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Acute Management of Ventricular Arrhythmia
in Patients With Suspected Inherited
Heart Rhythm Disorders
Zachary Laksman, MD, MSC, Scott Barichello, MD, Thomas M. Roston, MD, Marc W. Deyell, MD, MSC,
Andrew D. Krahn, MD

ABSTRACT
After the most common causes of sudden cardiac death including ischemic and structural heart disease have been ruled
out, clinicians on the front lines of emergent medical care can be faced with unexplained and recurrent life-threatening
arrhythmia episodes in children and adults. In these cases, an inherited arrhythmia syndrome should be suspected, and a
departure from conventional advanced cardiac life support algorithms may be required. This review focuses on the
electrocardiographic clues of an inherited arrhythmia syndrome that can be uncovered through a careful analysis of the
baseline electrocardiogram (ECG) and classiﬁcation of the presenting ventricular arrhythmia and its mode of onset. After
presenting an informed working diagnosis and an explanation of the implied electrophysiologic mechanisms, discussion
provides a protocol approach to acute and subacute management decisions. Careful attention to a patient’s response to
treatment and its ECG surrogates have the potential to facilitate tailored therapy based on the underlying arrhythmogenic substrate and pathophysiology. (J Am Coll Cardiol EP 2019;5:267–83) © 2019 by the American College of
Cardiology Foundation.

C

ardiac arrest leading to sudden cardiac death

the potential to guide initial management in the

(SCD) remains a common cause of death, ac-

absence of a deﬁnite underlying diagnosis (Central

counting for 15% to 20% of the mortality in

Illustration). Management can be reﬁned as the clini-

the industrialized countries, with coronary artery

cian evaluates the patient’s response to therapy,

and structural heart disease implicated in most cases

including a careful assessment of dynamic ECG met-

(1). After these causes have been excluded, an

rics (Table 1, Online Table S1).

inherited arrhythmia syndrome will be identiﬁed in
more than one-half of the remaining patients (2). In

CLINICAL SCOPE AND BURDEN

selected populations, however, such as children and
competitive athletes, the incidence of inherited

The overall incidence of life-threatening symptoms,

arrhythmia episodes and arrhythmogenic cardiomy-

such as an aborted cardiac arrest or electrical storm

opathies

dramatically

($3 ventricular ﬁbrillation [VF] episodes in 24 h),

increased (3). Subsequent clinical follow-up, genetic

among patients with inherited arrhythmia syndromes

testing, and cascade screening have the potential to

is largely unknown. This is largely because subclinical

determine the cause of death and tailor therapy in

cases of inherited arrhythmia episodes are being

an increasing number of patients and families; how-

increasingly identiﬁed. For example, in a large pro-

ever, a deﬁnitive diagnosis is often elusive at initial

spective and modern long-QT syndrome (LQTS)

presentation (4,5). The acute management of both

cohort, only 4% of patients presented with SCD,

inherited arrhythmia syndromes and arrhythmogenic

aborted cardiac arrest, or hemodynamically non-

cardiomyopathies when the patient presents with un-

tolerated

stable ventricular arrhythmia requires therapies tar-

(PMVT) (6). Patients in this cohort had relatively

geted

responsible

for

SCD

is

polymorphic

ventricular

tachycardia

are

shorter QT intervals than reported in previous

distinct from routine resuscitation algorithms, and

studies, suggesting a contemporary trend toward

thus, appropriate early recognition and a high degree

improved identiﬁcation of subclinical cases. In Bru-

of suspicion are of utmost importance.

gada syndrome (BrS), the risk of a life-threatening

at

underlying

pathophysiology

that

This review focuses on electrocardiographic (ECG)

event at presentation is probably higher. The SAB-

clues, with an emphasis on identifying and differen-

RUS (Survey on Arrhythmic Events in Brugada Syn-

tiating arrhythmic modes of initiation, which have

drome) study of 678 BrS patients showed that more
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multidisciplinary

HIGHLIGHTS

team

management

of

ABBREVIATIONS
AND ACRONYMS

patients with VT has been described (10).

 Ventricular arrhythmias in a patient
without structural or ischemic heart disease should raise suspicion for the presence of an underlying inherited heart
rhythm disorder.
 Employment of ACLS protocols in patients with inherited arrhythmia syndromes may actually promote
arrhythmia; therefore, it is essential that
clinicians have an expeditious and reliable approach for identifying the speciﬁc
etiology and providing tailored therapy.
 This review focuses on the analysis of the
patient’s baseline ECG and mode of
initiation of the presenting arrhythmia to
aid in the bedside management of a patient with a suspected underlying inherited arrhythmia syndrome based on
currently available evidence.
 Where clinical experience and best practice guidelines are lacking, large ongoing
registries and well designed clinical trials
are required to bridge the knowledge gap
that remains between our understanding
of pathophysiologic mechanisms and
clinical outcomes.

There is also evidence that the use of a dediICD = implantable

cated VT unit may improve long-term out-

cardioverter-deﬁbrillator

comes (11).

