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Polymorphic Ventricular Tachycardia
Terminology, Mechanism, Diagnosis, and Emergency Therapy
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ABSTRACT: Polymorphic ventricular tachyarrhythmias are highly lethal arrhythmias. Several types of polymorphic ventricular
tachycardia have similar electrocardiographic characteristics but have different modes of therapy. In fact, medications considered
the treatment of choice for one form of polymorphic ventricular tachycardia, are contraindicated for the other. Yet confusion about
terminology, and thus diagnosis and therapy, continues. We present an in-depth review of the different forms of polymorphic
ventricular tachycardia and propose a practical step-by-step approach for distinguishing these malignant arrhythmias.
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ventricular tachyarrhythmia with changing QRS pat-

tern that will either terminate spontaneously (caus-
ing syncope if it lasts more than a few seconds) or will
deteriorate to ventricular fibrillation (VF), causing cardiac
arrest. Defining the etiology of polymorphic VT is of utmost
importance because different types of arrhythmias with
similar electrocardiographic characteristics respond to dif-
ferent forms of therapy. Furthermore, polymorphic VT often
leads to arrhythmic storms, with clusters of VF episodes
repeatedly requiring DC shocks for defibrillation. In such
scenarios, medications that are life saving for one form of
polymorphic VT may be contraindicated for the other. We
present a contemporaneous classification of polymorphic
VT and propose a practical step-by-step approach for dis-
tinguishing these malignant arrhythmias (Figure 1).

Polymorphic ventricular tachycardia (VT) is a malignant

STEP 1:1S THE ARRHYTHMIA RELATED
TO A LONG QT SYNDROME?

Polymorphic VT Caused by Long QT Syndromes

Torsade de Pointes

Terminology
Torsade de pointes (“twisting of the points” in French),
was first coined by Dessertenne to describe the polymor-

phic VT that results from the long QT syndrome (LQTS)
caused by complete atrioventricular block." The original
description referred to a tachyarrhythmia with “progres-
sive changes in morphology, amplitude, and polarity of
the QRS complexes, whose peaks twist around the iso-
electric baseline!” As narrated elsewhere,> Dessertenne
did not recognize, at the time, the causal association be-
tween the long QT and the arrhythmia he was describing.
Nevertheless, “torsade de pointes” was soon adopted for
all forms of LQTS-related tachyarrhythmias.? Importantly,
when recorded in multiple ECG leads, all forms of poly-
morphic VT may have this “twisting of the points” contour
in some leads. Because LQTS-related arrhythmias have
specific modes of therapy (see Emergency Therapy sec-
tion), it is important to reserve “torsade de pointes” for
arrhythmias caused by an LQTS.

Mechanism

The LQTS occurs when inborn (genetic) or developed (ac-
quired) malfunctions of dedicated ion channels located in
the myocardial cell membrane lead to reduced repolarizing
currents via potassium channels or excessive depolarizing
late-sodium currents® The resulting delay in repolariza-
tion postpones the inactivation of calcium channels, and
the resulting excessive inflow of calcium contributes to
the formation of early afterdepolarizations (EADs). These
EADs, which appear on the surface ECG as pathological,
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Nonstandard Abbreviations And Acronyms

CPVT catecholaminergic polymorphic ventricu-
lar tachycardia

EAD early afterdepolarization

ECG echocardiogram

LQTs long QT syndrome

RVOT right ventricular outflow tract

SQTS short QT syndrome

VF ventricular fibrillation

VT ventricular tachycardia

notched T-waves, may reach a threshold amplitude that
triggers ventricular arrhythmias (Figure 2). Some regions
of the ventricle in the deep subendocardium are more
likely to show prolonged repolarization and EADs.*® The
resulting heterogeneity of repolarization permits the devel-
opment of reentrant arrhythmias once triggered by EADs.

Diagnosis

The correct diagnosis of torsade de pointes is based on
the following: (1) the likelihood that one of the congenital
or acquired forms of long QT syndrome is present; (2) the
QT interval during sinus rhythm is prolonged; and (3) the
arrhythmia has a characteristic mode of onset. Specifically,
the list of potential causes of long QT syndrome should

Polymorphic Ventricular Tachycardia

be considered (Table)*¢~'® and the probabilistic nature of
the calculated rate-corrected QTc interval should be ap-
preciated from evidence-based calculators (https://www.
gtcalculator.org),’® while keeping in mind that most pa-
tients with torsade de pointes have a QTc 25600 ms at the
time of arrhythmia documentation. The onset of torsade
de pointes is determined by 2 fundamental characteris-
tics: (1) the first beat of the tachyarrhythmia denotes an
early depolarization reaching trigger potential at the late
phase of the prolonged action potential® (consequently,
the coupling interval [the time-interval between the last
sinus complex, just before arrhythmia initiation and the
first arrhythmia beat] is always long [>450 ms'” or 2500
ms'® in different studies]); and (2) the abnormal QT fails
to accommodate to sudden heart rate changes'®?° (con-
sequently, torsade de pointes starts during sinus rate ac-
celeration [tachycardia—dependent torsade'”] or, more
commonly, during heart rate deceleration [pause-depen-
dent torsade?'-%%]). Tachycardia-dependent torsade oc-
curs mainly in infants and patients with type | congenital
LQTS,'” but may occur in drug-induced LQTS (although
rare). Failure of the action potential to accommodate to
an accelerating sinus rate characteristically leads to T-
wave alternans, a well-known sign of imminent torsade de
pointes (Figure 2C). Pause-dependent torsade de pointes
is more common: it is the predominant form in adults with
type 2 and 3 congenital LOTS'™" and is in the vast major-
ity of cases with acquired forms of LOTS.2 Here, a sudden
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Figure 1. Approach to the patient with polymorphic VT.

