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Abstract
Drug-induced proarrhythmia represents a great chal-
lenge for those involved in the development of novel 
pharmaceuticals and in the regulatory bodies for drug 
approval as well as for the prescribing clinicians. Our 
understanding of the mechanisms that underlie drug-
induced proarrhythmia has grown dramatically over 
the last two decades. A growing number of cardiac and 
non-cardiac agents have been shown to alter cardiac 
repolarization predisposing to fatal cardiac arrhythmias 
such as ventricular tachycardia or ventricular fibrillation 
and sudden cardiac death. These agents may induce 
the phenotype of long QT syndrome and less common-
ly of short QT syndrome and Brugada syndrome (BS). 
Although, genetic susceptibility underlie drug-induced 
proarrhythmia in certain cases, current data are limited 
regarding this topic. The present review surveys the 
current published literature on the mechanisms and 
the offending medical agents that predispose to drug-
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induced long QT syndrome, short QT syndrome and 
BS. Drug-induced proarrhythmia should be considered 
as a predictor of sudden cardiac death and should 
prompt critical re-evaluation of the risks and benefits 
of the suspicious medication. Survivors of drug-induced 
proarrhythmia and family members require careful ex-
amination and possibly genetic testing for the presence 
of a channelopathy. Treating physicians are advised to 
follow the lists of agents implicated in drug-induced 
proarrhythmia in order to minimize the risk of arrhyth-
mia and sudden cardiac death. 

© 2013 Baishideng. All rights reserved.
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Core tip: A growing number of cardiac and non-cardiac 
agents have been shown to alter cardiac repolariza-
tion predisposing to the most dangerous cardiac ar-
rhythmias such as ventricular tachycardia or ventricular 
fibrillation and sudden cardiac death. These agents 
may induce the phenotype of long QT syndrome and 
less commonly of short QT syndrome and Brugada 
syndrome. Treating physicians are advised to follow the 
lists of agents implicated in drug-induced proarrhythmia 
in order to minimize the risk of arrhythmia and sudden 
cardiac death.
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INTRODUCTION
A growing number of  cardiac and non-cardiac agents 



have been shown to alter cardiac repolarization predis-
posing to fatal cardiac arrhythmias such as ventricular 
tachycardia or ventricular fibrillation and sudden cardiac 
death (SCD). SCD accounts for approximately 50% of  
all deaths from cardiovascular diseases, and this propor-
tion remains the same despite the overall decrease in car-
diovascular mortality the last decades. In the past 30 years 
ventricular tachycardia or fibrillation was thought to be 
the most common cause of  out-of  hospital cardiac arrest, 
accounting for approximately three-quarters of  cases, the 
rest 25% caused by bradyarrhytmias or asystole[1-9]. More 
recent studies suggest that the incidence of  ventricular 
fibrillation or ventricular tachycardia as the first recorded 
rhythm in out-of-hospital cardiac arrest has declined to 
less than 30%, presumably due to the decline of  coro-
nary artery disease mortality[10,11]. An exception may exist 
in the setting of  drug-induced proarrhythmias where the 
most common rhythm is polymorphic ventricular tachy-
cardia termed torsades de pointes (TdP) or ventricular 
fibrillation. A national survey in England about sudden 
unexpected cardiac deaths have demonstrated that post-
mortem examination fails to identify a cause in 4% of  
sudden deaths in the 16-64 age group, yielding a default 
diagnosis of  sudden arrhythmic death syndrome[6]. Re-
cent data have shown that SCD occurs in the absence of  
coronary heart disease or other cardiomyopathy in about 
5%-10% of  cases. Certain primary electrical diseases such 
as the long QT syndrome, the short QT syndrome, the 
Brugada syndrome (BS), and the catecholaminergic poly-
morphic ventricular tachycardia may be underling cause 
of  SCD in this group of  subjects without overt structural 
heart disease[6,8,9,12]. Apart from the congenital form of  
these syndromes, accumulating data have shown that an 
increasing number of  drugs commonly prescribed in rou-
tine clinical practice are implicated in acquired forms of  
long QT, short QT, and BS predisposing to SCD in the 
absence of  structural heart disease. Drug-induced proar-
rhythmia is a growing challenge for the clinicians and for 
those involved in the development of  novel pharmaceuti-
cals and in the regulatory bodies charged with evaluating 
and monitoring drug safety. The present review describes 
the underlying mechanisms of  drug-induced proarrhyth-
mia and presents the drugs that predispose to this poten-
tially life-threatening condition.