PMVT = polymorphic
ventricular tachycardia

WHEN AND WHY CLINICIANS
SHOULD SUSPECT AN INHERITED

PVC = premature ventricular
contraction

ARRHYTHMIA SYNDROME

SCD = sudden cardiac death

Despite early and aggressive resuscitation in

TdP = Torsades des pointes

patients

VF = ventricular ﬁbrillation

who

present

with

shockable

VT = ventricular tachycardia

rhythms, as many as 1 in 5 will go on to
experience

recurrent

life-threatening

arrhythmic

events in the form of recurrent PMVT or VF, resulting
in an increase in mortality (12). Up to 10% of all cardiac arrest patients will not have coronary artery
disease or structural heart disease, and a preponderance of younger patients will not have comorbid
conditions. In many cases, these patients will not
respond to conventional resuscitative algorithms
such as lidocaine or amiodarone therapy, which have
the potential to exacerbate the pro-arrhythmic state
and lead to clinical deterioration (3,13). When these
patients present with recurrent cardiac arrest, recurrent sustained and non-sustained ventricular arrhythmias, or recurrent ICD shocks, the resuscitative
efforts must include a thoughtful search for clues that
can link the presentation to a suspected diagnosis in
order to inform management (Figure 1, Online
Table S1) (14). A clinical history should always be
obtained from the patient or collateral persons if the

than one-half experienced an aborted cardiac arrest

situation allows, as this may provide further evidence

as their ﬁrst arrhythmic event and that BrS was more

to support the presence of an inherited arrhythmia

common in younger patients (7). In the Pediatric and

(family history of SCD) as well as to suggest speciﬁc

Congenital Electrophysiology Society (PACES) cate-

syndromes. For example, a personal history of exer-

cholaminergic polymorphic ventricular tachycardia

tion- or stress-induced syncope may raise the clini-

(CPVT) registry, an international study of children

cian’s suspicion of CPVT (notably, a normal baseline

and their ﬁrst-degree relatives with CPVT, 38% of 226

ECG); whereas a history of night time agonal breath-

patients experienced an occurrence of aborted car-

ing may suggest BrS.

diac arrest at initial presentation (8). The risk of
recurrent life-threatening episodes is highest in CPVT,

EVALUATION OF THE BASELINE ECG

wherein one-fourth of patients have treatment failure
during follow-up, and 1 in 5 recipients of an implant-

The baseline ECG should be reviewed for: 1) assess-

able

have

ment of heart rate; 2) changes in depolarization

an electrical storm (9). In such scenarios, the clinician

(looking for conduction system disease and fraction-

must also be prepared to implement adjunctive ther-

ation); and 3) changes in repolarization (including

apies in patients with established, treated inherited

late repolarization in terms of QT and QT-corrected

arrhythmia syndromes. The treatment of ventricular

interval

arrhythmia episodes may be complex and requires

J

care from an expert multidisciplinary team. Specialists

Table S2).

cardioverter-deﬁbrillator
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(ICD)

will

who may be involved include cardiac electrophysiol-

and

waves,

early

repolarization

ST-segments,

and

in

terms

notching)

of

(Online

A number of disease entities, however, may

ogists, heart failure specialists, cardiac anesthesiolo-

present

gists, and cardiac surgeons. Recently, a model for

CPVT, short-coupled VF (SC-VF), latent inherited

with

normal

resting

ECGs,

including
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C E N T R A L IL L U ST R A T I O N Initial Approach to the Acute Management of Ventricular
Arrhythmias in Patients Suspected of Having an Inherited Arrhythmia Disorder

Laksman, Z. et al. J Am Coll Cardiol EP. 2019;5(3):267–83.

Initial approach is shown to the management of ventricular arrhythmias, with a focus on the assessment of the baseline ECG and the electrocardiographic initiation of recurrent events. ECG ¼ electrocardiography; LQT ¼ long QT; PMVT/VF ¼ polymorphic ventricular tachycardia/
ventricular ﬁbrillation; PVC ¼ premature ventricular contraction; QTc ¼ QT interval corrected for heart rate; TdP ¼ Torsades des pointes.

cardiomyopathies, and early forms of inﬁltrative

these estimates are likely to be lower in patients who

cardiomyopathies.

genetically

go into cardiac arrest, as the QT interval is typically at

conﬁrmed LQTS, for example, between 5% and 17% of

its most prolonged around the time of the arrest (15).

In

patients

with

patients will have a normal QT interval corrected for
heart rate (QTc), depending on genotype, although

THE QT INTERVAL
A prolonged QT interval is commonly seen in the
setting of cardiac arrests and has limited diagnostic

T A B L E 1 Abbreviations

Condition

Abbreviation

value in the acute phase, although persistent QT
prolongation after the subacute phase can raise the

Arrhythmogenic right ventricular cardiomyopathy

ARVC

Brugada syndrome

BrS

Catecholaminergic ventricular tachycardia

CPVT

can be secondary to ischemia, electrolyte imbalances,

Dilated cardiomyopathy

DCM

intracranial processes including anoxic brain injury,

Early repolarization syndrome

ERS

cardioversion, medications, or temperature, all of

Hypertrophic cardiomyopathy

HCM

which decrease the speciﬁcity for a diagnosis of LQTS

Idiopathic ventricular ﬁbrillation

IVF

(16). If reversible causes of QT prolongation are not

Long QT syndrome

LQTS

Short coupled ventricular ﬁbrillation

SC-VF

Short QT syndrome

SQTS

clinical suspicion for LQTS. Acquired QT prolongation

present or are deemed unlikely and the initiation of
recurrent electrical instability is consistent with
Torsades des pointes (TdP) (see discussion below),

Laksman et al.