After excluding mimicries of polymorphic VT, the first question is whether the patient has a long QT syndrome (not merely a long QT interval [see
section on “pseudo—torsade de pointes’]); the second question is whether the patient has organic heart disease. Polymorphic VT recorded during
exercise represents a different category. RVOT indicates right ventricular outflow tract; VF ventricular fibrillation; and VT, ventricular tachycardia.
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Figure 2. Pause-dependent and
tachycardia-dependent torsade de
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pointes.

A and B, Pause-dependent torsade

de pointes. Note the short-long-short
sequence created by extrasystoles and their
postextrasystolic pause (annotated S--S),
preceding torsade de pointes. Comparison

of the baseline QT (blue arrowhead) and

the postpause QT interval (red arrowhead)

in A clearly demonstrates the maladaptation
of the QT interval to sudden decrease in
heart rate secondary to the postextrasystolic
pause. B, Drug-induced long QT syndrome
from methadone and erythromycin; the
abnormal (notched) T-waves reflect early
depolarizations (green arrowhead). The
coupling interval of the beat initiating torsade
de pointes is long (coupling interval, 705 ms
[marked CI=705] in panel B). C, Tachycardia-

induced torsade in an infant with congenital
long QT syndrome. Note the macroscopic
T-wave alternans (arrows of different

colors) caused by the maladaptation of the
QT interval to the accelerating heart rate

immediately preceding torsade de pointes.

heart rate slowing because of a sinus pause or, more com-
monly, a postextrasystolic pause, leads to augmentation of
the EAD amplitude, which manifests in the ECG as post-
pause excessive augmentation of the T-wave amplitude,
often leading to giant and bizarre T-waves?® (Figure 2A).
A vicious cycle, where each pause triggers new extrasys-
toles, creates a distinctive ECG pattern referred to as the
“short-long-short sequence™? that ultimately culminates in
torsade de pointes (Figure 2A and 2B).

Emergency Treatment
The emergency therapy of torsade de pointes includes
discontinuation of any QT-prolonging medications and

Table. The Long QT Syndromes

Congenital long QT syndrome®

Drug-induced long QT syndrome®

Bradycardia-induced long QT syndrome’

Posttachycardia long QT syndrome®

Postinfarction (or Takotsubo) long QT syndrome'®

Hypokalemia (and metabolic abnormalities)'!

Hypogonadism'®

Food-induced long QT syndrome'?"*

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783

raising potassium serum levels to high-normal levels."
Sedation with intravenous midazolam is advised be-
cause any stress-induced rise in sympathetic tone is
arrhythmogenic.

Intravenous magnesium, administered as slow intra-
venous bolus injection of 2 g magnesium sulfate,
suppresses the onset of torsade.®® The effects of mag-
nesium are often transient, so intravenous magnesium is
essentially a first-aid agent until additional therapeutic
measures are instituted. It may be repeated as long as
hypermagnesemia (in patients with impaired renal func-
tion) is avoided. Considering that magnesium suppresses
EADs by blocking calcium inflow, more potent calcium
channel blockers, like verapamil, have been proposed.?627

The late-sodium current is arrhythmogenic in the
LQOTS.?® Accordingly, mexiletine, a specific late-sodium
current blocker,? is effective in suppressing torsade de
pointes in both congenital®®®" and acquired®? forms of
LQTS. Considering that lidocaine is often the first drug
used to treat any ventricular arrhythmia, surprisingly little
is known about its efficacy in torsade de pointes. Lido-
caine blocks late-sodium current in vitro,®® but at con-
centrations that would probably require supratherapeutic
doses. In a small case series, it was usually given in con-
junction with magnesium, precluding objective interpreta-
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tion of the results. Lidocaine failure in patients ultimately
responding to magnesium has been reported.

During arrhythmic storms, it is crucial to review the
mode of onset of all arrhythmic events. Tachycardia-
dependent torsade de pointes is best treated with high
doses of B-blockers (and left cardiac sympathetic block-
ade if B-blockers fail). On the other hand, shortening
the pauses that facilitate pause-dependent torsade with
either cardiac pacing or isoproterenol is antiarrhythmic.
The basic heart rate should be increased to the minimal
rate that prevents pause-dependent torsade de pointes,
taking into account that excessive heart rate accelera-
tion may provoke tachycardia-induced torsade. Once
all pauses are prevented by effective cardiac pacing,
[-blockers can be safely used also for pause-dependent
torsade de pointes.

STEP #2: ARRHYTHMIAS NOT RELATED
TO AN LQTS: DOES THE PATIENT HAVE
ORGANIC HEART DISEASE?

Polymorphic VT Without QT Prolongation

Polymorphic VT in the Absence of Organic Heart
Disease

This category includes patients with genetic disorders
(short QT and Brugada syndromes), and diseases of un-
known etiology (idiopathic VF with or without early repo-
larization). These entities share important characteristics,
including a tendency to develop arrhythmic storms (with
recurrent polymorphic VT triggered by ectopic beats dis-
playing a short coupling interval), which respond to quini-
dine therapy when other antiarrhythmic drugs fail.2*

In addition, patients with the common and benign
idiopathic monomorphic VT from the right ventricular
outflow tract ([RVOT] RVOT-VT), rarely develop malig-
nant polymorphic VT.%737 Finally, intriguing proarrhyth-
mic effects of the antibiotic azithromycin may rarely
lead to polymorphic VT.38

Genetic Channelopathies Leading to
Polymorphic VT

Brugada Syndrome

Terminology

Brugada syndrome was originally described as “a dis-
tinct clinical and electrocardiographic syndrome of
right bundle-branch block, persistent ST-segment el-
evation, and sudden death (Figure 3A)"° Interestingly,
none of these 3 characteristics are universally present.
First, it is not clear if the right bundle-branch block pat-
tern represents a true block of conduction in the right
bundle in all patients. Appearance of complete right
bundle-branch block may actually hide the diagnostic
pattern of ST-segment elevation.”® Second, the ST-
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segment elevation, in those who have it, is not present
at all times and is therefore not truly persistent*' Fi-
nally, although patients with this entity are at increased
risk of VF, the majority of patients seen nowadays are
asymptomatic when diagnosed and many remain free
of arrhythmias during follow-up periods that now reach
20 years.*?

