 ± 12.1 69.3 ± 11.4 .04

Sex (female) 73	(17.9%) 7	(13.7%) .46

Body	mass	index,	kg/m2 27.8 ± 4.7 27.9 ± 4.9 .82

Systolic	blood	pressure,	mmHg 125 ± 20 127 ± 22 .50

Diabetes mellitus 80	(19.7%) 11	(21.2%) .80

Estimated glomerular filtration rate, ml/
min/1.73m2

74 ± 23 71 ± 25 .42

Coronary artery disease 247	(61.6%) 44	(86.3%) <.001

History	of	acute	myocardial	infarction 218	(54.0%) 42	(80.8%) <.001

History	of	heart	failure 325	(80.0%) 45	(86.5%) .26

History	of	atrial	fibrillation 162	(40.1%) 26	(50.0%) .17

Left	ventricular	ejection	fraction,	% 41 ± 13 38 ± 12 .21

New	York	Heart	Association	class	III-	IV 44	(10.8%) 5	(9.6%) .79

Cardiomyopathy 30	(7.4%) 0	(0.0%) .04

Previous ventricular arrhythmiasa 214	(52.8%) 43	(82.7%) <.001

ICD indication (secondary) 189	(46.4%) 34	(65.4%) .01

Baseline ECG Parametersb

Bundle	branch	block 72	(24.7%) 8	(17.8%) .31

QRS duration (ms) 106	[94,	130] 112	[100,	118] .70

QRS axis (degrees) 7	[−24,	38] 12.0	[−21,	44] .59

QTc duration (ms) 432 ± 35 433 ± 28 .91

Note:	Data	is	shown	as	n	(%)	or	mean ± SD.
aIncluding episodes registered before ICD implantation.
bIn patients with native QRS on baseline ECG (n =	336).

TA B L E  2 Baseline	characteristics	of	
patients with and without fQRS
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p-	for-	interaction	=	.93;	Table	S2). The association between fQRS and 
the primary endpoint was independent of the presence of BBB on base-
line ECG (among patients with native QRS, p-	for-	interaction	= .76). The 
presence	of	fQRS	had	specificity	94%	and	sensitivity	25%	with	a	posi-
tive	likelihood	ratio	of	4.2	for	incident	VA	or	appropriate	ICD	therapy.

In	a	sensitivity	analysis	including	all-	cause	death	(N = 68) in a com-
bined	outcome	with	incident	VA	or	appropriate	ICD	therapy,	fQRS	was	
associated	with	the	risk	of	incident	VA	or	death:	HR	2.65	[95%	CI	1.82–	
3.87],	p < .001,	and	this	persisted	in	the	adjusted	models.

3.4  |  fQRS and outcome according to 
ICD indication

fQRS was associated with the primary endpoint irrespective of ICD 
indication, but there was a stronger association among patients with 
a primary prevention ICD indication than patients with a second-
ary	prevention	ICD	indication	(HR	6.05	[95%	CI	3.16–	11.60]	versus	
HR	2.39,	[95%	CI	1.41–	4.04],	respectively,	p-	for-	interaction	= .047). 
Among	patients	with	a	primary	ICD	indication,	the	presence	of	fQRS	
was	associated	with	established	CAD	(p = .048) andprior MI (p = .02). 
fQRS and pathological Q waves were the only variables associated 
with the primary endpoint in multivariable models in these patients 
(Table S3). The association between fQRS and the primary endpoint 
in primary prevention was not modified by the presence or absence 
of	CAD	(p-	for-	interaction	0.39):	HR	4.78	[95%	CI	2.33–	9.84],	p < .001	
and	HR	8.63	[95%	CI	1.85–	40.3],	p = .006, respectively.