DRUG-INDUCED LONG QT SYNDROME
Several cardiac and non-cardiac agents have been shown 
to prolong cardiac repolarization (QT interval) predis-
posing to TdP and SCD[13-19]. Drug-induced QT interval 
prolongation is considered the most frequent cause of  
withdrawal or relabeling of  marketed drugs in the last de-
cade[15,16]. In a survey in United Kingdom and Italy, non-
cardiac agents that have pro-arrhythmic potential (defined 
as QT interval prolongation or TdP) represented 3% and 
2% of  total prescriptions in both countries, respective-
ly[19]. Antimicrobials and psychotropic drugs are the most 
common non-cardiac drugs involved in drug-induced QT 
interval prolongation, which in the vast majority of  cases 
are prescribed by non-cardiologists. The prescription of  

non-cardiac QT-prolonging agents has been associated 
with a significantly increased risk of  SCD in the general 
population. The risk of  death has been reported to be 
higher in women and in recent starters[20]. Drugs impli-
cated in QT interval prolongation and TdP are listed in 
Table 1. This list can be accessed via the internet (www.
torsades.org, www.qtdrugs.org, www.longqt.org, www.
sads.org). The incidence of  drug-induced TdP in the 
general population is unknown[15,16]. In addition, the likeli-
hood of  drug-induced TdP is difficult to be predicted in 
routine clinical practice. Most of  our understandings are 
derived from epidemiological studies, case reports, clini-
cal studies during drug development, and post-marketing 
surveillance. Nevertheless, the absolute total number re-
mains very low (less than one in 100000)[15].

ECG MARKERS OF VENTRICULAR 
REPOLARIZATION IN LONG QT 
SYNDROME
The QT interval is considered as the electrocardiographic 
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Table 1  Drugs implicated in acquired long QT syndrome

Category Drugs 

Antianginal Bepridil
Antiarrhythmic Disopyramide, procainamide, quinidine, mexi-

letine, propafenone, flecainide, d,l-sotalol, amioda-
rone, dronedarone, bretylium, dofetilide, ibutilide, 
azimilide, ajmaline

Anticancer Tamoxifen, lapatinib, vandetanib, nilotinib, arse-
nic trioxide

Antifungal Itraconazole, ketoconazole, fluconazole, voriconazole
Antimicrobial Erythromycin, clarithromycin, azithromycin, 

spiramycin, telithromycin, levofloxacin, moxi-
floxacin, sparfloxacin, gatifloxacin, grepafloxacin, 
gemifloxacin, ofloxacin, trimethoprim-sulfa-
methoxazole, pentamidine, quinine, chloroquine, 
mefloquine, halofantrine

Antiviral Foscarnet
Antihistamine Astemizole, diphenhydramine, ebastine, terfena-

dine, hydroxyzine
Antidepressant Doxepin, venlafaxine, fluoxetine, desipramine, 

imipramine, clomipramine, paroxetine, sertraline, 
citalopram, escitalopram

Antipsychotic Chlorpromazine, prochlorperazine, trifluo-
perazine, fluphenazine, felbamate, haloperidol, 
thioridazine, droperidol, mesoridazine, pimozide, 
risperidone, quetiapine, ziprasidone, lithium, 
chloral hydrate, pericycline, sertindole, sulto-
pride, zimeldine, maprotiline, tiapride

Antimigraine Naratriptan, sumatriptan, zolmitriptan
Bronchodilators Albuterol, salmeterol
Diuretics Indapamide, thiazide, furosemide
Gastrointestinal 
stimulants

Cisapride, metoclopramide, domperidone

Hormones Octreotide, vasopressin
Immunosuppressives Tacrolimus
Others Probucol, methadone, cocaine, amantadine, aconi-

tine, veratridine, vincamine, terodiline, budipine, 
tizanidine, organophosphorus compounds

The full list can be accessed via the internet (www.torsades.org, www.
qtdrugs.org, www.longqt.org, www.sads.org). 



