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Electrocardiographic abnormalities in patients with cardiomyopathies
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Abstract

Abnormalities in impulse generation and transmission are among the first signs of cardiac remodeling in cardiomyopathies.
Accordingly, 12-lead electrocardiogram (ECG) of patients with cardiomyopathies may show multiple abnormalities. Some
findings are suggestive of specific disorders, such as the discrepancy between QRS voltages and left ventricular (LV) mass
for cardiac amyloidosis or the inverted T waves in the right precordial leads for arrhythmogenic cardiomyopathy. Other
findings are less sensitive and/or specific, but may orient toward a specific diagnosis in a patient with a specific phenotype,
such as an increased LV wall thickness or a dilated LV. A “cardiomyopathy-oriented” mindset to ECG reading is important
to detect the possible signs of an underlying cardiomyopathy and to interpret correctly the meaning of these alterations,

which differs in patients with cardiomyopathies or other conditions.
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Introduction

Abnormalities in impulse generation and transmission
are among the first signs of cardiac remodeling in cardio-
myopathies. These abnormalities manifest as changes on
the 12-lead electrocardiogram (ECG). The ECG may be a
source of red flags for diagnosis, may help to define the
disease stage and predict patient outcomes, and sometimes
even suggest specific genetic backgrounds. Herein, we will
provide an overview of the ECG findings in patients with
cardiomyopathies and their clinical significance. We will
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focus on ECG findings in adult patients, as cardiomyopa-
thies in children would require a dedicated paper. The fol-
lowing “cardiomyopathy-oriented” approach to ECG will
refer to specific diseases more than the large nosographic
categories proposed by new Guidelines [1]. Most notably,
the non-dilated left ventricular (LV) cardiomyopathy will not
be considered as a clinical entity, to better characterize its
various manifestations (e.g., laminopathies, neuromuscular
disease, and sarcoidosis). Furthermore, LV non-compaction
(LVNC) will be still regarded as a specific disorder rather
than as a “hypertrabeculated” phenotype associated with
other forms of cardiomyopathy, as recently proposed [1].
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P wave and PR interval
P wave abnormalities

Structural atrial disease may alter P wave duration or
morphology. Patients with hypertrophic cardiomyopathy
(HCM) have longer P wave duration (92% of cases) and
greater P wave dispersion than healthy subjects [2]. P wave
duration was associated with a more severe HCM pheno-
type and left atrial (LA) electromechanical delay, while
P wave dispersion with a more severe diastolic dysfunc-
tion and mitral regurgitation [2]. Among patients with
dilated cardiomyopathy (DCM), 72% had signs of LA
enlargement and 15% of right atrial (RA) enlargement [3].

Long PR interval and atrioventricular blocks

Expansion of extracellular spaces or the accumulation of
intracellular material may lead to a prolongation of PR
interval and atrioventricular (AV) blocks.

In cardiac amyloidosis (CA), the ECG can show first-
(21%), second-, or third-degree AV block (3%) [4]. The
incidence of symptomatic AV block is higher in amyloid
transthyretin (ATTR)—than light-chain (AL) CA (first-
degree AV block was present in 18% of those with AL-CA,
but up to 33% of those with ATTRwt-CA and 25% for
ATTRYyv [5], possibly because these patients are older and
have a greater amyloid burden and longer survival.

The cardiac phenotype of neuromuscular diseases is
highly variable. Cardiac involvement is found in 80%
of patients with myotonic dystrophy (DM) type 1 and
10-20% of patients with DM type 2. Furthermore, up
to 20% of patients with DM type 1 develop progres-
sive AV or intraventricular conduction defects and ven-
tricular or supraventricular arrhythmias [6]. Conduction
defects in DM type 2 are usually limited to first-degree
AV or bundle branch block (BBB), but life-threatening
arrhythmias and sudden cardiac death (SCD) have been
reported [7]. Conduction defects ranging from sinus
bradycardia, prolongation of the PR interval, to com-
plete heart block can also be detected in Emery-Dreifuss
cardiomyopathy [8].