JACC: CLINICAL ELECTROPHYSIOLOGY VOL. 5, NO. 3, 2019
MARCH 2019:267–83

Management of Unexplained Cardiac Arrest

F I G U R E 1 Initial Approach to the Management of PMVT/VF

Initial approach is shown to the management of PMVT/VF, with a focus on the assessment of the baseline ECG and the electrocardiographic
initiation of recurrent events. ECG ¼ electrocardiography; LQT ¼ long QT; PMVT/VF ¼ polymorphic ventricular tachycardia/ventricular
ﬁbrillation; PVC ¼ premature ventricular contraction; QTc ¼ QT interval corrected for heart rate; TdP ¼ Torsades des pointes.

then the probability of an underlying inherited sub-

disease may suggest an underlying mutation in the

strate is increased (Figure 2). In these cases, an

SCN5A gene (LQT3).

evaluation of T-wave morphology may be helpful for

A shortened QT interval of <360 ms or QTc <370 ms

distinguishing between acquired versus inherited

should raise suspicion of a short-QT syndrome (18).

LQTS and may suggest a speciﬁc genotype of inheri-

Approximately 5% of the normal population will have

ted LQTS, which has potential management implica-

a QTc <370 ms, and multiple case series reports sug-

tions.

gest an increased risk of VF is conferred when QTc is

Broad-based

T

waves

suggest

LQT1;

low-amplitude, notched/biphasic T waves suggest

only modestly shortened (range: 360 to 370 ms) (19).

LQT2; and prolonged ST-segments with peaked T
waves suggest LQT3, although there is signiﬁcant

EARLY REPOLARIZATION

variability within each genotype and signiﬁcant
overlap among genotypes (17). T-wave alternans in

Persistent ST-segment or J-point elevation in the

polarity or amplitude signals a particularly high-risk

absence of other causes should raise suspicion of an

electrical substrate and often precedes or follows a

inherited arrhythmia syndrome. A J-wave is deﬁned

TdP

abnormalities

as a positive deﬂection immediately following the

observed in the ECG may point to a speciﬁc genotype,

QRS complex, either in the form of a notch or an ST-

if congenital LQTS is suspected. For example, unex-

segment elevation (Figure 3). A J-wave “buried” in

plained pauses in sinus rhythm or conduction system

the R wave may manifest as J-point or ST-segment

event.

Additionally,

other
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F I G U R E 2 Initiation of TdP

and V2 to the second intercostal space) can increase
the sensitivity of identifying a patient with BrS and
can be performed in the acute setting (Figure 4) (21).
ER is diagnosed if there is J-point elevation $1 mm
in $2 contiguous inferior and/or lateral leads (22).
ER is common but should raise the suspicion of a
malignant form in the context of unexplained cardiac
arrest. ER has been identiﬁed in as many as 30% of
patients in whom idiopathic VF (IVF) was diagnosed
(23) but has also been identiﬁed as a cofactor for an
increased risk of SCD when identiﬁed concomitantly
with other inherited conditions including BrS, LQTS,
short QT syndrome (SQTS), CPVT, and arrhythmogenic right ventricular cardiomyopathy (ARVC) (24).

CLUES TO INHERITED ARRHYTHMOGENIC
CARDIOMYOPATHY: DEPOLARIZATION AND
LATE REPOLARIZATION
Fractionation of the QRS (fQRS) is a manifestation of
ventricular conduction disturbance most commonly
due to myocardial scar or inﬁltration that can be
associated with dilated cardiomyopathies (DCM),
cardiac sarcoidosis, and ARVC, and predicts risk (25).
The presence of fQRS or other forms of conduction
(A) Baseline QTc prolongation with an initiation sequence consisting of a PVC followed by a

system disease are not typical features of the “pri-

pause after which another PVC initiates TdP (short-long-short sequence). (B) Baseline QTc

mary electrical disorders,” in which BrS is the notable

prolongation is shown with initiation of unsustained TdP after a single PVC. Abbreviations
as in Figure 1.

exception, where fQRS has been shown to predict
occurrence of VF (26). Evidence of conduction system
disease should alert the clinician to suspect an
arrhythmogenic cardiomyopathy or inﬁltrative dis-

elevation. The presence of the J-wave on a surface

order, both of which may present in their early forms

ECG is a reﬂection of transmural differences in the

without apparent structural abnormalities on initial

action potential (AP) notch or early repolarization.

testing (27).

Epicardial APs have a pronounced AP notch in phase 1

The presence of inverted T waves in the right

mediated by a large magnitude of repolarizing, Ito,

precordial leads (V1 ,V2,V 3), particularly in the absence

current, which is preferentially expressed in epicar-

of a right bundle branch block, is a characteristic

dial cardiomyocytes. The AP notch is followed by an

repolarization abnormality in ARVC. The appearance

AP dome, which is the result of sustained inward

of epsilon waves, which are low-amplitude signals

depolarizing currents causing net inward current

between the end of the QRS complex and the begin-

(20). Conditions that decrease late or sustained in-

ning of the T wave, is a major electrocardiographic

ward current, such as sodium channel blockers,

criterion for the diagnosis of ARVC. In effect, these

increased vagal tone, bradycardia, and ischemia will

are macroscopic late potentials that typically repre-

result in the loss of the dome of epicardial APs

sent advanced disease. Premature ventricular con-

and accentuation of the J-wave on ECG. The

tractions

presence of J waves suggests a similar underlying

tachycardia (NSVT) with left bundle branch block

electrophysiologic substrate across a spectrum of

morphology and either a superior or inferior axis are

congenital (e.g., early repolarization syndrome [ERS]

common in ARVC.