Mechanism
Brugada syndrome is a genetic disorder. Monogenic in-
heritance attributable to disease-causing mutations in
the SCNBA (sodium voltage-gated channel a subunit 5)
sodium channel is found in about 20% of cases.*® For
the rest, oligogenic inheritance is suggested by genome-
wide association studies showing that genetic variants
in different genes (like SCN10A and HEY?2), which are
not pathogenic enough to cause disease when present
in isolation, increase the likelihood of Brugada syndrome
when present in combination.*##®

It is a matter of debate if the polymorphic VT of Bru-
gada syndrome is caused by delayed conduction causing
disorganized reentry, or if it is attributable to the abbrevia-
tion of the action potential in the right ventricular outflow,
causing abnormal dispersion of repolarization ultimately
generating phase 2 reentry.® Probably, both mechanisms
take place to different degrees in different patients.*”

Diagnosis

The typical patient with symptomatic Brugada syndrome
is an adult male who develops cardiac arrest at rest, often
while asleep, and often as a presenting symptom.*® The
classic arrhythmia in Brugada syndrome is a polymorphic
VT triggered by an ectopic beat that has a short coupling
interval, but not as short as in idiopathic VF. Recordings
of spontaneous arrhythmias are mostly from intracar-
diac recordings in implanted defibrillators (Figure 3B).
Therefore, information of the site of origin of spontane-
ous polymorphic VT in Brugada syndrome is limited. It
is presumed to be the RVOT, but anecdotal cases show
that this is not invariably the case (Figure 3C).

Among patients with ST-segment elevation in the
precordial leads shortly after cardiac arrest, the obvi-
ous differential diagnosis is ischemic VF attributable
to an anterior infarction or isolated right ventricular
infarction.*® The absence of reciprocal ST depression
favors the diagnosis of Brugada over ischemic VF
and, over time, the development of Q-waves will tell
these 2 conditions apart. When in doubt, urgent coro-
nary angiography is indicated because ischemic VF is
more common and responsive to revascularization. ST-
segment elevation may also be caused by repeated
DC shocks during resuscitation; but this is a transient
phenomenon.®®

The absence of ST-segment elevation after resus-
citation from cardiac arrest does not exclude Brugada
syndrome because a surge in sympathetic tone during
resuscitation may diminish ST-segment elevation.®' In

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783
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Figure 3. Polymorphic ventricular tachycardia in Brugada syndrome.

A, Typical type | Brugada pattern (only leads V1-V3 are shown). B, Representative event of spontaneous polymorphic ventricular tachycardia
deteriorating to ventricular fibrillation as recorded by an implanted defibrillator (stored bipolar and shock-lead electrograms of the event). Note
the relatively short coupling interval of the beat initiating the polymorphic ventricular tachycardia (coupling interval, 398 ms). C, Arrhythmic storm
in a young patient with Brugada syndrome. The precordial leads (V1-V6) are placed in the 2nd and 3rd intercostal space rather than the nominal

position. The arrhythmias are pause-dependent. The initiating beat has

a superior axis, indicating that the site of origin is within the inferior aspect

of the right ventricle rather than the expected right ventricular outflow origin. Note that the type | Brugada pattern disappears after short cycles,

indicated in this figure by an asterisk ().

fact, 1 out of 3 patients presenting with cardiac arrest
eventually diagnosed with Brugada syndrome, do not
have ST elevation at the time of presentation.*® When
circumstantial evidence suggests Brugada syndrome
and the diagnostic ECG is not observed, 12-lead Holter
with the precordial leads placed at higher costal inter-
space,® or a sodium channel blocker test (with ajmaline,
flecainide, pilsicainide, or procainamide)®?%® may unravel
the typical Brugada ECG. One should keep in mind, how-
ever, that provocation tests with sodium channel blockers
may result in false-positive diagnoses,®*™® and may pro-
voke life-threatening arrhythmias, although rare.®

Emergency Therapy

Case series document that VF storms in Brugada syn-
drome fail to respond to conventional antiarrhythmic
drugs but respond to intravenous isoproterenol and/or
oral quinidine. These drugs restore the homogeneity of
repolarization by increasing calcium current (isoproter-
enol) or blocking the transient outward potassium cur-
rent ([l ] quinidine). Although randomized studies have

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783

not been performed, the evidence is compelling enough
to recommend isoproterenol and quinidine as first line of
therapy for arrhythmic storms in Brugada syndrome.57%8
Quinidine is not available in all countries.5%° It is impor-
tant to assure that hospitals, particularly arrhythmia re-
ferral centers, keep quinidine supplies on stock because
this medication is lifesaving during arrhythmic storms.
Intravenous quinidine is available for the treatment of
malaria and may be used for VF storms.®" Cilostazol and
bepridil have been used in quinidine-intolerant patients.””
Importantly, radiofrequency ablation of the arrhythmic
substrate (identified as areas of abnormal, fractionated
potentials) on the right ventricular outflow, using percu-
taneous epicardial approach, is effective for patients with
recurrent VF events.®?

Short QT Syndrome

Terminology

Short QT syndrome (SQTS) is a genetic disease. Al-
though initially called “idiopathic short QT interval®® the
familial nature of the disease was evident from the initial
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reports.®3%* The more prevalent genetic mutations cause
malfunction of the same repolarizing ion channels that
cause the LQTS: loss-of-function in the |, or I, potas-
sium channels (‘rapid” and “slow” components of the
delayed rectifier potassium current, respectively) cause
prolongation of the action potential (LQTS), whereas
gain-of-function of these channels causes QT shorten-
ing in SQTS. Mutations in the genes CACNA1C (calcium
voltage-gated channel subunit a-1C) or CACNB2b (cal-
cium channel voltage-dependent subunit [3-2) cause a
mixed phenotype of Brugada and SQTS.°

Mechanism

Genetic mutations causing SQTS result in excessive
shortening of the action potential in some myocardial
areas more than in others. The resulting increased trans-
mural dispersion of repolarization is as proarrhythmic in
SQTS as it is in LOTS.5%6¢ Cellular models of SQTS that
replicate the arrhythmogenic substrate caused by disper-
sion of repolarization still require external triggers, in the
form of electric stimulation, to initiate VF5%%" Calcium-
spark oscillations, which are prevalent in Purkinje fibers,
yet are usually controlled by electrotonic suppression
from the surrounding myocardium,®® may serve as trig-
gers of ventricular arrhythmias when the action potential,
and thus the refractory period, are abnormally short.