(ECG) index of  ventricular repolarization. Correct 
measurement of  the QT interval is of  paramount im-
portance for the diagnosis of  drug-induced QT interval 
prolongation. Most physicians, including many cardiolo-
gists, cannot recognize a long QT interval. Viskin et al[21] 
have shown that correct classification of  the QT interval 
as either “long” or “normal” was achieved by 96% of  
QT experts and 62% of  arrhythmia experts, but by less 
than 25% of  cardiologists and non-cardiologists. The 
QT interval is measured from the beginning of  the QRS 
complex to the end of  the T-wave on the surface ECG. 
Despite the fact that there are no sufficient data regard-
ing which lead or leads to use for QT interval measure-
ment, lead Ⅱ is considered the most appropriate because 
the vectors of  repolarization result in a long single wave 
rather than discrete T- and U waves[22]. U waves should be 
ignored in QT measurements. However, whether total re-
polarization time should include the entire QU complex 
still remains a subject of  controversy. The QT interval is 
influenced by the heart rate. Rate acceleration normally 
leads to QT shortening, whereas bradycardia leads to QT 
lengthening. The RR interval preceding the QT interval 
should be measured for rate correction. Several formulas 
may be used to correct the QT interval (QTc). The most 
commonly used formulas are Fridericia’s cube root for-
mula (QTc = QT/RR1/3) and Bazett’s square root for-
mula (QTc = QT/RR1/2). Although the Bazett’s formula 
is widely accepted, it overestimates the QT interval during 
tachycardia and underestimates it during bradycardia. 
Fridericia’s equation is preferred at extremes of  physi-
ological heart rate[23-25]. Individualised regression formulae 
are often preferred. Apart from heart rate, the dura-
tion of  the QT interval is also influenced by the gender 
(females display longer QT intervals), autonomic tone, 
drugs, genetic abnormalities, electrolyte disorders (hypo-
kalemia, hypomagnesemia, hypocalcemia), cardiac (con-
gestive heart failure, cardiac hypertrophy) or metabolic 
diseases (starvation, anorexia nervosa, drug-interactions) 
and changes of  cardiac afterload[24]. These intra-patient 
variations in the QT interval cannot be captured on a sin-
gle twelve-lead ECG, which may be taken to evaluate the 
effect of  a drug on the QT interval. Isolated measure-
ments of  the QT interval without reference to these QT 
dynamics can lead to inaccurate estimations of  the risk 
of  TdP. For these reasons, the intra-patient variability in 
the QT interval can be appreciated by examining ambula-
tory Holter recordings. QTc values greater than 450 ms 
in men and 470 ms in women are considered abnormal. 
Values ranging between 430-450 ms in men and 450-470 
ms in women are considered borderline[24]. A recent sci-
entific statement from the American Heart Association 
and the American College of  Cardiology Foundation 
recommends that a QTc over the 99th percentile should 
be considered abnormally prolonged. Estimated 99th 
percentile QTc values for otherwise healthy postpubertal 
individuals are 470 ms for men and 480 ms for women. 
A QTc > 500 ms is considered abnormal and dangerous 
for both males and females[26]. 

In the setting of  prolonged QRS duration (bundle 
branch block, pre-excitation, paced rhythm) the total QT 
interval will be increased. One method to adjust the QT 
measurement after the development of  bundle brunch 
block is to subtract the difference of  the QRS duration 
before and after the block. Another method is to measure 
the JT interval from the J point, which is the end of  QRS 
complex to the end of  T-wave. The most important issue 
is to apply the same adjustment method consistently when 
a patient is being monitored over time[26]. The current 
standard practice of  periodic manual measurement of  the 
QT interval and even the use of  electronic callipers has 
drawbacks. Errors can occur in determining the beginning 
or end of  QT interval, in the application of  a heart rate 
formula, and from inconsistency in the choice of  lead for 
QT measurement. Automated measurement by electrocar-
diographs is preferred over manual measurement[26].

The QTc interval is the best available predictor of  
TdP episodes[25]. The majority of  drug-induced TdP oc-
cur with QTc values of  more than 500 ms[27]. Data from 
patients with congenital long QT syndrome (LQTS) 
have shown that a QTc interval greater than 500 ms 
is related to an increased risk for arrhythmic events[28]. 
However, there is not a clear, linear incremental relation-
ship between QTc prolongation and the risk of  TdP, 
and therefore, there is no established threshold below 
which prolongation of  the QTc interval is considered 
free of  proarrhythmic events[29-32]. Notably, some agents 
that substantially prolong the QTc interval produce very 
low rates of  clinical TdP, while other agents with much 
smaller QTc effects are considerably more proarrhyth-
mic. A typical example is amiodarone[14]. In terms of  QTc 
change from baseline on treatment, it has been recom-
mended that an increase of  30 ms is a potential cause 
for concern and that a 60 ms increase is a definite cause 
for concern[27]. Additionally, QT dispersion (defined as 
the difference between the maximum and minimum QT 
interval of  the twelve-leads) greater than 100 ms is con-
sidered abnormal[32].

An increased transmural dispersion of  repolarization 
(TDR) is probably the best predictor of  TdP, but this is 
measurable only in preclinical studies of  limited availabili-
ty[29-32]. Increased TDR by reflecting the intrinsic heteroge-
neities within the myocardium is postulated to contribute 
to the development of  TdP by increasing the vulnerable 
window during repolarization, facilitating propagation 
of  early afterdepolarizations (EADs). The TDR can be 
measured indirectly using novel ECG markers, such as 
the Tpeak-end interval and the Tpeak-Tend/QT ratio. In 
isolated ventricular wedge preparations, the peak of  the 
T-wave was shown to coincide with epicardial repolariza-
tion and the end of  the T-wave with repolarization of  the 
M-cells, so that the Tpeak-Tend the interval as well as the 
Tpeak-Tend dispersion of  the precordial leads provides a 
measure of  TDR[33-36].