(PVCs)

and

non-sustained

ventricular

or BrS) and acquired (transmural ischemia, hypothermia) J-wave syndromes.
BrS is diagnosed when there is $2-mm ST-segment

PRESENTING ARRHYTHMIA AND
MODE OF INITIATION

elevation with a type 1 pattern in $1 precordial lead
(V1 or V2 positioned in the second, third, or fourth

The differentiation among recurrent PMVT, mono-

intercostal space). High-lead ECG testing (moving V 1

morphic VT, and VF is critical to directing ongoing
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F I G U R E 3 Early Repolarization

(A) ECG demonstrating measurement of 1 mm of ER with a notching morphology. (B) Initiation of VF with repeated short-coupled PVCs in the
setting of baseline ER in the inferior leads. ER ¼ early repolarization; other abbreviations as in Figure 1.

F I G U R E 4 ECG Diagnosis of BrS

(A) Baseline ECG in a patient with recurrent nocturnal VF without evidence of BrS. (B) High-lead ECG taken concurrently on the same patient demonstrating a type 1 BrS
ECG in the hV1 and hV2 leads. (C) Placement of electrodes is shown when performing a high- lead ECG. BrS ¼ Brugada syndrome; VF ¼ ventricular ﬁbrillation; other
abbreviations as in Figure 1.
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giant T-U waves, the latter being an ECG manifesta-

F I G U R E 5 Differentiating TdP from Other Forms of PMVT

tion of early after depolarizations (EADs) (33).
The initial clinical approaches to a patient who
presents with recurrent TdP, whether acquired
(aLQTS) or congenital LQTS (cLQTS) is suspected, are
relatively similar, although there are important differences. If there are reversible causes that can be
addressed, resolution may prevent the need for other
measures, including correcting hypomagnesemia (2-g
intravenous bolus of magnesium sulfate over 2 to 3
min, followed by 2 to 4 mg/min infusion), targeting a
normal potassium concentration (4.5 to 5 mmol/l) and
treating profound hypocalcemia (<2.1 mmol/l), which
can mimic cLQTS (34). Empiric supplementation with
magnesium can be considered, as serum levels can
poorly reﬂect intracellular concentrations.
If there is ongoing electrical instability after
electrolyte correction, as shown by recurrent TdP,
T-wave alternans, or a high burden of ventricular
ectopy, the next step should be to increase the patient’s heart rate. Increasing heart rate is an effective means of shortening action potential duration

(A) Nonsustained PMVT in a patient with normal QTc and single initiating PVC. (B) Non-

(APD) and QT interval and suppressing arrhythmias.

sustained TdP in a patient with QTc prolongation and typical short-long-shore initiation

Transvenous pacing is the preferred method in both

sequence. Abbreviations as in Figures 1 and 4.

aLQTS and cLQTS as beta-adrenergic stimulation
may be pro-arrhythmic in some instances. Rates of
up to 140 beats/min may be initially required to
rhythms

suppress arrhythmic storm but should subsequently

(Figure 5). In patients who have an ICD, interrogation

be down-titrated to the lowest pacing rate required

is the preliminary diagnostic stem to determine the

to suppress ventricular ectopy (35). The optimal

appropriateness of shock delivery, initiating rhythm,

pacing rate has not been clearly deﬁned; however,

and degree of electrical instability. An important

in aLQTS, generally a rate exceeding 70 beats/min is

consideration in patients with ICDs is the detection

adequate to suppress TdP overdrive (36). In patients

programming, with a trend toward increasing detec-

with cLQTS, the rate required may be higher,

management

of

recurrent

unstable

tion intervals and possibly re-detection intervals over

>80 beats/min, and likely faster in children (37).

time in order to avoid unnecessary (non–life-saving)

Whereas atrial pacing is preferred from a physio-

shocks for arrhythmia episodes, which may not be

logic standpoint, reliable temporary atrial pacing

sustained (28). In the acute setting, ICD shock therapy

in the acute phase is more difﬁcult to achieve

may be inhibited in order to evaluate hemodynamic

technically.

stability and, in some cases, to decrease the risk of
pro-arrhythmia (9,29).

In cases where recurrent shocks are necessary and
transvenous pacing is not immediately available,

TdP is a form of PMVT that requires prolongation of

isoproterenol infusion at 1 to 5 m g/min may be

the QT interval and enhanced transmural dispersion

considered if the patient is suspected of having aLQTS

of repolarization (30). The appropriate differentiation

or is bradycardic and demonstrates that rhythm initi-

between TdP and other forms of PMVT is important as

ation is pause-dependent (38). Isoproterenol simul-

TdP will guide future care and preclude the use of

taneously increases repolarizing (I ks ) current and

amiodarone, which could exacerbate TdP (31). TdP

depolarizing calcium current (I Ca-L). The current pre-

initiation is often associated with a short-long-short

dominantly affected will determine the effect on APD

sequence, although other initiating sequences have

and QT interval. QT-prolonging medications most

been described in up to one-half of cases. Initiating

commonly have an impact on I kr current; therefore,

PVCs are typically late-coupled and are believed to be

augmentation of I Ks with isoproterenol results in a net

caused by functional re-entry (32). TdP is often slower

outward current and enhanced repolarization in

than other forms of PMVT, and there may be a pre-

aLQTS patients. Contrary to this, some inherited forms

cedent electrical prodrome of T-wave alternans or

of LQTS (i.e., LQT1) are unable to recruit I Ks current in
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F I G U R E 6 Patient With VF Storm Diagnosed by SC-VF