Diagnosis

As more extensively reported for idiopathic VE®*~"" polymor-
phic VT in SQTS is triggered by ectopic beats demonstrating
an ultrashort coupling interval. Defining “short QT however,
is far from trivial.”” The majority of patients with genetically
confirmed SQTS have a QTc <340 ms, but longer values
are possible.” The fact that considerable overlapping exists
between the QTc of the healthy and the LQTS populations
is well established,'® and similar overlapping exists between
the healthy and the SQTS populations.”

Treatment

As for other forms of polymorphic VT triggered by short-
coupled extrasystoles, quinidine is effective therapy for
SQTS-related arrhythmic storms when other drugs that
prolong the QT interval (like amiodarone) fail.™™ Some
data suggest that disopyramide may be effective.”

Idiopathic Ventricular Fibrillation and Early
Repolarization

Terminology

The term “idiopathic” implies unknown cause and mecha-
nism. However, patients with true idiopathic VF (as op-
posed to the more general category of patients with un-
explained cardiac arrest), have a stereotypic phenotype
described 3 decades ago® that includes: (1) a strictly
normal ECG (with a QT interval often in the short range
of normal)™; (2) arrhythmia onset with ultrashort cou-
pling interval (the shortest of all polymorphic VT types
[Figure 4])"; and (3) strikingly similar arrhythmias dur-
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ing repeated episodes (Figure 4A and 4B). Because of
the ultrashort coupling interval, the term “short-coupled
VF" was recently adopted.”™ This is interesting because,
historically (3 decades ago), the phrase “short-coupled
variant of torsade de pointes was used to describe an
identical disease. Finally, patients with idiopathic VF who
have an early repolarization ECG pattern during sinus
rhythm are diagnosed as malignant early repolarization
or J-wave syndrome.’”®! Patients with J-wave syndrome
are more often of the male sex, with shorter QT intervals,
and appear to have a higher risk of VF recurrence than
idiopathic VF patients with a normal ECG.228 The ar-
rhythmias of these subgroups are undistinguishable.®2&

Mechanism
Endocardial mapping during arrhythmic storms demon-
strate that the ectopic beats with ultrashort coupling in-
terval that trigger VF episodes originate from Purkinje
fibers.”'848% The site of origin of VF-triggering Purkinje
ectopics varies by sex: right ventricular Purkinje ectopics
predominate in males.®

It is important to note that the normal Purkinje fiber
displays automaticity related to spontaneous calcium
sparks released via channels unique to Purkinje cells.588¢
Normally, this spontaneous activity within Purkinje cells is
suppressed by electrotonic influences from surrounding
tissues.?® It is not entirely clear if the fundamental abnor-
mality during Purkinje-initiated arrhythmias in idiopathic
VF is an abnormal Purkinje physiology, dysfunction of
the myocardium surrounding the firing Purkinje fibers, or
both. Different mechanisms may take place in different
patients. For example, a primary abnormality of Purkinje
physiology was described in a large family with idiopathic
VF caused by a gain-of-function genetic mutation in the
DPP6 (dipeptidyl peptidase-like protein-6) genef” In the
nondiseased heart, DPPG is responsible for a subunit of
the transient outward (I, ) repolarizing current, which is
more overtly expressed in Purkinje fibers than in myocar-
dial cells. Consequently, when mutations in DPP6 lead to
excessive |, repolarizing current, shortening of the action
potential is more pronounced in Purkinje fibers than in
the surrounding myocardium. This allows reentry within
the Purkinje—myocardium junction (short-coupled VF) in
the setting of a normal QT interval® On the other hand,
some data suggest that patients with idiopathic VF have
QT intervals shorter than those recorded in healthy con-
trols, particularly during slow heart rate.”"®88% A period of
voltage-dependent supernormal excitability is prominent
in Purkinje fibers.?® Short refractory periods in the sur-
rounding myocardium would allow propagation of the
EADs present in healthy Purkinje fibers during the vul-
nerable period of ventricular repolarization, triggering VF.
Finally, among patients with idiopathic VF who have the
early repolarization pattern, areas of fragmented poten-
tials denoting abnormally slow conduction exist in the epi-
cardial surface of the inferior wall of the right ventricle.®!

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783
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Figure 4. Polymorphic ventricular tachycardia in idiopathic ventricular fibrillation.

A and B, Two different episodes of spontaneous polymorphic ventricular tachycardia in a young male who survived a cardiac arrest episode at
the age of 19. His QTc is 362 ms, representing the low normal range (5th percentile) of the QTc of healthy males. Note the very short coupling
interval triggering the arrhythmia (coupling interval of 270 ms for both events). Not only is the first complex of the ventricular tachycardia identical
for both events, but the 2nd to 5th ORS complexes of both events are very similar in the 12-lead recordings. € and D, An arrhythmic storm of a
female patient with idiopathic ventricular fibrillation. These traces are recorded at paper speed of 12.56 mm/s. The coupling interval is short (351
ms). The first event terminates spontaneously after 10 s, and the second one (as well as numerous additional episodes not shown) required DC
shock for termination. Both patients have been free of arrhythmias for more than a decade while on quinidine therapy.