The Tpeak-Tend interval has been reported to be 
prolonged in congenital LQTS and to predict TdP in 
acquired LQTS[37]. Yamaguchi et al[38] have demonstrated 
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that the Tpeak-Tend/QT ratio is a better predictor of  
TdP as compared to QTc interval and QT dispersion in 
patients with acquired LQTS. In their study, a Tpeak-
Tend/QT ratio greater than 0.28 was strongly associated 
with risk of  developing TdP. T-wave alternans, defined 
as a change in amplitude or polarity of  the T-wave on al-
ternating beats, have been also considered as a precursor 
of  TdP in LQTS[39]. T-wave alternans is thought to result 
from alternation of  the M-cell action potential duration 
(APD), leading to exaggeration of  TDR during alternate 
beats[33,40-42].

MECHANISMS OF DRUG-INDUCED QT 
INTERVAL PROLONGATION AND TDP: 
THE COMBINED ROLE OF LONG QT 
INTERVAL AND TDR
The knowledge of  the different phases of  the cardiac ac-
tion potential is important for understanding the patho-
genesis of  drug-induced LQTS[18]. Figure 1 illustrates the 
normal cardiac action potential in ventricular myocytes. 
Phase 4 represents the resting membrane potential (-85 
to -95 mV) as determined by the inward rectifier IK1 
potassium current. Phase 0 of  the cardiac action poten-
tial is the rapid depolarization phase. Depolarization of  a 
sufficient area of  a given cell membrane allows the rapid 
influx of  sodium ions into the cell. The fast influx of  
sodium demonstrates a positive feedback, allowing even 
more INa channels to open and more sodium to enter 
the cell more rapidly, thereby depolarizing the cell to a 

point at which it overshoots the membrane potential to 
+20 to +30 mV. Phase 1 is the early rapid repolarization 
phase that results from potassium ions being driven out 
of  the cell and the membrane potential returning to near 
0 mV. Ito is a potassium current (transient outward cur-
rent) that is rapidly activated at this phase. Phase 2 is the 
plateau period. Net potential derives from competition 
between outward currents of  potassium efflux and chlo-
ride influx and inward currents from the L-type calcium 
channels (ICa-L). At the end of  the phase 2, calcium 
entry slows and calcium is removed from the cell by the 
Na/Ca exchanger pump. Two important potassium cur-
rents participating in ventricular repolarisation are the 
components of  the delayed rectifier current, IKr (rapid) 
and IKs (slow). Phase 3 is the rapid phase of  final re-
polarization and is determined by competition between 
time-dependent deactivation of  the ICa-L channels ver-
sus the IKr and IKs channels.

The majority of  non-cardiac QT-prolonging agents 
exhibit direct electrophysiological effects on the rapidly 
activating delayed rectifier IKr current encoded by the 
human ether-a-go-go related gene (HERG, now termed 
KCNH2)[13-19]. An increase in ICa or late INa current may 
also prolong the APD. Many drugs act on multiple car-
diac ion channels (IKr, IKs, INa, ICa) leading to a more 
complex shift of  action potential morphology. As shown 
in Figure 1, IKr and/or IKs blockade leads to a delay in 
phase 3 of  repolarization of  the action potential (reflected 
as QT interval prolongation on surface ECG). These phe-
nomena are more readily induced in M-cells from the mid 
ventricular myocardium. Compared to subendocardial 
or subepicardial cells, the M-cells show much more pro-
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Figure 1  Relationship between the phases of ventricular transmembrane action potential and the surface electrocardiogram. A: A reduction of outward cur-
rents (IKr, IKs) during phase 2 and 3 leads to action potential duration (APD) prolongation and QT interval prolongation. Activation of inward depolarizing currents 
(ICa, INa/Ca) may then give rise to early afterdepolarizations (EADs) and torsades de pointes (TdP). B: This scheme is showing that APD prolongation caused by IKr 
blockade is not the sole determinant for TdP. Transmural dispersion of repolarization (TDR) is required in order to form a zone of functional refractoriness in the mid 
myocardial layer, which is probably the basis of the re-entry that is sustaining TdP. ECG: Electrocardiographic.
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nounced action potential[29-31,43-46]. This feature of  M-cell is 
due to weaker repolarizing current during phases 2 and 3 
secondary to smaller IKs and a larger late INa and INa/
Ca compared to epicardial and endocardial cells. These 
ionic distinctions sensitize M-cells to a variety of  phar-
macological agents and pathophysiological states. Agents 
that block IKr, IKs or increase ICa-L or late INa gener-
ally produce a much greater prolongation of  the APD of  
M-cells than of  epicardial or endocardial cells. Activation 
of  inward depolarizing currents (most likely L-type ICa 
or INa/Ca exchange current) may then give rise to EADs 
that appear as depolarizing oscillations in membrane volt-
age during phases 2 and 3 of  the action potential. Phase 
2 may be interrupted due to augmented opening of  the 
L-type ICa channels, while phase 3 interruptions are facili-
tated by the INa/Ca exchanger pump which exchanges 3 
Na ions for 1 Ca ion, producing an inward current when 
extruding Ca from the cytoplasm. EADs that reach the 
threshold voltage cause ventricular extrasystoles.