Laminopathies are caused by LMNA gene mutations. Up
to 92% of patients > 30 years have arrhythmias, including
ventricular ectopic beats, non-sustained ventricular tachycar-
dia, and first-degree AV block (which may progress to more
advanced AV blocks) [9]. AV block is due to fibrosis in the
AV node. Even asymptomatic mutation carriers with pre-
served or only mildly decreased LV contractility or patients
with minor conduction defects have a high risk of SCD [10].

In cardiac sarcoidosis (CS), AV blocks may develop
because of granulomas affecting the conduction system;
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in a prospective study on middle-aged patients with
unexplained AV block, 34% had CS [11]. Iron chelating
therapy has substantially reduced the risk of AV blocks
in patients with hemochromatosis [12]. First-degree and
advanced AV block are found in 3-25% of patients with
LVNC) [13].

Short PR interval

A PR interval < 120 ms may denote accelerated conduction
through the AV node or accessory pathways. Disease pro-
gression may lead to the development of AV blocks.

Anderson-Fabry disease (AFD) is characterized by gly-
cosphingolipid accumulation increasing conduction velocity.
AFD should be suspected in patients with LV hypertrophy
(LVH) and a short PR interval. Similarly, a short PR inter-
val, prolonged QRS duration, right BBB (RBBB), R in
aVL>1.1 mV, and ST depression in the inferior leads may
help differentiate AFD from HCM [14]. Progressive gly-
cosphingolipid deposition can ultimately lead to AV blocks.
First-degree AV block disappearance following enzyme
replacement therapy (ERT) was reported [15].

Several studies reported abnormalities within the AV
node and His bundle in glycogen storage disorders, includ-
ing the presence of fasciculoventricular pathways possibly
due to disruption of the physiological conduction because of
glycogen-filled myocytes [16]. Danon disease is due to defi-
cient lysosome-associated membrane protein 2. A pattern
of ventricular pre-excitation is found in over 70% of cases.
These patients have also a high risk of atrial and ventricular
arrhythmias and SCD even at a young age [17]. Pompe
disease is an autosomal recessive disease caused by a defi-
ciency in the lysosomal enzyme alpha-1, 4 glucosidase. LVH
is found in 12% of patients and a short PR interval in 10%
[18]. ERT leads to increased PR interval and decreased LV
voltages in children [19], but not in adults [18]. PRKAG2
syndrome is caused by abnormalities in the Ras/MAPK
pathway causing glycogen accumulation within the car-
diomyocytes. The most common ECG findings are a short
PR interval (in 68% of patients), a BBB (mainly RBBB),
abnormal QRS morphology, intraventricular conduction
delays > 120 ms, and, in the later disease stages, advanced
AV or sinoatrial blocks [20]. These patients have a higher
risk of SCD, probably due to high-degree AV block or fast
conduction of supraventricular tachyarrhythmias through
accessory pathways [20].

Mitochondrial diseases are due to mitochondrial or
nuclear DNA mutations. In a small cohort, 68% had an
abnormal ECG, and 22% of them presented a pre-excitation
pattern [21]. AV block is common in Kearns-Sayre syn-
drome, possibly because of a higher mutation load in the
AV node [22].
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Atrial fibrillation

Atrial fibrillation (AF) often complicates the course of
inherited cardiomyopathies and may be the presenting
feature [23].

AF is found in 17 to 30% of patients with HCM, most
commonly in elderly patients and those with LV outflow
obstruction [24, 25]. Atrial enlargement and fibrosis are
associated with a higher risk of AF [23, 26]. Patients with
HCM and AF have higher risk of all-cause mortality and
cardiac deaths compared to HCM controls without AF, with
an increased incidence of SCD and HF- and stroke-related
death [27].

The prevalence of AF in familial DCM ranges between 36
and 76% [23, 24, 28-30]. The prevalence of AF in familial
DCM is close to the prevalence of non-familial form [31, 32].

Patients with right-sided arrhythmogenic cardiomyopathy
(ACM) show AF in 9 to 30% of cases [33, 34]. AF is likely a
consequence of atrial involvement due to desmosomal dys-
function, RA enlargement and dysfunction, or both. Atrial
conduction abnormalities have been found in right-sided
ACM, resulting in P wave alterations independent from RV
morphological anomalies [35]. Furthermore, AF predicts
worse outcomes in patients with right-sided ACM [36].