(A) Interrogation of ICD demonstrates VF initiation with a short-coupled PVC. (B) Surface ECG and intracardiac electrograms from the ablation
catheter in the same patient demonstrating a discrete local potential (arrows) on the proximal pole, representing repeated localized depolarization of the distal Purkinje system in the moderator band of the right ventricle that intermittently captures surrounding tissue, resulting in a
PVC. Ablation at this site successfully suppressed PVC and VF. ICD ¼ implantable cardioverter-deﬁbrillator; SC-VF ¼ short-coupled ventricular
ﬁbrillation; other abbreviations as in Figure 1.

response to adrenergic stimuli (39), and net inward

transvenous pacing at an adequate rate, beta-blocker

current results from calcium current augmentation.

therapy should be the next line of therapy. Either

Electrophysiology studies in patients with cLQTS have

oral propranolol at a dosage of 2 to 4 mg/kg per day

demonstrated that isoproterenol increased APD,

or nadolol at a dosage of 1 to 1.5 mg/kg per day is

precipitated EADs, and increased dispersion of APD,

the most effective beta-blocker in the chronic

whereas in the control group, isoproterenol shortened

setting, possibly because of their additional sus-

APD, was not associated with EADs, and did not effect

tained sodium current-blocking properties (41), with

APD dispersion (40). If isoproterenol is to be used in

a preference for nadolol (6). However, in the acute

the setting of recurrent TdP, careful attention should

setting, a beta-blocker with a short half-life may be

be paid to the corrected QT interval to conﬁrm

preferred, such as esmolol (intravenous loading dose

appropriate shortening.

of 0.5 mg/kg, followed by an infusion of 100 to 300

If a patient presents with recurrent TdP in the

mg/kg per min) (38). There is limited clinical experi-

setting of sinus tachycardia and/or the initiating

ence with general anesthesia to decrease adrenergic

rhythm

recurrent

drive in cLQTS patients with recurrent arrhythmia,

arrhythmia may be adrenergically mediated and

although this is a relatively safe and low-risk option

require antiadrenergic therapy. This will be particu-

for refractory cases.

is

not

pause-dependent,

the

larly important in patients with suspected cLQTS, in

Although most genetically conﬁrmed LQTS di-

whom beta-blocker therapy can be considered as

agnoses are types 1 to 3, rare syndromic forms of

ﬁrst-line management. Likewise, if a patient con-

cLQTS exist, such as Jervell and Lange-Nielsen syn-

tinues

drome

to

have

electrical

instability

despite

(associated

with

congenital

deafness),
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F I G U R E 7 Nonsustained Bidirectional or PMVT in a Patient With CPVT

A ﬁnal ancillary therapy in CPVT is left cardiac sympathetic denervation (101). Although data supporting sympathectomy in patients with
frequent events, including ICD shocks, despite maximal medical therapy are mounting, a temporary SGB for acute VT/VF has not been
investigated. In the critically ill CPVT patient with ongoing electrical storm, deep sedation and temporary sympathectomy may be considered.
CPVT ¼ catecholaminergic ventricular tachycardia; SGB ¼ stellate ganglion block; VT ¼ ventricular tachycardia; other abbreviations as in
Figure 6.

Anderson-Tawil syndrome (associated with facial

(SGB) may be performed at the bedside in emergent

dysmorphisms and periodic paralysis), and Timothy

scenarios by an experienced anesthesiologist. To

syndrome (associated with syndactyly, cardiac mal-

date, the largest systematic review examining the

formations, and autism). The presence of these fea-

efﬁcacy of SGB in electrical storm included only 38

tures can aid in accurate acute clinical diagnosis. ECG

patients who had a diverse set of disease substrates

clues that point to a type of LQTS can help direct early

and 7 of 8 patients who demonstrated prolonged QT

management. LQT3 mutations are typically associ-

intervals exhibiting arrhythmia suppression (46).

ated with an increase in persistent late sodium cur-

SGB is a temporizing measure that provides the

rent; therefore, drugs with late Na current-blocking

patient with a bridge to more permanent solutions

properties such as mexiletine, ﬂecainide, ranolazine,

such as surgical cardiac sympathetic denervation

and possibly lidocaine may be particularly effective,

or heart transplantation. A favorable response to

although evidence in the acute setting is limited

SGB predicts that the patient will respond well to

(42,43). However, clinicians should watch carefully

cardiac sympathetic denervation. Thoracic epidural

for electrocardiographic changes consistent with BrS,

anesthesia is another promising bedside interven-

as there can be phenotypic and genotypic overlap.

tion that has been successfully used to suppress

Until recently, there were concerns that (long-term)

ventricular storm in a case series of patients who

beta blockade could be harmful for LQTS3. However,

predominantly

beta-blockers appear to be safe and beneﬁcial in all 3

disease (47,48).

forms of cLQTS (44).

had

underlying

structural

heart

PMVT, or VT with beat-to-beat variation in QRS

In those patients with suspected cLQTS who

morphology, is a potential manifestation of many

present with malignant and refractory ventricular

inherited channelopathies as well as latent arrhyth-

arrhythmia episodes, mechanical support may be

mogenic and inﬁltrative cardiomyopathies. In order

the only option. In patients who are refractory to

to promptly delineate a particular disease entity,

beta-blockers, antiarrhythmic therapy, and pacing,

evaluation of features of the 12-lead ECG (reviewed

sympathetic denervation may be considered once

above) and mode of initiation may be helpful,

the patient is stabilized (45). Stellate ganglion block

although ultimately, imaging may be required.
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F I G U R E 8 Diagnostic Workﬂow for a Patient Presenting With Ventricular Instability

Diagnostic workﬂow for a patient presenting with ventricular instability who is suspected of having an underlying inherited arrhythmia syndrome driven by electrocardiographic initiation of arrhythmias. CM ¼ cardiomyopathy; SQTS ¼ short QT syndrome; other abbreviations as in
Figure 1.