As previously mentioned, there are agents that signifi-
cantly prolong the QTc along with very low rates of  clin-
ical TdP[29-31]. This indicates that the QTc interval is not the 
sole or optimal determinant for arrhythmogenesis. TDR 
has been proposed to play a key-role in both acquired and 
congenital LQTS[29,44]. Amiodarone is a well-known class 
Ⅲ antiarrhythmic agent. Despite QTc interval prolonga-
tion, the drug exhibits a very low torsadogenic activity (< 
1%)[47]. Chronic administration of  amiodarone produces 
a greater prolongation of  APD in epicardium and endo-
cardium compared to M-cells, thereby reducing TDR[48]. 
Sodium pentobarbital is another agent that blocks mul-
tiple currents and prolongs the QT interval but reduces 
TDR[41]. Both amiodarone and pentobarbital produce 
a homogeneous APD lengthening and the EADs does 
not occur. On the contrary, d-sotalol causes a significant 
increase in M-cell APD in relation to the epicardial cell 
layer. This amplified TDR explains the high incidence of  
TdP observed with d-sotalol[40]. Bepridil and ranolazine 
are anti-anginal agents that both prolong the QT interval 
by blocking multiple ion channels but have very different 
torsadogenic properties. Bepridil amplifies TDR creating 
the substrate for a sustained TdP[49]. In contrast to bepri-
dil, TDR was decreased with ranolazine and EADs could 
not initiate TdP, despite the dose-dependent increase 
in QT interval[50]. Cisapride, another agent that blocks 
both inward and outward currents, produces a biphasic 
concentration-dependent prolongation of  the QT inter-
val. A parallel biphasic dose-response relationship is seen 
for TDR, peaking at 0.2 μmol/L, and it is only at this 
concentration that TdP is observed. Higher concentra-
tions of  cisapride further prolong the QT interval and 
reduce TDR thereby preventing TdP induction[51]. These 
data suggest that the propensity of  a drug to increase 
TDR across the ventricular wall is more important than 
the prolongation of  the QTc interval in determining the 
substrate for TdP. The resultant heterogeneity in ven-
tricular repolarization creates a zone of  functional refrac-
toriness in the mid myocardial layer, which is probably 

the basis of  the re-entry by sustaining the TdP[29,44]. A 
“short-long-short” sequence (an extrasystole, followed by 
a post-extrasystolic pause) precedes the onset of  TdP in 
most cases[52]. The “short-long-short” sequence provides 
a repolarization delay which in animal models is neces-
sary to allow the late-plateau depolarizing currents (e.g., 
ICa-L channel and INa/Ca exchanger current) to initiate 
EADs[53]. Compounds that block the late INa suppress 
the EADs and prevent TdP[50,54]. The anatomic origin of  
these extrasystoles can also be traced to late-repolarizing 
Purkinje fibers or M-cells[29].

Pharmacokinetic interactions with drugs known to 
inhibit cytochrome P450 isoenzymes (CYP3A4 or CY-
P2D6) may enhance the torsadogenic potential of  certain 
agents by decreasing their clearance[15,16,18]. CYP3A4 activ-
ity can be inhibited by a wide variety of  drugs including 
some macrolide antibiotics, antifungals, cimetidine, fluox-
etine, protease inhibitors, and amiodarone. In addition, 
many non-drug factors including age, smoking, hepatic 
disease, genetic polymorphisms and grapefruit juice may 
lead to CYP3A4 inhibition[14]. Finally, cytochrome P450 
CYP2D6 is functionally absent in approximately 7% of  
white and black individuals (poor metabolizer group) be-
cause of  loss of  function gene variants[55,56].