AF has been reported in 1 to 29% of patients with LVNC,
with a lower incidence in children than in adults [23, 24,
37, 38]. AF is associated with LVNC severity and predicts
survival [39, 40].
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Fig. 1 Possible electrocardiographic findings in patients with left
ventricular hypertrophy. a 72-year-old man with transthyretin amyloi-
dosis experiencing sudden cardiac death. The explanted heart shows
massive septal hypertrophy, explaining the poor R wave progression

b)

c)

The prevalence of AF in patients with CA ranges between
15 and 44% and is higher in ATTR-than AL-CA. Cardiac
amyloid infiltration causes ventricular wall thickening and
diastolic dysfunction, leading to atrial dilation and predis-
posing to AF [41, 42]. Amyloid deposition promotes atrial
fibrosis and remodeling, further increasing the risk of AF
[43]. AF does not seem to predict a worse outcome [44, 45].

Q waves

Q waves are found in 18 to 53% of patients with HCM [46].
The possible mechanisms are a loss of local electrical forces
due to transmural fibrosis (Fig. 1a) or an initial displacement
of the QRS vector due to a disproportionate thickening of the
basal interventricular septum and/or basal LV free wall. Q
waves may precede LV mass increase by several years and are
less common in patients with biventricular hypertrophy [47].

Q waves in DCM reflect vector displacement due to LV
dilation and transmural fibrosis and were reported in 10 to
25% of patients [3, 48].

Q waves in CA are likely associated with the accumu-
lation of amyloid and fibrosis. CA should be suspected
when Q waves, particularly in the anterior leads, coexist
with low QRS voltages or there is a discrepancy between
QRS voltages and LV mass. Q waves seem to be more
common in patients with AL-CA, being reported in 25
[49] to 47% [50], than in ATTR-CA (18%) [49].
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QRS complex: high voltages

More than 30 ECG criteria to diagnose LVH have been
developed, which are neither sensitive nor specific to detect
LVH [51], particularly in cardiomyopathies, where the
mechanism of increased LV mass is often different from the
expansion of conductive tissues. ECG criteria for RV hyper-
trophy (RVH) have been proposed, but have poor sensitivity,
likely because, for RVH to be manifested on the ECG, it
must be severe enough to overcome the concealing effects
of the larger LV forces [52]. ECG criteria for LVH are met
by 41 [53] to 60% [46] of patients with HCM (Fig. 1b).
Interestingly, LVH patterns such as increased voltages in
the precordial leads and deep Q waves may precede LV mass
increase in mutation carriers, possibly reflecting myocardial
disarray, interstitial fibrosis, and microvascular remodeling
[54]. In patients with established HCM, a single positive
criterion for LVH is very rare. ECG criteria for LVH hold
prognostic significance, and a score including QRS ampli-
tude was proposed to predict SCD [55]. Anecdotal experi-
ences suggest that a 6-week therapy with the myosin inhibi-
tor mavacamten relieves ECG signs of LVH (Supplemental
Fig. 1), possibly reflecting a restoration of the electrical
properties of cardiomyocytes.

ECG criteria for LVH are met in 17 to 69% of patients
with DCM [56, 57]. LVH is infrequent in ACM because of
the progressive fibro-fatty replacement of the myocardium
which often results in low QRS voltages on the 12-lead ECG.

Patients with CA have usually no ECG features of LVH,
but normal or increased ECG voltages can be found in up
to 25% of patients with ATTR-CA. The LV apex and the
periapical segments are relatively spared by amyloid accu-
mulation and may still generate sufficiently high voltages
in leads V3 and V4 to meet ECG criteria for LVH [58].

ECG features of LVH are rare in some storage disorders
(e.g., 6-10% in Pompe disease) [18, 19] and more common
in others, such as Danon and Fabry disease, because of
increased LV electrical mass due to glycosphingolipid accu-
mulation driving cell enlargement [59]. Patients with Danon
disease often exhibit particularly prominent QRS complexes
[59]. ECG voltage criteria of left or biventricular hypertro-
phy are detected in>40% of patients with LVNC [13].