3.5  |  fQRS in association with ventricular 
tachycardia and ventricular fibrillation

When assessing the association between fQRS and components of 
the primary endpoint, we found an association between fQRS and 
incident	VT	(HR	3.04	[95%	CI	1.96–	4.71],	p < .001),	which	persisted	
in	the	adjusted	Model	3	(p =	 .003).	fQRS	was	also	associated	with	

incident	VF	(HR	2.56,	[95%	CI	1.18–	5.57],	p = .02), which persisted 
after adjustments (p =	.03).	Among	patients	with	incident	VT	or	VF,	
88%	were	appropriately	 treated	with	ATP	or	DC	shock,	and	 fQRS	
also	 predicted	 appropriate	 ICD	 therapy:	 HR	 3.56,	 [95%	 CI	 2.31–	
5.48],	p < .001),	which	persisted	after	adjustments	(p < .001).

In patients with primary ICD indication, fQRS was strongly as-
sociated	with	 incident	VT	 (HR	4.79	 [95%	CI	 2.30–	9.98],	p < .001)	
and	VF	 (HR	6.85	[95%	CI	2.18–	21.53],	p = .001), and these asso-
ciations	 persisted	 in	 the	 adjusted	 Model	 3	 (p < .001	 for	 VT	 and	
p =	.004	for	VF).

4  |  DISCUSSION

In this study, we found a strong and independent association be-
tween	the	presence	of	fQRS	and	incident	VA	and	appropriate	ICD	
therapy.	Patients	with	fQRS	had	a	threefold	increased	risk	for	devel-
oping	VA	irrespective	of	established	risk	factors	and	ECG	parame-
ters. These results suggest that interpreting ECGs for fragmentation 
of	the	QRS	complex	may	improve	risk	stratification	for	SCD.

4.1  |  Pathophysiology reflected by QRS 
fragmentation

In our study of unselected patients treated with ICD, fQRS was 
present	 in	 11%,	 which	 is	 lower	 than	 in	 previous	 populations	 by	
Das:	 23%	 in	 patients	with	 ischemic	 and	nonischemic	 cardiomyo-
pathy, excluding patients with paced rhythm and inherited chan-
nelopathies (Das et al., 2010)	and	35%	in	patients	with	CAD	(Das	
et al., 2006).	As	these	populations	were	selected	for	by	the	etiol-
ogy	of	the	cardiomyopathy	or	by	the	presence	of	CAD,	this	is	not	
surprising and highlights the additional value provided by our study 
of	 non-	selected	patients	with	 ICD.	The	presence	of	 fQRS	 in	 our	
study	was	associated	with	established	CAD,	prior	MI	and	a	primary	
indication for ICD. There were limited associations to demograph-
ics and other comorbidities. The underlying mechanism causing 
the QRS complex to fragment is not completely understood. Early 
studies	have	 focused	on	 fQRS	as	a	marker	of	myocardial	 scar.	 In	
agreement with our findings, Das et al. reported that fQRS rep-
resents myocardial scar, as indicated by regional perfusion abnor-
malities detected by nuclear stress test (Das et al., 2006). fQRS 
was superior to Q waves in detecting myocardial scars with sig-
nificantly	higher	sensitivity	and	negative	predictive	value:	86%	and	
93%,	respectively,	for	fQRS	and	36%	and	71%,	respectively,	for	Q	
waves. Ratheendran et al. also reported an association between 
fQRS and myocardial scar in patients with hypertrophic cardiomy-
opathy	 (HCM;	Ratheendran	et	al.,	2020). They reported a higher 
incidence of delayed gadolinium enhancement on cardiac magnetic 
resonance imaging (CMR), indicating the presence of myocardial 
scar, in patients with fQRS compared with patients without fQRS 
(85%	vs.	10%,	respectively).	The	presence	of	fQRS	had	an	85%	sen-
sitivity	and	90%	specificity	in	detecting	myocardial	scar	on	CMR.