DRUG-INDUCED SHORT QT SYNDROME
The short QT syndrome (SQTS), a new highly arrhyth-
mogenic syndrome affecting young and healthy individu-
als without structural heart disease, is associated with 
a predisposition to atrial fibrillation and SCD[57,58]. The 
definition of  the short QT interval varies significantly in 
the literature. In a recent review of  61 cases with SQTS, 
the mean and median QTc values of  the overall cohort 
were 306.7 ± 26.5 ms and 310 ms (IQR: 293-320 ms), 
respectively[59]. Other ECG findings include the absence 
of  the ST-segment and the presence of  tall, narrow, and 
symmetrical T-waves[57,58]. The diagnosis of  SQTS is 
usually made in patients with a short QTc interval who 
present with additional clinical findings, such as syncope, 
episodes of  atrial fibrillation, polymorphic ventricular 
tachycardia or ventricular fibrillation, or a family history 
of  unexplained SCD[57,58]. In particular, in the cohort 
described by Gollob et al[59], the presence of  symptoms 
associated with SQTS, including SCD, aborted cardiac 
arrest, syncope, and atrial fibrillation, occurred in 35 of  
the 61 (57.4%) subjects. There were 5 cases of  SCD and 
15 of  aborted cardiac arrest, whereas an isolated, un-
explained syncope occurred in an additional 9 subjects. 
Atrial fibrillation was experienced in 18% (11 of  61) of  
cases within the cohort.

Although the true prevalence is unknown, the con-
genital SQTS appears to be relatively rare[57,58]. Gain-of-
function mutations in potassium channel genes (KCNH2, 
KCNQ1 and KCNJ2) and loss-of-function mutations in 
CACNA1C, CACNB2, and CACNA2D1 have been re-
ported as the genetic basis of  this syndrome[60-66].

Limited data exist regarding the incidence and the 
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underlying mechanisms of  drug-induced QT/QTc short-
ening. This is due to the fact that there has been relatively 
little research in this area compared to drug-induced 
QT/QTc prolongation. Although more work is required 
to elucidate the mechanism(s) of  action of  compounds 
which shorten QT/QTc, there are at least two mecha-
nisms that have been demonstrated; activation of  the 
IKr current and of  the ATP-sensitive potassium current 
(IKATP)[67]. In both cases, there is an increase in the repo-
larizing currents leading to a shortening of  the APD and 
resulting in reduction of  ventricular refractory periods 
and shortening of  QT interval. Although inherited SQTS 
is a recent acquisition, the existence of  an acquired short 
QT interval has been known for a long time. Acquired 
short QT intervals can be secondary to hypercalcemia, 
hyperkalemia and other situations such as increased ace-
tylcholine and catecholamine plasma levels, hyperthermia, 
alterations of  the autonomic tone, acidosis and increased 
heart rate. The industry-wide survey (53 total responses 
representing 45 different companies) indicates that the 
number of  compounds that induce QT/QTc shortening 
has increased over the last 5 years with 51% of  responses 
reporting QT/QTc shortening in pre-clinical studies and 
22% a corresponding clinical experience. The reason for 
the increase is not clear but there is a clear business impact 
with 13% (7/56) of  these compounds being discontinued 
in the pre-clinical phase due to QT/QTc shortening[68].

Rufinamide, a recently approved anticonvulsant indi-
cated for Lennox-Gastaut syndrome which has a preva-
lence of  1 per 10000 of  population, had a QT shortening 
effect > 20 ms at peak concentrations when compared 
with placebo rates of  5%-10%. The FDA, in contrast to 
the European labeling which advices use of  judgment, 
contraindicates its use in patients with familiar SQTS 
and recommends caution when administering with other 
drugs that shorten the QT interval[69]. In a recent obser-
vational study, QTc interval shortening following oral 
rufinamide administration was not associated with signifi-
cant clinical adverse effects. However, the ability of  rufin-
amide to significantly shorten the QT interval portends 
a potential arrhythmogenic risk that may best be guarded 
against by periodic ECG recordings[70].

DRUG-INDUCED BS
The BS is a primary electrical disease characterized by 
coved type ST-segment configuration in right precordial 
leads, the absence of  structural heart disease, and a high 
risk of  ventricular tachycardia/ventricular fibrillation 
and SCD[71-73]. The clinical phenotype is 8 to 10 times 
more prevalent in males than in females[72,73]. BS typically 
manifests with syncope or SCD, occurring in the third 
and fourth decade of  life, and usually at rest or during 
sleep[71-73]. The diagnosis of  Brugada sign is strictly based 
on the recommendations of  the Second Expert Consen-
sus Conference on BS[73]. According to this report, three 
types of  ECG repolarisation patterns in right precordial 
leads (V1-V3) have been recognized. Type 1 is considered 