QRS complex: low voltages

The most common definition of low QRS voltages is a nadir-
to-zenith QRS amplitude in all peripheral leads <0.5 mV
and <1 mV in all precordial leads. Low QRS voltages may
be associated with cardiomyocyte loss and/or expansion of
extracellular spaces by electrically inert tissue such as fibrosis,
fat, or amyloid. Low QRS voltages, including cases where
this feature is isolated, may be an expression of early-stage
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cardiomyopathy deserving further investigation [60]. Low
QRS voltages may also be due to pericardial effusion or extra-
cardiac conditions such as obesity or emphysema.

Low QRS voltages are rare in patients with HCM
(<3%) and can be seen in some patients with end-stage
disease due to the extensive fibrosis [61]. Low QRS volt-
ages predict SCD [61], but not a combination of all-cause
death, major non-fatal arrhythmias, hospitalization for
heart failure (HF), and stroke after adjustment for the
main demographic and clinical variables [62].

Only 3-6% of patients with DCM have low QRS volt-
ages and about 1.5% in both precordial and peripheral leads
[3]. Loss of vital myocardium and diffuse LV fibrosis may
reduce QRS amplitude, especially in precordial leads [3].

Low QRS voltages in the limb leads are found in 41% of
patients with ACM and LV involvement and just in 17% of
those without LV involvement [63]. Several studies showed
a higher prevalence of low QRS voltages in ACM than in
idiopathic RV outflow tract tachycardia [64], athlete’s heart
[65], or DCM [63, 66]. The association between low QRS
voltages and the extent of fibro-fatty replacement of the LV
accounts for the prognostic significance of this finding [67].

Low QRS voltages in peripheral leads are found in 46
to 70% of patients with CA [68]. Low QRS voltages are
found more often in patients with AL-CA than in ATTR-
CA, but are a risk factor for cardiovascular death in both
conditions [69]. As the ventricles are more affected, low
QRS voltages may be associated with normal P wave volt-
ages on peripheral leads. Low QRS voltage is also a com-
mon finding in non-dilated LV cardiomyopathy caused by
DSP (15-44%) and PLN (15%) mutations [70-72].

QRS fragmentation and epsilon wave

QRS fragmentation (defined as the presence of various
RSR' patterns, R or S notching, and/or > 1 additional R
wave in any non-aVR lead) is due to heterogenous action
potential propagation different from BBB, due to focal
alterations such as fibrosis or fibro-fatty replacement.

QRS fragmentation was detected in 75% of patients with
HCM [73]. QRS fragmentation in >3 territories (inferior, lat-
eral, septal, and/or anterior) had an incremental risk of ventricu-
lar tachyarrhythmias and SCD beyond conventional risk factors
[73]. In DCM, QRS fragmentation has been reported in 23-26%
of patients and predicts ventricular tachycardia and all-cause mor-
tality [74], reasonably because of its relationship with the extent
of LV fibrosis. In LVNC, the presence of fragmented QRS was
associated with a significantly lower survival rate [75].

The epsilon wave is a low-voltage deflection between the
QRS complex and the ST segment in the right precordial leads
(V1-V3) (Supplemental Fig. 2). It is produced by a delayed
RV free wall activation in the subepicardial regions due to
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fibro-fatty replacement. Epsilon waves in right precordial
leads are currently classified as minor diagnostic criteria for
ACM with RV involvement [66]. Epsilon waves in inferior
or lateral peripheral leads may signal advanced stage or LV
involvement. Diffuse epsilon waves, particularly if present
in aVR, are related to low RV ejection fraction, high rate
of HF hospitalization, HF-related death, SCD, and heart
transplantation [76]. QRS fragmentation is more sensitive
than the epsilon wave (present in about 10-35% of patients
with ARVC) to diagnose ACM, but is less specific [77]. QRS
fragmentation predicts a higher arrhythmic risk [78].

Bundle branch blocks

Figure 2 provides some examples of RBBB and its possible
mimics (fragmented QRS, epsilon wave, and Brugada pattern).
The RBBB was reported in 4-5% of patients with HCM [79]
and in 7% of patients with DCM [80]. A complete or incom-
plete RBBB was found in 32% of patients with right-sided ACM
(n=100) [81], while a larger study (n=374) reported a preva-
lence of 19% [82]. RBBB may conceal depolarization abnor-
malities such as epsilon wave in V1 and V2 and QRS fragmen-
tation in V1 making the diagnosis of ACM more challenging.