Short-coupled versus late-coupled PVCs that pre-

various factors including sympathetic and para-

cipitate events can be used to characterize the un-

sympathetic states, cycle length, hypothermia, and

derlying pathophysiology and inform management,

medications. These and other factors are believed to

as diseases within each category can be expected

alter the degree of repolarization dispersion and

to have responses similar to a given therapy

modulate the underlying substrate. At times of

(Figure 1).

maximal dispersion of repolarization, phase 2 reentry may occur whereby there is conduction from

SHORT-COUPLED PVCS

an AP dome at sites where it is maintained in sites
where it is abolished, which ultimately precipitates

Syndromes

associated

with

short-coupled

PVCs

re-entrant PMVT (50). Consistent with the concept of

include the J-wave syndromes (BrS, ERS), SQTS, and

J-wave amplitude as a surrogate for substrate

SC-VF. The deﬁnition of a short-coupled PVC varies in

vulnerability, J waves typically increase in amplitude

studies but is generally deﬁned as an R-R interval

preceding a ventricular arrhythmia episode and sub-

of <400 ms between the preceding QRS complex and

side after termination of the arrhythmia (51). More-

subsequent PVC, often occurring before the peak of

over, a subset of patients in whom IVF was diagnosed

the T wave (49). In the absence of ischemia or hypo-

and had normal ECGs at baseline and no evidence of

thermia, recurrent VF preceded by pause-dependent

repolarization abnormalities developed dramatic J-

J-wave accentuation, initiated by a very short-

wave changes during periods of electrical storm, thus

coupled PVC, is pathognomonic of a primary J-wave

implicating ERS (51). Notably J-wave amplitude is

syndrome (Figure 3). J-wave syndromes can share

more useful to follow in an individual patient, as the

common arrhythmogenic mechanisms and respond in

absolute magnitude of J-point elevation has lower

fashion similar to that of pharmacologic manage-

interpatient predictive value; although there are

ment. J waves are dynamic and can respond to

certain other ECG features including a horizontal/
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descending ST-segment and inferior lead location

in SQTS patients occur at rest or during sleep (64),

that confer higher risk (52).

suggesting

Therapies

that

vagal

tone

is

morphology ultimately reduce transmural dispersion

ﬁcacy of adrenergic therapy. However, this is at odds

of

of

with the effects of isoproterenol observed in SQTS

arrhythmia. The amplitude of the J-wave may be a

canine models, where adrenergic therapy promoted

helpful ECG metric with which to determine the ef-

arrhythmic events (68).

result

epicardial

enhanced

pro-arrhythmic and, thus, supports the observed ef-

and

the

that

AP

repolarization

restore

in

suppression

ﬁcacy of therapy and predict likelihood of arrhythmia

Amiodarone

has

multichannel

effects,

with

suppression, although there is minimal evidence to

blockade of both the I kr and I ks currents, which have

support this and no reliable provocation test to un-

the potential to normalize repolarization in patients

mask its potential contribution to arrhythmogenesis.

with SQTS with unknown genetic or pathophysiologic

Isoproterenol therapy diminishes J waves and sup-

substrates. Unfortunately, amiodarone has demon-

presses arrhythmia episodes likely through direct and

strated variable efﬁcacy to date without sufﬁcient

indirect effects on L-type calcium current (ICa-L) and

evidence to support or guide its use.

(Ito),

Recently, the term “short-coupled ventricular

resulting in restoration of the epicardial AP dome

ﬁbrillation” (previously “short-coupled variant of TdP”)

(53). Isoproterenol therapy has demonstrated clear

has been used to describe a subset of IVF patients who

efﬁcacy in the setting of electrical storm in patients

share some common electrocardiographic features.

with BrS (54–56) and ERS (51,57). Isoproterenol can be

These particular patients have a normal baseline ECG,

infused at rates of 1 to 5 mg/min to target a heart rate

and very short-coupled PVCs (often <300 ms) have

the

transient

outward

potassium

current

of >120 beats/min. Quinidine’s efﬁcacy is felt to be

been observed to initiate PMVT with a “Torsade-like”

related to its I to blocking properties and is highly

morphology (69). A genetic basis for this clinical entity

effective for suppressing VF in patients with BrS

has not yet been elucidated, and the electroanatomical

(54,58,59) as well as in ERS (51,60). Unfortunately,

substrate that is vulnerable to these very short-coupled

quinidine may be difﬁcult to obtain in many juris-

PVCs is not well understood. The triggering PVCs have

dictions in both the oral and intravenous forms due to

coupling intervals of 260 to 320 ms and typically have

worldwide production shortages (61). Invasive stra-

relatively narrow QRS morphologies (126  17 ms) (70).

tegies may also be used in cases of drug refractoriness

Intracardiac mapping has demonstrated a preceding

or intolerance. Both endocardial trigger elimination

Purkinje potential (Figure 6), suggesting that the origin

and epicardial substrate modiﬁcation have been

of the initiating PVCs is in the distal His-Purkinje sys-

shown to be effective at reducing VF recurrence (62).

tem, although other focal sources have been identiﬁed

SQTS is a rare entity with minimal reported evi-

(71). Abnormal calcium handling resulting in both EADs

dence to direct the acute management of arrhythmia

and DADs is the likely mechanism for these PVCs.