Diagnosis

Idiopathic VF strikes at rest, often as a presenting symp-
tom.®%€° In its classic definition, the diagnosis of idio-
pathic VF is made by exclusion of all possible causes of
VF. However, the diagnosis is made by inclusion once the
characteristic mode of VF onset (by extrasystoles with
ultrashort coupling interval) is recorded. At that point, the
differential diagnosis is reduced to the few entities caus-
ing short-coupled polymorphic VT-like ischemic VF (in-
cluding coronary spasm), Brugada syndrome, and SQTS.
Once ischemic VF is excluded, the remaining options are
highly responsive to quinidine therapy.

Emergency Therapy

The acute response of idiopathic VF to quinidine ther-
apy was reported as early as 1929.°2 In 1949, Moe
reported a young patient presenting with arrhythmic
storm because of idiopathic VF®? This patient remained
free of arrhythmias for 40 years on quinidine therapy,
lived longer than the author, and was reported on again

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783

in 1990.%* Case series®™ and reviews of all case re-
ports published by 199057 established the efficacy
of quinidine. Idiopathic VF with early repolarization also
responds to quinidine.? Isoproterenol is also effective.®?
Verapamil was proposed as therapy for the short-cou-
pled variant of torsade de pointes® (a disease that, as
mentioned, is indistinguishable from idiopathic VF). An-
ecdotal reports show suppression of the ectopic beats
triggering VF by verapamil.°® However, verapamil was
ineffective for preventing VF recurrence in patients with
early repolarization.8'82 The use of quinidine for patients
with idiopathic VF or Brugada syndrome presenting with
arrhythmic storm is endorsed by current guidelines®"°®
and consensus documents.””

Idiopathic Polymorphic VT From the RVOT

Terminology

The RVOT is the most common site of origin of benign
ventricular arrhythmias in patients without organic heart
disease.”® Patients present with palpitations related to
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premature ventricular complexes or salvos of nonsus-
tained monomorphic VT. These arrhythmias are well tol-
erated even in cases with sustained monomorphic V1.

In 2005, our group® and the group of Noda and Shi-
mizu®” described cases with otherwise typical idiopathic
RVOT-VT who also developed malignant syncope or car-
diac arrest caused by polymorphic VT also originating from
the RVOT. It has been reported that 3% of patients with
idiopathic RVOT-VT have polymorphic VT2¢ but selection
bias probably leads to overestimation of this risk.

In our small series, RVOT—polymorphic VT was invari-
ably initiated by RVOT ectopics with short coupling inter-
val®® Because in roughly half of patients with idiopathic VF
(reported by Haissaguerre), the arrhythmia originates in the
RVOT"'® one could argue that this malignant RVOT-VT
simply represents idiopathic VF originating from the RVOT.
However, in contrast with idiopathic VF patients, who do not
display monomorphic VT, patients with malignant polymor-
phic VT have well-tolerated monomorphic VT as their prom-
inent arrhythmia. The ectopic beats initiating monomorphic
and polymorphic arrhythmias were of similar morphol-
ogy, but had shorter coupling intervals during polymorphic
events (350120 ms vs. 440£80 ms)® Intriguingly, in the
larger series by Noda®" only half of polymorphic RVOT-VT
events displayed short coupling intervals (of <400 ms).

Mechanism

Idiopathic RVOT arrhythmias are attributable to triggered
activity.” Polymorphic VT/VF that is triggered by ectopic
beats with a short coupling interval could well represent
the “normal” response to timed electric stimuli falling on
the “vulnerable phase” (when the dispersion of ventricu-
lar refractoriness is greatest).® Initiation of polymorphic
VT by an extrasystole falling after the end of the preced-
ing T-wave could represent a burst of delayed afterdepo-
larizations in which the first one is concealed but lowers
the fibrillation threshold for subsequent stimulus.®

Diagnosis

The typical patient is an otherwise healthy adult (39 to
45 years of age), with a 6- to 10-year history of palpita-
tions, presenting with malignant syncope. Most patients
(56% to 85% of patients in different series) are female.®®
The sinus complexes are normal. The initiating beat has
an inferior axis and an LBBB pattern, denoting the RVOT
origin. The polymorphic VT is fast (mean cycle length,
224 to 270 ms, as compared with 330 to 380 ms for
idiopathic monomorphic VT).%

Emergency Therapy

Practically all reported cases of idiopathic polymorphic
RVOT-VT underwent radiofrequency ablation of the RVOT
extrasystoles. Consequently, there is no data on the re-
sponse of this form of polymorphic VT to antiarrhythmic
therapy. In cases with pause-dependent polymorphic RV-
OT-VT, atrial pacing at 80/min has been successfully used
to prevent recurrence until the ablation is performed.3
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Drug-Induced Polymorphic VT Without QT Prolongation
Although drug-induced polymorphic VT is almost invari-
ably attributable to a drug-induced LQTS, a novel pro-
arrhythmic syndrome of polymorphic VT triggered by
short-coupled ventricular extrasystoles in the absence
of QT prolongation has been attributed to azithromycin
therapy.®® Azithromycin potentiates depolarizing sodium
current®® How this increased intracellular sodium load-
ing provokes these arrhythmias remains to be explained.
Similar arrhythmias have been described among
patients treated with ibrutinib for blood malignancies.'®
Arrhythmia suppression with quinidine allowed for con-
tinuous ibrutinib therapy.'®

Polymorphic VT Caused by Organic Heart Disease
This category includes: (1) patients with ischemic VF
(polymorphic VT caused by acute myocardial ischemia);
and (2) Purkinje-related polymorphic VT in patients with
coronary disease without evident ischemia.