F I G U R E  3 Survival	analysis	of	time	to	ventricular	arrhythmia	
and appropriate ICD therapy in patients with and without QRS 
fragmentation present in the baseline ECG
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The criteria for fQRS are different for patients with narrow and 
wide QRS. Both increased QRS duration and presence of fQRS rep-
resent a conduction delay and a depolarization abnormality in the 
left ventricle. Interestingly, we found no association between pres-
ence of fQRS and QRS duration or axis among patients with native 
QRS, suggesting that this phenomenon is independent of other elec-
trophysiological	measures	of	ventricular	depolarization.	Hence,	the	
exact	pathophysiology	behind	fQRS	remains	unknown	and	is	an	area	
for future studies to investigate.

4.2  |  QRS fragmentation as a predictor for 
ventricular arrhythmias

There	is	an	unmet	need	to	identify	patients	at	risk	of	SCD.	The	cur-
rent patient selection for treatment with ICD has major limitations 
and	 suffers	 from	 both	 poor	 sensitivity	 and	 specificity.	 Novel	 ap-
proaches	to	identify	patients	at	risk	are	typically	complicated	and	in-
volve	advanced	imaging	and	deep	phenotyping	(de	Haan	et	al.,	2011; 
Lee Daniel & Goldberger, 2013). In this study, we found fQRS, which 
is	 an	easily	 available	parameter	 from	standard	12-	lead	ECG,	 to	be	
associated	with	a	threefold	 increased	risk	of	VA,	with	a	specificity	
of	 94%.	 In	 agreement	with	 previous	 studies	 (Igarashi	 et	 al.,	2017; 
Kucharz	&	Kułakowski,	2020; Ozcan et al., 2014), fQRS was supe-
rior	to,	and	independent	of,	established	clinical	risk	factors	and	ECG	
parameters	with	respect	to	VA.	Our	results,	however,	demonstrate	
a	stronger	association	between	fQRS	and	VA,	which	may	relate	to	
our	sample	size	being	larger	and	more	heterogeneous.	Furthermore,	
our outcome measure was specific for ventricular arrhythmias, as 
opposed to broader composite endpoints used in other studies 
(Engstrom et al., 2022).

In our study, fQRS was significantly associated with both in-
cident	VT	 and	VF	 separately,	 although	 the	number	 of	 events	was	
lower	and	confidence	intervals	wider	for	VF.	Importantly,	the	associ-
ation	between	fQRS	and	VA	was	independent	of	QRS	duration	and	
the presence of BBB, which may suggest that the arrhythmogenicity 
reflected by fQRS is a result of heterogeneous ventricular depolar-
ization rather than a conduction delay per se.

The incidence of sudden death has declined in heart failure with 
reduced	 ejection	 fraction	 (HFrEF)	 as	 a	 result	 from	 the	 cumulative	
benefit	of	evidence-	based	treatment	(Shen	et	al.,	2017). The effect 
of ICD treatment as primary prevention in patients with nonischemic 
HFrEF	was	 investigated	 in	 the	Danish	 trial	 (Køber	 et	 al.,	2016). In 
this trial, ICD therapy was not superior to usual clinical care with 
respect	 to	 long-	term	rate	of	all-	cause	death,	although	there	was	a	
reduction in SCD. This demonstrates the importance of developing 
better	 risk	 stratification	 tools	 in	 patients	 considered	 for	 primary	
prevention	ICD.	A	previous	study	of	patients	with	primary	preven-
tion ICD indication did not find an association between fQRS and 
risk	 of	 either	 all-	cause	mortality	 or	 arrhythmic	mortality	 (Cheema	
et al., 2010).	However,	this	study	did	not	investigate	the	association	
with	incident	VT	or	VF.	In	our	study,	fQRS	was	strongly	predictive	
of	VA	in	patients	with	a	primary	prevention	indication	for	ICD,	and	

this association was stronger than among secondary prevention pa-
tients.	Moreover,	the	association	between	fQRS	and	VA	in	primary	
prevention	was	irrespective	of	the	presence	of	CAD,	suggesting	that	
in	nonischemic	HFrEF,	where	the	effect	of	ICD	therapy	is	more	un-
certain, there may be a role for fQRS in identifying patients with 
increased	risk	of	cardiac	arrest	(Maheshwari	et	al.,	2013).