Left BBB (LBBB) is an uncommon finding (detected in
2%) of patients with HCM [83], mainly caused by the con-
tractive asynchrony due to degeneration or fibrotic infiltration
of the conduction system, with higher prevalence (22%) in
end-stage disease reflecting a severe impairment of LV con-
duction [84]. LBBB may develop in up to 40% of cases after
septal myectomy following damage to LBBB, but has no
clear impact on mortality [79].

LBBB is common in patients with DCM, with a reported
prevalence of 25-30% [86, 87]. LBBB does not predict mortal-
ity in patients with DCM and LV ejection fraction between 36
and 50% [87], while LBBB development independently pre-
dicts mortality in patients with idiopathic DCM, suggesting the
possible benefit of early cardiac resynchronization therapy [88].

ST segment and T wave

T wave inversion is frequent in HCM (Fig. 1b). Epicardial
cardiomyocytes depolarize and repolarize later than endocardial
cardiomyocytes, creating a ventricular repolarization vector
in the opposite direction from the QRS. Symmetric negative
T waves are common in inferolateral leads. Negative T
waves>0.1 mV in all antero-lateral precordial leads suggest

RBBB Epsilon wave Brugada pattern | Fragmented QRS
V1 “A/V J\%f" _J\‘Mp-\,
Precordial
leads
v Jb “-JVV e |
D1 %/\ L L 15 _,__A/\___ "‘W—"'—.
Peripheral aVL _M, h AL g —
leads
aVF -M-’t‘-——v—‘ ./-W__,_.
Disease ARVC ARVC Brugada syndrome | ALVC/biventricular

Fig.2 Right bundle branch block and its mimics. ALVC/ARVC, arrhythmogenic left/right ventricular cardiomyopathy
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apical hypertrophy [89] (Fig. 1c) and could precede the
development of LVH detectable at echocardiography or
cardiac magnetic resonance. Giant symmetric positive T
waves in the precordial leads may be an early manifestation
of HCM and could be associated with persistent ST-segment
elevation. ST-segment elevation myocardial infarction patterns
(ST-segment segment elevation without giant positive T waves,
giant positive T waves without ST segment elevation, or both
ST segment elevation and giant T waves) are all independently
associated with the risk of SCD in HCM [61]. ST-segment
depression>0.2 mV plus T wave inversion in precordial leads
and ST-segment depression in high lateral leads (DI-aVL) were
also associated with SCD [61].

T wave inversion in the anterior and right precordial leads
in individuals with complete pubertal development (in the
absence of complete RBBB) are major diagnostic criteria for
right-sided ACM, while T wave inversion in leads V1 and V2
only or inverted T waves in V1-V3 and V4 in adult individu-
als with complete RBBB are minor diagnostic criteria [66]. T
wave inversion is caused by fibro-fatty infiltration beginning
in the subepicardium, where depolarization and repolariza-
tion become more delayed compared to the subendocardium.
The J-point preceding the anterior T wave inversion could
differentiate between athlete’s heart physiological adaptation
and cardiomyopathy [90]. The extent of T wave inversion is
related to the amount of fibro-fatty infiltration. Negative T wave
depth>0.2 mV in V1 is strongly related to disease presence with
a high negative predictive value [91]. Downsloping ST segment
elevation with negative T wave in V1-V2 is related to advanced
transmural right ventricular involvement, and negative T waves
in inferolateral leads are common in left-sided ACM [92].

AFD can present with asymmetrical negative T waves and
ST-T segment depression or elevation in inferolateral leads,
and their presence seems related to fibrosis. Finally, CA is
often characterized by non-specific repolarization abnor-
malities such as flattened or shallow T waves. Corrected
QT interval prolongation is common in patients with LVNC
(> 440 ms in 38%), but its significance is unclear [13].