Ischemic VF

Terminology

The term “ischemic VF" is reserved for patients devel-
oping polymorphic VT/VF during obvious myocardial
ischemia. It is recorded after positive exercise tests in
patients with significant coronary artery disease, dur-
ing acute coronary spasm, and more commonly, at the
time of hospitalization with acute ST-segment elevation
myocardial infarction (Figure 5).'°" This is a common ar-
rhythmia. The first clinical manifestation of myocardial
ischemia in patients with established, yet undiagnosed,
coronary disease is often out-of-hospital sudden death
attributable to ischemic VF,

Mechanism

Numerous mechanisms (reviewed by Lugman'®? and Di-
Diego and Antzelevitch'®) coexist in animal models of
ischemic VF. At the cellular level, acute ischemia opens
ATP-sensitive potassium current channels and causes
acidosis and hypoxia of myocardial cells. At the tissue
level, extracellular potassium modulates cardiac auto-
maticity and excitability, while causing a large dispersion
of repolarization across the border zone, allowing phase
2 reentry. Abnormalities of intracellular calcium homeo-
stasis also occur. Acute ischemia depresses conduction
velocity, eventually causing unidirectional block and reen-
try.'%2 A dog model of provoked ischemia (coronary artery
ligation) during exercise reveals that some dogs have an
inherent predisposition to ischemic VE'%* Susceptibility to
ischemic VF also exists in humans. Among patients pre-
senting with a first myocardial infarction, those with fam-
ily history of sudden death have a 3-fold increased risk
of developing primary VF during the ischemic event.'®
Also, the presence of early repolarization in the preinfarc-
tion ECG, correlates with an increased risk of VF during
acute ischemia.'®
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Figure 5. Ischemic ventricular fibrillation.

Two different patients with spontaneous polymorphic ventricular tachycardia deteriorating to ventricular fibrillation during acute ST-elevation
inferior infarction. Note the very short coupling interval triggering the ventricular fibrillation (coupling interval of 252 ms in B), as short as observed

in idiopathic ventricular fibrillation (see Figure 4).

Diagnosis
The ECG of ischemic VF, as described 3 decades
ago,'®" demonstrates 2 important characteristics: (1)
polymorphic VT starts during maximal ST-segment el-
evation; higher cumulative ST-segment elevation cor-
relates with a higher risk of VF;'% and (2) ischemic
VF is triggered by short-coupled ventricular extrasys-
toles.’" In a recent study comparing ischemic VF to
other forms of polymorphic VT,'® the coupling interval
of the triggering beat was shortest for ischemic VF. In
fact, the ultrashort coupling interval during initiation of
ischemic VF (305+£53 ms) is comparable only to that
of idiopathic VF (320£52 ms).”

The differential diagnosis includes Brugada syn-
drome and malignant early repolarization, causing VF

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783

during ST elevation in the anterior and the inferior
wall,’" respectively.

Emergency Therapy

Guidelines endorse the use of intravenous p-blockers
(use of amiodarone and lidocaine should be considered),
deep sedation, and urgent revascularization during recur-
rent events of ischemic VF®" Urgent revascularization is
mandatory. However, drug-refractory, incessant episodes
of VF at the time of acute infarction may impede trans-
portation to the catheterization room. Use of mechani-
cal chest compression machines have been used during
transportation and during urgent revascularization in pa-
tients with incessant VF, but survival was dismal.'®® Intra-
venous quinidine is readily available in for the treatment
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of malaria. Considering the electrocardiographic and
electrophysiological similarities to quinidine-responsive
entities (like Brugada syndrome), quinidine could prove to
be of value for ischemic VE'%® Actually, in animal models
of ischemic arrhythmias in rats, pigs, and dogs, quinidine
was more effective than lidocaine and procainamide.'®®

Polymorphic Ventricular Tachycardia

Polymorphic VT in Patients With Coronary Heart
Disease Without Acute Ischemia

Terminology

Polymorphic VT with unique ECG characteristics may
strike in patients with coronary artery disease in the ab-
sence of acute ischemia.'"®""2 Arrhythmic storms tend

Figure 6. Purkinje-related (quinidine-responsive) polymorphic ventricular tachycardia in patients with coronary disease not

related to acute myocardial ischemia.

A and B, Two episodes of polymorphic ventricular tachycardia (with normal QT interval and no evidence of ischemia) during an arrhythmic storm
taking place 7 days after an otherwise uncomplicated coronary bypass surgery. This patient failed to respond to intravenous lidocaine, magnesium,
and amiodarone but responded to quinidine therapy. (Reproduced from Viskin et al.''%) C, A 51-year-old male originally presented with acute
anterior infarction and was treated with percutaneous revascularization (not shown). Four days later, he developed an arrhythmic storm with
frequent polymorphic ventricular tachycardia. Because of failed amiodarone therapy, the QT is not only very long (QTc, 511 ms), but also has
highly abnormal morphology with notched T-waves (arrows). However, this arrhythmia is not torsade de pointes because the coupling interval

of the ventricular tachycardia is short (360 ms). The short coupling interval demonstrates that the polymorphic ventricular tachycardia is taking
place despite long QT and not because of it (representing pseudo—torsade de pointes). Despite the QT prolongation, this patient was treated with
quinidine and responded. (Reproduced from Rosso et al.'®) Cl indicates coupling interval.
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to occur within days of an acute myocardial infarction
or coronary revascularization procedure,"®''? but similar
arrhythmias have been described in patients presenting
with syncope or out-of-hospital cardiac arrest.''"''? Be-
cause of the critical role of Purkinje fibers in triggering
these arrhythmias, “His-Purkinje—related VF"® and “an-
gry Purkinje syndrome™' have been proposed; because
these arrhythmias are particularly sensitive to quinidine
and refractory to all other antiarrhythmic drugs, “quini-
dine-responsive polymorphic VT in patients with coro-
nary disease”"'®"'" has been used.