diagnostic and is characterized by a coved ST-segment 
elevation ≥ 2 mm followed by a negative T-wave in more 
than one right precordial leads (Figure 2). Type 2 ST-
segment elevation displays a saddleback configuration 
with a high take-off  ST-segment elevation of  ≥ 2 mm, 
a trough displaying ≥ 1 mm ST-segment elevation, and 
either a positive or biphasic T-wave. Type 3 has either 
a saddleback or coved appearance with an ST-segment 
elevation of  ≤ 1 mm. The diagnosis of  BS requires the 
presence of  type 1 ECG pattern with at least one of  the 
recognized diagnostic criteria: syncope, prior cardiac ar-
rest, documented or inducible polymorphic ventricular 
tachycardia or ventricular fibrillation, a family history 
of  sudden death, 45 years old, or type 1 Brugada pat-
tern and/or nocturnal agonal respiration[73]. The ECG 
features of  BS are often concealed requiring a pharma-
cological challenge (sodium channel blocking test) with 
a Class Ⅰ antiarrhythmic agent (ajmaline, flecainide, pro-
cainamide) to unmask the characteristic ST-segment el-
evation in the right precordial leads. The diagnosis of  BS 
is afterwards considered positive when the baseline type 
2 or type 3 ST-segment elevations converted to the di-
agnostic type 1 pattern (ST-segment elevation ≥ 2 mm). 
In a Consensus report published this year, only 2 ECG 
types are considered: type 1 which is identical to the clas-
sic type 1 ECG pattern of  the other Consensus (coved 
pattern) and type 2 that joins ECG patterns 2 and 3 of  
previous Consensus (saddleback pattern)[74]. In this new 
type 2 ECG, the high take-off  is ≥ 2 mm with respect to 
the isoelectric line and is followed by ST-segment eleva-
tion ≥ 0.05 mV with positive or flat T-wave in V2 and 
T-wave variable in V1[74].

Mutations of  the SCN5A gene leading to loss of  
function of  the INa by different mechanisms is the most 
common genotype found among these patients (20% of  
BS cases; range 11%-28%)[75]. To date, almost 300 muta-
tions in SCN5A gene have been described in association 
with BS[75]. Putative mutations were also found in cal-
cium channel genes (CACNA1C, CACNB2b and CAC-
NA2D1)[60]; sodium channel β-subunit genes (SCN1B, 
SCN3B)[76]; glycerol-3 phosphate dehydrogenase 1-like 
enzyme (GPD1L) and MOG1, which affects trafficking 
of  sodium channels[77,78]; and in genes that affect transient 
outward current (Ito) (KCNE3, KCND3 and KCNE5) 
in single cases and families with BS[79,80].

MECHANISMS OF DRUG-INDUCED BS
The pathophysiology of  the BS is only partially resolved. 
There are 2 principal hypotheses on the pathophysiologic 
basis of  BS: the “depolarization hypothesis”, namely 
right ventricular conduction delay, and the “repolarization 
hypothesis”, namely transmural dispersion of  right ven-
tricular action potential morphology, driven by the loss 
of  the spike and dome action potential morphology at 
right ventricular epicardium[81,82]. So far, both repolariza-
tion and depolarization abnormalities are thought to be 
related to the development of  ventricular fibrillation in 
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BS patients[83].
The seminal work by Yan and Antzelevitch[84] had 

clearly demonstrated regional heterogeneities in action 
potential characteristics between the right and left ven-
tricles, as well among epicardium, mid-myocardium and 
endocardium. A loss of  the action potential dome at the 
epicardium but not at the endocardium creates a trans-
mural voltage gradient that may be responsible for the 
ST-segment elevation. The Ito current seems to have an 
important role in the Brugada ECG pattern, evidenced 
by the fact that the right ventricle has a higher density 
of  this channel compared with the left ventricle and it is 
suggested that the thinner endocardium of  the right ven-
tricle relative to its epicardium results in a more marked 
spike and dome pattern in this region[73,75,84]. This mecha-
nism properly accounts for not only the ST-segment 
elevation but also for the premature ventricular contrac-
tion (“phase 2 re-entry”) and re-entrant substrate for ven-
tricular fibrillation in BS. Recent studies strongly support 
the depolarization hypothesis[85-88]. Postema et al[86] have 
shown conduction slowing and abnormal conduction ve-
locity restitution in the right ventricle (with no significant 
regional differences) of  patients with BS. Using a non-
contact endocardial mapping technique, Lambiase et al[87] 
have demonstrated significant regional conduction delay, 
reduction in activation gradient and formation of  lines of  
functional conduction block in the anterolateral free wall 
of  the right ventricular outflow tract compared with the 
right ventricular body and apex of  BS patients. Fraction-
ated electrograms in the right ventricle, possibly due to 
subtle structural abnormalities, have been also reported 
in patients with BS[88]. In both mechanisms, a reduction in 

INa or other depolarizing and repolarizing ion currents 
have a central role. The cells with impaired sodium chan-
nel function may fail to propagate the action potential, 
resulting in localized conduction block. These cells have 
also a shorter refractory period and recover excitability 
from the surrounding cells. The combination of  localized 
conduction block and a shortened refractory period pro-
vide the substrate for localized “phase 2 re-entry”. 