Asymmetrical negative T waves and ST-T

segment depression or elevation in
inferolateral leads related to fibrosis

Disease stage Prognostic/therapeutic implications

Asymmetrical negative T waves in 50% [21]

Prevalence

Importance of a “cardiomyopathy-oriented
approach” to ECG reading

Pathogenesis/electrogenesis

Amyloid infiltration

Patients with cardiomyopathies can display multiple ECG abnor-
malities (Table 1). A “cardiomyopathy-oriented” approach to
ECG reading is important to detect the possible signs of an under-
lying cardiomyopathy and to interpret correctly these abnormali-
ties (Fig. 3). Some findings are specific for certain disorders,
such as the discrepancy between QRS voltages and LV mass for
CA or the inverted T waves in the right precordial leads for ACM.
Other findings are less specific, but may orient toward a specific
diagnosis in patients with a hypertrophic or dilated phenotype
(Central Hlustration). Our understanding of the significance of

branch block, BMD Becker muscular dystrophy, CA cardiac amyloidosis, DCM dilated cardiomyopathy, DM myotonic dystrophy, DMD Duchenne muscular dystrophy, DMD dystrophin
gene, ECG electrocardiogram, ERT enzyme replacement therapy, FLNC filamin-C gene, HCM hypertrophic cardiomyopathy, HF heart failure, /CD implantable cardioverter-defibrillator,
KSS Kearns-Sayre syndrome, LA left atrium, LBBB left bundle branch block, LGE late gadolinium enhancement, LMNA lamin A/C, LV left ventricle, LVH left ventricular hypertrophy,

LVNC left ventricular non-compaction cardiomyopathy, M male, PM pacemaker, PRKAG?2 protein kinase AMP-activated non-catalytic subunit gamma 2, QTc corrected QT, RA right atrium,
RBBB right bundle branch block, RV right ventricle, SCD sudden cardiac death, SCN5A sodium voltage-gated channel alpha subunit 5 gene, v variant, STEMI ST elevation myocardial infarc-

ACM arrhythmogenic cardiomyopathy, AF atrial fibrillation, AFD Anderson-Fabry disease, AL light chain amyloidosis, ATTR transthyretin amyloidosis, AV atrioventricular, BBB bundle
tion, VF ventricular fibrillation, VT ventricular tachycardia, wt wild-type

Table 1 (continued)
ECG findings

Disease

CA

AFD

Mitochondrial diseases
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Fig.3 Standard vs. car-
diomyopathy (CMP)-oriented
approach to electrocardiogram
reading. Central Illustration
Electrocardiographic findings
in patients with a hypertrophic
or dilated phenotype. ALVC/
ARVC, arrhythmogenic left/
right ventricular cardiomyo-
pathy; AV, atrio-ventricular;
CMP, cardiomyopathy; HCM,
hypertrophic cardiomyopathy;
LAMP2, lysosomal-associated
membrane protein 2; LBBB,
left bundle branch block;
PRKAG2, protein kinase AMP-
activated non-catalytic subunit
gamma 2; RBBB, right bundle
branch block; WPW, Wollft-
Parkinson-White

Standard reading

f ventricular parietal thickness

ceIIuIar

4 ventrlcular hypertrophy

volume /
7 T -

Tﬂlllng pressure

Tconductlon delay

subendocardial
perfusion

CMP-oriented reading

Effects of the disease process
on the myocardium and
conduction system

4 myocellular l
content

and volume Interstitial

expansion

/ and fibrosis

“Topography” of
the myopathic process

ECG findings could be improved by studies aimed at correlat-
ing ECG with imaging or electrophysiological features, genetic
background, and outcome. Another intriguing perspective is the
automated interpretation of artificial intelligence (AI), which
could assist clinicians in diagnosis, risk stratification, and fol-
low-up. A great effort is needed to assemble large-scale datasets
of digital ECG tracings. For diagnostic purposes, these datasets
should include patients with a given cardiomyopathy and control
individuals, who should be matched as closely as possible to
patients (i.e., patients evaluated for a suspicion of the same cardi-
omyopathy, which was ultimately ruled out), rather than healthy
individuals retrieved by institutional registries or patients with
other cardiomyopathies. Properly trained Al algorithms could
also capture subtle features that may inform on the response to
treatment and disease evolution. Overall, the ECG still provides
pivotal diagnostic and prognostic information and will probably
acquire an even more important role in association with modern
technologies such as AL
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