Mechanism

The ectopic beats that trigger these VF episodes origi-
nate from Purkinje fibers located within the border zones
of the infarct scar, or less commonly, deep within the
infarct-related scar."'? Purkinje fibers are less vulnerable
to ischemia than myocytes and Purkinje activity remains
in areas of myocardial necrosis."'® This allows calcium
spark—driven, phase-2 EADs in Purkinje fibers—normally
suppressed by electric coupling from the surrounding
myocardium—to propagate®® In these circumstances,
unidirectional block and reentry within the arboreous
junctions between Purkinje fibers and myocardial cells
cause very fast arrhythmias.®®

Diagnosis

The typical patient is 3 to b days post—acute myocardial
infarction that was treated with urgent coronary stenting
and had an uncomplicated hospitalization course, and
then develops unforeseen VF. Continuous, multiple-lead
ECG monitors do not demonstrate ST-segment changes
suggestive of ischemia (Figure 6A). Instead, monitors are
likely to reveal that ventricular extrasystoles of a single
morphology and short coupling interval have been present
(yet unnoticed) for hours. Eventually, one of these short-
coupled ectopics triggers polymorphic VT.""° The coupling
interval is 358438 ms, not as short as in ischemic VF.'®

The Concept of Pseudo-Torsade de Pointes. About
40% of patients with Purkinje-related polymorphic VT
have a very long QT interval'™® (either because the QT
interval generally prolongs during the healing phase of
myocardial infarction’™ or because they were on amioda-
rone therapy at the time of the arrhythmia [Figure 6B]). In
many of these patients, the initiation of polymorphic VT
is pause-dependent,’’® potentially leading to an incorrect
diagnosis of torsade de pointes. We termed this condition
‘pseudo—torsade de pointes”® to emphasize the differ-
ence between a polymorphic VT caused by a long QT
(“true torsade de pointes”), and polymorphic VT occurring
despite QT prolongation (pseudo—torsade de pointes). The
QT interval of torsade de pointes is longer (QTc, 565176
ms vs. 491125 ms; A<0.001), but considerable overlap
exists between the QT of both true and pseudo—torsade
de pointes.’”® On the other hand, the coupling interval in
pseudo—torsade de pointes is much shorter than during
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torsade (360+38 ms vs. 600£173 ms). A coupling inter-
val €400 ms generally indicates polymorphic VT unrelated
to a LOTS even if the QT interval is prolonged.'®

Emergency Therapy
American Heart Association guidelines state that intrave-
nous amiodarone has a role in reducing recurrent VT/VF
during resuscitation.” These recommendations are based
on studies of out-of-hospital cardiac arrest with VF where
polymorphic VT was not necessarily the initial arrhythmia.
Arrhythmic storms caused by Purkinje-related VT often fall
to respond to conventional antiarrhythmic drugs, including
amiodarone.'®""2 Urgent catheterization is rarely helpful: it
generally shows that the stent implanted at the time of hos-
pitalization with acute infarction is patent. Even if stenotic
lesions in a nonculprit artery are stented, arrhythmic storms
usually continue."'®'" Current guidelines emphasize the
need for assessment of graft patency when an arrhythmic
storm attributable to polymorphic VT strikes within days af-
ter coronary bypass surgery® In our experience, arrhythmic
storms respond to revascularization in <20% of patients
developing polymorphic VT shortly after bypass surgery.'™®
On the other hand, quinidine therapy is highly effec-
tive in patients who failed to respond to other drugs.'"®'"
Doses used include oral quinidine sulfate 600 mg, fol-
lowed by 400 mg every 3 hours until the arrhythmic
storm subsides, and then 400 mg every 8 hours. The
equivalent dose for hydroquinidine are 600 mg followed
by 300 mg every 8 hours and then 300 mg every 12
hours. The optimal duration of quinidine therapy remains
undefined. Arrhythmic storms represent a transient phe-
nomenon and late recurrences are rare.'’®'"! Radiofre-
quency ablation therapy targeting the Purkinje fibers that
trigger VF may be lifesaving and is best indicated for
patients with frequent Purkinje-related ectopics that can
be mapped between VF episodes.'” The timing of the
procedure is important, as the risk of cardiogenic shock
and mortality increase if therapy is delayed.' Thoracic
epidural anesthesia and cardiac sympathetic denervation
have been used effectively in selected patients with cor-
onary disease and drug-refractory polymorphic VT.'"617

STEP 3:1S THE ARRHYTHMIA EXERCISE-
RELATED?

Exercise-Induced Polymorphic VT

Catecholamine-Sensitive Polymorphic VT

Terminology

Catecholamine-sensitive (also called catecholaminergic)
polymorphic VT (CPVT)''® was first described by Coumel
4 decades ago'® in children with stress-induced syn-
cope or cardiac arrest who have normal ECG at baseline
but reproducible provocation of polymorphic and/or bidi-
rectional VT during an exercise test.'"® Bidirectional VT is
similar to that recorded during digitalis toxicity.'?
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Mechanism

CPVT is a genetic disease caused by mutations in
genes that encode proteins of the sarcoplasmic re-
ticulum calcium-release complex.'?’ The most com-
mon (CPVT type 1) form is autosomal-dominant and
caused by gain-of-function mutations in the RYR2
(ryanodine receptor 2) gene. Other genes associ-
ated with CPVT are CASQ2 (calsequestrin 2), TRDN
(triadin), CALM1 (calmodulin 1), CALM2 (calmodulin
92), and CALM3 (calmodulin 3). These genes encode
different proteins that are directly involved in regu-
lating sarcoplasmic reticulum calcium release during
excitation—contraction coupling, rendering the normal
increase in calcium release in response to adrenergic
stimulation hyperactive.'?! The excessive diastolic cal-
cium leads to delayed depolarizations and triggered
arrhythmias. A recent review describes in detail the
molecular and tissue mechanisms of CPVT.'?!

Diagnosis
CPVT typically presents in childhood as syncope or
cardiac arrest during emotional or physician stress, as

Polymorphic Ventricular Tachycardia

drowning or a near-drowning episode,'?? and more rare-
ly in adults, as cardiac arrest unrelated to stress. The
baseline ECG is normal except for sinus bradycardia.
Although the QT is normal, the abnormal QT response
to sudden heart rate change'® and prominent U-waves
during exercise'* are well described. The response to
exercise or isoproterenol infusion is reproducible and vir-
tually diagnostic (Figure 7A and 7B): as the heart rate
increases, atrial arrhythmias (including atrial fibrillation)
and ventricular arrhythmias increase in severity from ex-
trasystoles to ventricular bigeminy, multifocal extrasysto-
les, bidirectional VT, and fast nonsustained polymorphic
VT that rarely trigger VF.