episodes (63). Gain-of-function mutations in repola-

Verapamil, an L-type calcium channel inhibitor, is

rizing potassium currents have been identiﬁed,

known to suppress ectopic activity originating from the

resulting in enhanced ventricular repolarization and

His-Purkinje system. There is evidence that verapamil

shortened QT intervals; however, most patients with

suppresses ventricular arrhythmias in patients with

the ultimate diagnosis of SQTS have an unidentiﬁed

SC-VF (69). More recently, there has been compelling

genetic basis (64). In clinical practice, a number of

evidence for quinidine in the chronic management of

anti-arrhythmic drugs (AADs) have been used with

these patients (72,73).

of

Electrical storm is common in patients with SC-VF

arrhythmia and during the acute management of

and has been reported in up to 15% of patients (57).

arrhythmia (65). Perhaps the best evidence exists for

Studies

quinidine

to

isoproterenol in patients with SC-VF and electrical

normalize the QT interval, T-wave morphology, and

storm have for the most part been limited to patients

ventricular

has

who had an ER pattern on ECG at the time of pre-

rendered VF noninducible in some cases (66). In the

sentation (51,57,60). In the setting of patients with

European short-QT registry, use of quinidine was

SC-VF presenting with electrical storm, isoproterenol

associated with a reduction in arrhythmic events (64).

has been used effectively to suppress arrhythmia

mixed

results

for

therapy,
effective

prophylactic

which

has

refractory

treatment

been
period

shown
and

demonstrating

the

beneﬁcial

effect

of

Isoproterenol was used in electrical storm in a case

events (74,75). However, case series have also shown

report; however, the patient also presented with ER

failure of isoproterenol in the setting of electrical

pattern reﬂective of an overlapping or atypical

storms (76,77). In patients not responsive to isopro-

presentation and the heterogeneous nature of pa-

terenol, intravenous verapamil may be an effective

tients described to date (67). Most arrhythmic events

rescue therapy (77).
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Mapping and catheter ablation of trigger PVCs

all adrenergic stimuli to the heart. Electrical deﬁbril-

from the His-Purkinje system or right ventricular

lation, including ICD shock, should be used sparingly

outﬂow tract (RVOT) have demonstrated promising

and certainly withheld in the absence of hemody-

results and should be considered in selected patients

namically signiﬁcant VT or VF, and in particular

with recurrent VF and in whom medical therapy

may be avoided or delayed for bidirectional VT,

has failed (71,78). The feasibility of eliminating the

which is often self-limited (Figure 7). Beta-blockers

trigger PVCs has been demonstrated in several small

are the cornerstone of acute and chronic treatment.

studies with success rates of more than 80% and

Esmolol is an attractive choice given its intravenous

long-term survival without VF recurrence for up to

formulation and short half-life. Successful manage-

nearly 8 years (79,80). Recurrent VF storm has been

ment of VT has been described using intravenous

associated with an acute increase in PVC burden,

propranolol (83).

suggesting that the trigger can remain dormant for

A major success has been the recent discovery of

intervening years between episodes (81). This also

the utility of ﬂecainide in CPVT and its ultrarapid

suggests that ablation must be undertaken around

translation into clinical practice (84). Although ﬂe-

the period of VF recurrence in order to identify

cainide has not demonstrated clear beneﬁt in the

the culprit trigger or perhaps during a period when

acute setting, it may be reasonable to institute it in a

a dramatic increase in PVC burden is identiﬁed

case of CPVT storm.

preceding a VF event.

LATE-COUPLED PVCS:
LATE-COUPLED PVCS: CHANNELOPATHIES

ARRHYTHMOGENIC CARDIOMYOPATHIES

Disease entities associated with late-coupled PVCs

Ventricular arrhythmias may be the ﬁrst presentation

initiating ventricular arrhythmia events include CPVT

of an inherited cardiomyopathy such as ARVC, DCM, or

and arrhythmogenic cardiomyopathies presenting

hypertrophic

without structural heart disease. In the absence of a

arrhythmia may be monomorphic initially (approach

formal deﬁnition for late-coupled PVCs, these can be

to monomorphic VT is discussed below) with subse-

described as PVCs which do not fulﬁll the aforemen-

quent degeneration to PMVT/VF. However, PMVT/VF

tioned criteria for short-coupled PVCs, typically on

may be initiated directly by late-coupled PVCs.

the downslope or terminal portion of the T-wave and

Another clue to an arrhythmogenic cardiomyopathy is

occurring in the absence of a prolonged QT interval.

an abnormal baseline ECG, such as those associated

cardiomyopathy.

The

ventricular

CPVT is an especially deadly arrhythmia syndrome,

with variants in the LMNA gene, as many can be

with an earlier age of onset and a greater prepon-

associated with conduction disease, increased or low

derance for breakthrough events, despite standard

voltage, or trademark repolarization changes (4).

treatment (8). One of the main challenges in CPVT is

Pathogenic variants in genes typically associated with

its highly concealed nature, and often the only clue is

cardiomyopathies have been identiﬁed at molecular

an emotion- or exercise-triggered arrhythmic syn-

autopsy in patients with structurally normal hearts

cope, seizure, or sudden cardiac arrest in a young

who have experienced SCD suggesting either a pro-

person (often childhood or adolescence). Mutations

arrhythmic phenotype without structural heart dis-

in genes controlling calcium handling in the sarco-

ease or latent cardiomyopathy which can present ﬁrst

plasmic reticulum lead to DADs, which clinically

with electrical disturbances (85). The initial treatment

manifest as late-coupled polymorphic ventricular

strategy for management of ventricular arrhythmia in

ectopy and/or bidirectional VT (82). Probably owing

patients with “subclinical” structural heart disease is

to the catecholaminergic triggering of DADs, patients

similar and involves intravenous amiodarone and

can

attempted

beta-blockade (86,87). Recently, a small study of pa-

resuscitation from cardiac arrest when treated with

tients with undifferentiated cardiomyopathy pre-

bolus

deﬁbrillations

senting with electrical storm, including a subset of

(either external or from an ICD) (9,29). As such, the

patients with DCM (w17% of patients), demonstrated a

standard algorithms used during a cardiac arrest may

signiﬁcant reduction of ventricular arrhythmic events

be harmful in the setting of CPVT.