An increasing number of  drugs have been reported 
to induce type 1 ECG pattern of  BS and/or (fatal) ar-
rhythmias in BS patients (Table 2). Postema et al[89] have 
initiated a website (www.brugadadrugs.org) to ensure 
worldwide availability on safe drug use in BS patients. 
As previously mentioned, Class Ⅰ antiarrhythmic agents 
(ajmaline, flecainide, procainamide, pilsicainide, propafe-
none) unmask the diagnostic type 1 ECG pattern of  BS. 
Calcium channel blockers and β-blockers have also been 
implicated in the acquired form of  BS. Psychotropic 
agents are commonly implicated in drug-induced BS. 
Tricyclic antidepressants (TCA) have a quinidine-like 
antiarrhythmic action which effects repolarization. The 
most common adverse cardiovascular effects of  4s are 
slowing of  intraventricular conduction, manifested by 
prolongation of  PR and QRS intervals, QT prolongation, 
TdP and postural hypotension[90]. The primary mecha-
nism of  these ECG changes is likely to be sodium chan-
nel antagonism. TCAs cause a decrease in the maximum 
rate of  rise (Vmax) of  phase 0 of  the action potential in 
canine Purkinje fibres. The shortened APD may there-
fore induce an intramyocardial electrical gradient, the 
Brugada ECG pattern and possibly the substrate for re-
entry. Lithium is a commonly used drug in the treatment 
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Figure 2  Diagnostic type 1 electrocardiographic pattern of Brugada syndrome.
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of  depressive and bipolar affective disorders. Cardiac side 
effects have been described at both therapeutic and toxic 
serum levels in adult patients. Lithium has been associ-
ated with non-specific T-wave abnormalities (inverted, 
flattened, or bifid T-waves), conduction defects and 
rhythm disturbances. The possible mechanism of  action 
in unmasking patients with underlying BS is that lithium 
chloride causes a potent INa blockade in a concentration-
dependent manner[91]. Selective serotonin-reuptake inhibi-
tors have also been implicated in drug-induced BS[92,93]. 

The type 1 ECG pattern of  BS has been also elicited 
in patients treated with first-generation antihistamines, 
anaesthetics, and cocaine[94]. Exposure to long-acting lo-
cal anaesthetic, bupivacaine, has been reported to induce 
ECG manifestations of  BS and ventricular tachycardia 
in an otherwise silent carrier of  an SCN5A mutation[95]. 
Propofol is the commonest anaesthetic used in modern 
medicine and few significant side effects. However, there 
have described cases of  SCD in patients with high doses 
of  propofol infusion have been described when given for 
several days a condition termed “propofol infusion syn-
drome”. Vernooy et al[96] described six patients with “pro-
pofol infusion syndrome” who developed a Brugada-
like ECG pattern and died within hours of  irrecoverable 
electrical storm. Some cases of  unexpected SCD due to 
cocaine in young otherwise healthy individuals have oc-
curred. Cocaine-induced BS has been reported in previ-
ous case reports[97-99]. In addition to indirect sympathomi-
metic actions, cocaine has a potent INa blocking effect 
resembling that of  flecainide[100].

CONCLUSION
A continuously rising number of  cardiac and non-cardiac 
agents have been implicated in proarrhythmia and SCD. 
Abnormalities in repolarization and/or depolarization of  
cardiac cells through changes in ion channels and myocar-
dial zones are the main pathophysiological mechanisms 
manifested as long QT, short QT and BS in routine clini-
cal practice. Drug-induced proarrhythmia should always 

be considered as a predictor of  SCD and should prompt 
critical revaluation of  risks and benefits of  the suspicious 
medication. In clinical practice, adverse effects of  QT-
prolonging drugs can be prevented by not exceeding the 
recommended dose, by restricting the dose in patients 
with pre-existing risk factors and avoiding concomitant 
administration of  agents that inhibit the metabolism of  
known drugs that prolong the QT interval. Survivors of  
drug-induced TdP and family members of  drug-induced 
TdP fatalities require careful examination and possibly 
genetic testing for the presence of  congenital LQTS-as-
sociated channelopathies. Similarly, drugs that shorten the 
QT interval should be avoided. Sodium channel block-
ing test, family screening for BS, and possibly genetic 
analysis may be performed in a subject with an acquired 
form of  Brugada ECG phenotype by non-cardiac agents. 
Although the most appropriate treatment in BS is under 
discussion, avoidance of  potential proarrhythmic drugs 
is an important part of  prophylactic treatment. Rigorous 
treatment of  fever, a well known trigger of  arrhythmic 
events in BS, is also advised in subjects with acquired BS 
ECG pattern by non-cardiac agents[73]. Treating physi-
cians are advised to follow the lists of  agents implicated 
in drug-induced proarrhythmia in order to minimize the 
risk of  arrhythmia and SCD. 
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