CPVT may remain undiagnosed in cardiac arrest sur-
vivors when the exercise test is voided, either because
of anoxic brain damage or lack of awareness and nega-
tive results in all other tests, including a normal coronary
angiogram, lead to a diagnosis of unexplained cardiac
arrest and implantation of an implantable cardiac defi-
brillator. Such cases may then recur with repeated
implantable cardiac defibrillator shocks for VF that char-
acteristically start during sinus tachycardia.

TRTRIE.
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Figure 7. Exercise induced polymorphic ventricular tachycardia.

A and B, The exercise test of a 6-year-old boy presenting with exercise-induced syncope and diagnosed with catecholaminergic polymorphic
ventricular tachycardia. The baseline ECG (not shown) is normal. A, At submaximal exercise, he develops bidirectional ventricular tachycardia
(blue and red arrows); during maximal exercise (B), he develops polymorphic ventricular tachycardia that reaches a rate of 300 beats/min (black
arrowheads). The child remained asymptomatic during the test, which was discontinued only because of exhaustion. He was initially treated with
B-blockers; years later he was treated with B-blockers and flecainide. He has remained free of symptoms for 15 years. C, Recovery phase of an
exercise test in a patient with coronary artery disease who developed exercise-induced ischemic ventricular fibrillation. The patient was treated
with revascularization.
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Therapy

Sedation to prevent immediate reinitiation of polymorphic
VT is mandatory during arrhythmic storms. Long-term pre-
vention of arrhythmias includes $3-blockers at maximally-tol-
erated doses, but as many as 30% require additional forms
of therapy because of recurrent symptoms or significant
arrhythmias induced during follow-up exercise tests.8012"125
Class 1C drugs (flecainide or propafenone) are highly ef-
fective in CPVT by blocking RYR2 calcium channels and
sodium current.'?"'% Cardiac sympathetic denervation is an
effective adjuvant treatment.'?” Verapamil has been used in
anecdotal cases.'® Implantable cardiac defibrillator implan-
tation may be life-saving but also proarrhythmic.' Devices
should only be implanted in patients receiving full therapy
with  B-blockers (sympathectomy) and flecainide, and
should be carefully programmed with a long detection time
to delay shock delivery until triggered polymorphic VT (that
is shock-refractory) deteriorates to shock-terminable VF'%

Exercise-Induced Ischemic VF
Patients with tight coronary lesions may develop ischemic
VF during, or shortly after, an exercise test (Figure 7C). The

Polymorphic Ventricular Tachycardia

ECG characteristics are similar those of the ischemic VF de-
scribed during acute infarction (see section on Ischemic VF).

Exercise-Induced Polymorphic VT as Incidental
Finding

Patients with no heart disease may develop short runs of
polymorphic VT during high-intensity exercise tests, either
at peak exercise or during the recovery period. In the ab-
sence of heart disease or evidence of myocardial ischemia,
this arrhythmia is usually not reproducible, even if exercise
tests of similar intensity are repeated several times. As an
incidental finding, this arrhythmia is considered benign.

DIFFERENTIAL DIAGNOSIS AND PITFALLS

Supraventricular Arrhythmias Mimicking
Polymorphic VT

Patients with Wolff-Parkinson-White syndrome may have
practically normal ECGs during sinus rhythm when the
atrioventricular accessory pathway connects the lateral as-
pect of the left atrium and ventricle. However, pathways

VT HR =232 bpm
B

Figure 8. Mimicries of polymorphic ventricular tachycardia.

A and B, Baseline ECG and Holter recording of a 24-year-old male undergoing evaluation for syncope. The baseline ECG was initially
interpreted as normal except for ventricular extrasystoles. However, the absence of normal Q waves in V5-V6 suggest the possibility of minor
ventricular preexcitation. The tachycardia in B was originally interpreted as polymorphic VT (the automatic annotation printed in the ECG also
mistakenly labeled the fast tachycardia as “VT"). A closer look reveals that this is atrial tachycardia (arrowhead) with ventricular preexcitation.
Electrophysiological evaluation confirmed the presence of a left lateral accessory pathway that underwent ablation therapy. € and D, Examples of
motion artifacts resembling polymorphic VT. C, The true QRS complexes (of the sinus rhythm that continues undisturbed during the artifact) can
be seen “marching through” the “alleged VT, which is also too fast (faster than 350 beats/min). D, Termination of the alleged VT argues against
the diagnosis of VT because the VT merges into the first posttachycardia sinus complex (marked with an asterisk []) without the pause expected
after “tachycardia” termination. HR indicates heart rate; and VT, ventricular tachycardia.

Circulation. 2021;144:823-839. DOI: 10.1161/CIRCULATIONAHA.121.055783
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with short refractory period may display 1:1 atrioventricular
conduction with marked ventricular preexcitation during
bursts of atrial tachycardia, leading to irregular wide com-
plex tachycardia that may resemble nonsustained polymor-
phic VT—particularly if short lasting (Figure 8A and 8B).

ECG Artifacts

Motion of the ECG electrodes may create ECG traces
that are difficult to distinguish from polymorphic VT.
When multiple-lead recordings of the event are avail-
able, one may see the real ORS complexes of the sinus
rhythm “marching through” the artifact (Figure 8C). This
may be impossible during single-lead recordings. The pe-
culiar onset of the “arrhythmia” (different from any of the
modes of onset of polymorphic VT described here) or its
termination (without sinus pause on cessation of “the ar-
rhythmia”) may suggest the correct diagnosis and avoid
unnecessary therapy (Figure 8D).
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