and ICD shocks in the use of intravenous amiodarone

develop

electrical

epinephrine

and

storm

during

repetitive

Aside from rare case reports, there are no studies

plus oral propranolol compared to intravenous amio-

of the optimal management of acute arrhythmia

darone plus oral metoprolol (88). This likely reﬂects

episodes in CPVT. However, if this diagnosis is sus-

the importance of more potent adrenergic inhibition

pected, it is of paramount importance to reduce

with a nonselective beta-blocker (propranolol).
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MONOMORPHIC VENTRICULAR
TACHYCARDIA

there are subsets of patients who receive therapy for
PMVT as well (94). Amiodarone therapy may have
superior efﬁcacy than beta-blockade or sotalol for

Patients who present with cardiac arrest in the

suppression of ventricular arrhythmias (95), but any

context of monomorphic VT and have a normal

of these options can be considered ﬁrst-line therapy.

echocardiogram on initial assessment should be

Combination therapies may be necessary in patients

strongly suspected of having an underlying “sub-

with recurrent arrhythmia episodes receiving mono-

clinical” cardiomyopathy. Subtle structural heart

therapy. Combination therapies with established ef-

disease may not be detected with echocardiography

ﬁcacy include, ﬁrst, amiodarone with beta-blockers

or during invasive ventriculography, and patients

(96) and, second, Class I agents in addition to amio-

should go on to have further imaging such as cardiac

darone/sotalol (97). In particular, combination therwith

sotalol/metoprolol

ﬂecainide

magnetic resonance or positron emission tomogra-

apy

phy, which have higher sensitivities for latent and

demonstrated efﬁcacy in patients not responding to

and

has

inﬁltrative cardiomyopathies (89,90).

single-agent therapy or even catheter ablation (98).

Monomorphic VT that is hemodynamically unsta-

Endoepicardial ablation may be useful to reduce

ble and results in cardiac arrest or electrical storm in

arrhythmic burden (99). Bilateral sympathectomy

the context of a structurally normal heart outside of

was

the aforementioned latent or arrhythmogenic car-

arrhythmia refractory to maximal medical therapy

diomyopathies is rare. It is important to note, how-

and who had undergone repeated ablation proced-

ever, that, although idiopathic VT arising from the

ures (100).

performed

successfully

in

a

patient

with

outﬂow tract or other regions of the heart typically
have a benign prognosis in an otherwise normal

CONCLUSIONS

heart, if a susceptible electroanatomical substrate
coexists, malignant arrhythmias may develop. Benign

A subset of patients presenting with malignant ven-

idiopathic tachycardias are known to coexist in pa-

tricular arrhythmias have no identiﬁable structural or

tients with primary inherited arrhythmia events, and

ischemic heart disease at the time of presentation. In

outﬂow tract PVCs have been observed to trigger

these cases, an underlying inherited arrhythmia

polymorphic VT in CPVT, BrS, LQTS, and IVF (91,92).

syndrome should be strongly considered. In the

Whether this represents an overlap of rare and com-

emergency setting, clinicians should focus on clinical

mon conditions or a distinct predisposition to ven-

and electrocardiographic clues to help guide man-

tricular ectopy in some patients with inherited

agement. Focused analysis of the baseline ECG and

arrhythmia syndromes is unknown. One small study

then careful interrogation of the mode of onset can

identiﬁed patients with PVC-induced PMVT/VF that

help facilitate a working diagnosis which will inform

would not typically be considered short-coupled.

the

Noda et al. (92) described a cohort of 16 patients

(Figure 8). After ensuring appropriate monitoring and

without known structural heart disease who did not

resuscitation equipment is available, the next most

develop structural heart disease in the follow-up

critical step in the emergent decision algorithm is the

period of nearly 5 years. These patients had RVOT

ﬁrst line of medications employed, with careful

tachycardia but experienced episodes of PMVT/VF

reassessment based on clinical response. Equally

initiated by PVCs arising from the RVOT, with mean

important is the avoidance of medications, particu-

coupling intervals of 409 ms. This has been described

larly long-acting medications such as amiodarone,

as “malignant” RVOT VT. These patients responded

which can exacerbate the electrical instability in the

well to targeted ablation (92). Finally, cases of bundle

short term. The acute management of electrical storm

branch reentry tachycardia, previously thought to

in a patient with a suspected but undiagnosed primary

occur only in cardiomyopathies with extensive con-

arrhythmia disorder or a patient with an established

duction system disease, presenting with VT or cardiac

diagnosis presenting with recurrent events, which

initial

management

of

patients

in

storm

arrest, have been described in patients with normal

may or may not be stereotypical, poses a signiﬁcant

biventricular function in whom a genetic culprit in

challenge for emergency care providers and should

the SCN5A gene has been identiﬁed (93).
In patients with ARVC, arrhythmia usually arises

involve emergent consultation with local expertise.

from the RV and may have multiple morphologies,
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