4.3  |  Strengths

This	was	a	large,	investigator-	initiated	multicenter	study	with	long	
follow-	up.	The	main	finding	of	the	study	was	consistent	across	the	
study sites. Reporting SCD and whether it is caused by malignant 
VA	can	be	challenging	and	inaccurate.	Several	studies	have	defined	
SCD	 according	 to	 guidelines	 as	 a	 sudden,	 unexpected,	 and	 non-	
traumatic death of healthy individuals occurring within one hour 
after onset of symptoms (Priori et al., 2015; Zipes et al., 2006). If it 
is unwitnessed, it is still defined as SCD if the individual was healthy 
24 h	before	 the	death	occurred	 (Priori	 et	 al.,	2015). In our study, 
we	have	more	accurate	definitions	of	VA	beyond	clinical	observa-
tions, as our arhythmical events are actual events documented and 
interrogated	by	experienced	cardiac	electrophysiologists.	As	 ICD	
treatment	prevents	SCD	caused	by	VA	(Bardy	et	al.,	2005; Buxton 
et al., 1999), we believe the association between fQRS and incident 
VA	in	our	study	is	likely	to	translate	to	an	association	between	fQRS	
and	SCD.	This	 is	 supported	by	 the	 fact	 that	88%	of	 the	patients	
with	VA	also	were	treated	with	ATP	or	DC	shock	as	programmed	in	
the ICD algorithms.

4.4  |  Limitations

We	included	patients	treated	with	ICD,	who	are	a	high-	risk	popula-
tion	 for	VA.	Our	 results	 can,	 therefore,	 not	 directly	 be	 applied	 to	
other patient populations or the general population who are at much 
lower	risk.	We	had	an	uneven	distribution	of	sex	across	our	cohort	
with	83%	males,	 although	 this	 typically	 represents	 the	population	
with ICD. ECGs were obtained upon study enrollment, which was 
mean	5.0 ± 6.7 years	after	 ICD	 implantation.	Our	patients	were	 in-
cluded at two centers, and all ECGs were analyzed by two independ-
ent	adjudicators	with	the	risk	of	observer	bias;	however,	there	was	
99%	agreement	 in	 the	adjudication	of	 fQRS.	ECG	recordings	were	
done	at	paper	speed	50 mm/s,	as	opposed	to	standard	25 mm/s,	due	
to	local	routines.	We	excluded	19	(4%)	patients	because	of	missing,	
or	non-	interpretable	ECG	due	to	artifacts.	However,	this	exclusion	
was	 random	and	not	 likely	 to	 influence	our	 results.	 ICD	program-
ming was not standardized and may thus infer some variations in the 
sensitivity	 of	VT	detections.	However,	 physicians	were	blinded	 to	
the	fQRS	status	and	any	variations	are	not	likely	to	bias	the	results.	
Patients	who	died	 from	an	unknown	cause	and	who	did	not	have	
their	ICD	interrogated	post-	mortem	could	potentially	have	died	from	
VA.	However,	we	demonstrate	similar	results	when	adding	all-	cause	
death to the primary outcome measure.
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5  |  CONCLUSIONS

fQRS is a highly feasible and easily available tool that can aid in as-
sessing	 the	 risk	 for	 subsequent	 VA.	Our	 study	 demonstrates	 that	
the presence of fQRS in ECG is associated with a threefold higher 
risk	of	developing	VA,	beyond	established	risk	factors.	The	associa-
tion appeared strongest in patients with a primary prevention ICD 
indication	where	there	is	an	unmet	need	for	novel	risk	assessment	
tools.	Evaluating	fQRS	may	prove	to	become	such	a	tool.	Automated	
detection of fQRS as a part of the computer algorithm interpretation 
of	ECG,	to	reduce	the	risk	of	misinterpreting	normal	variant	such	as	
iRBBB, is a potential way forward. This could aid clinicians in detect-
ing	 fQRS	easily	and	potentially	 support	decision-	making	 regarding	
ICD	implantation	in	high-	risk	patients.
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