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Provocative Testing in Inherited Arrhythmias

Wataru Shimizu and Michael J. Ackerman

Introduction

Heritable channelopathies that include congenital
long QT syndrome (LQTS), Brugada syndrome
(BrS), and catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) affect an estimated 1
in 2000 persons, may present with syncope or
sudden cardiac death, and often elude detection
by standard 12-lead electrocardiography (ECG).
In LQTS, an estimated 40% of genetically affected
subjects have “concealed” LQTS with a normal or
borderline heart rate corrected QT interval (QTc¢)
at rest. A significant proportion of patients with
BrS has concealed BrS with no evidence of a type
1 Brugada electrocardiographic pattern at rest.
Every patient with CPVT has a normal resting
ECG. Provocative testing with catecholamines and
pharmacological testing with sodium channel
blockers are critical diagnostic tests in the evalu-
ation of these channelopathies and can help
unmask LQTS, BrS, and CPVT in their concealed
state. The role of these provocative tests in the
evaluation of inherited arrhythmia syndromes
will be reviewed in this chapter.

Congenital Long QT Syndrome

Congenital LQTS is characterized by QT prolon-
gation in the electrocardiogram (ECG) and its
trademark dysrhythmia of polymorphic ventricu-
lar tachycardia known as torsade de pointes
(TdP).! The clinical diagnosis of LQTS is mainly
based on the resting QTc, cardiac events such as
syncope, aborted cardiac arrest, and sudden
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cardiac death, and a family history of apparent
LQTS.? However, the electrocardiographic diag-
nosis at baseline has long been expected to miss
some patients affected by congenital LQTS (so
called concealed LQTS) as evidenced by syncopal
events occurring among family members with a
“normal” QT interval.® Since 1995, when the first
two genes responsible for LQTS were identified,
molecular genetic studies have revealed a total of
10 forms of congenital LQTS caused predomi-
nantly by cardiac channel mutations or mutations
involving key B or auxiliary subunits.* Among
the 10 genetic subtypes, LQT1, LQT2, and LQT3
constitute the majority of genotyped LQTS and
approximately 75% of all LQTS.* With these
molecular illuminations, this entity of concealed
or low pentrant LQTS has been proved geneti-
cally. Vincent et al. reported that 5 (6%) of 82
mutation carriers from three LQT1 families had
a normal QT interval® Priori et al. conducted
molecular screening in nine families with appar-
ently sporadic cases of LQTS, demonstrating a
very low penetrance (38%, 9/24 patients).” Swan
and co-workers reported that the sensitivity
and specificity for identifying genotype-positive
patients were 53 and 100%, respectively, in an
LQT1 family with a specific KCNQI mutation
(D188N).® More recently, a large study of geno-
typed LQTS by Priori et al. showed that the per-
centage of genetically affected patients with a
normal QTc was significantly higher in the LQT1
(36%) than in the LQT2 (19%) or the LQT3 (10%)
syndromes.” Overall, these findings strongly
suggest the need for novel tools to unveil con-
cealed mutation carriers of LQTS, especially those
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with type 1 LQTS (LQT1). The identification of
patients with concealed LQTS affords the oppor-
tunity to initiate potentially life-saving pharmaco-
therapies and healthstyle modifications.

Many but not all patients with congenital LQTS
suffer from cardiac events such as syncope and/or
sudden cardiac death during physical exercise
or mental stress. Therefore, provocative testing
using catecholamine infusion or exercise has long
been used to unmask concealed forms of congeni-
tal LQTS, before genetic screening became
available."

The Epinephrine QT Stress Test in
Long QT Syndrome

Infusion of isoproterenol, a B-adrenergic agonist,
or epinephrine, an o + B-adrenergic agonist, has
been reported to be useful as a provocative test in
LQTS more than two decades ago.'’ The heart rate
is usually increased to more than 100 beats/min
by isoproterenol, especially by the use of a bolus
injection, which often makes it difficult to measure
the QT interval precisely due to an overlap of the
next P wave on the terminal portion of the T wave.
Prior to the discovery of the distinct genetic sub-
types of LQTS, the responses to either epinephrine
or isoproterenol were extremely heterogeneous
and were deemed impossible to interpret; as a
result, epinephrine QT stress testing disappeared
from the diagnostic work-up of LQTS. Now,
however, the heterogeneous response is under-
stood to stem from the underlying genetic hetero-
geneity and the gene-specific responses to
epinephrine can be exploited to expose different
types of LQTS in its otherwise concealed state,
particularly type 1 LQTS (LQT1). Although iso-
proterenol is still used occasionally, recent major
insights have been gleaned from using epine-
phrine and are reviewed in more detail below. In
contrast to provocation studies using catecho-
lamines, Viskin and colleagues have shown that
sudden heart rate oscillations precipitated by
intravenous administration of adenosine may
expose some patients with concealed LQTS,
although genotype-specific responses have not
been demonstrated."! Compared to controls,
patients with LQTS exhibited an exaggerated
increase in the QT interval during adenosine-
induced bradycardia.
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The two major protocols developed for epine-
phrine QT stress testing include the escalating-
dose protocol by Ackerman’s group (the Mayo
protocol)'” and the bolus injection followed by
brief continuous infusion by Shimizu’s group
(Shimizu protocol).” Both protocols are extremely
useful and safe, and overall are well tolerated.
Each protocol has some advantages and disadvan-
tages with respect to the other.

Incremental, Escalating Epinephrine Infusion
(Mayo Protocol)

Ackerman and co-workers have used a 25-min
incremental, escalating infusion protocol (0.025-
0.3ug/kg/min) in the LQT1, LQT2, and LQT3
patients and in the genotyped-negative patients
(Figure 28-1A).">*" With epinephrine infusion at
a low dose of 0.1 ug/kg/min, the median change
of the QT interval was 78 msec in LQT1, —4 msec
in LQT2, —58 msec in LQT3, and —23 msec in the
genotype-negative patients (Figure 28-1B). They
found a paradoxic QT prolongation, defined as a
30-msec increase in the QT (not QTc¢) interval
during low-dose epinephrine infusion, specific in
the LQT1 patients (92%), but not in the LQT2
(13%), the LQT3 (0%), and the genotype-negative
patients {18%). The paradoxic QT prolongation
had a sensitivity of 92.5%, specificity of 86%, posi-
tive predictive value of 76%, and negative predic-
tive value of 96% for LQT1 vs. non-LQT1 status
(Table 28-1), and provides a presumptive, prege-
netic clinical diagnosis of type 1 LQTS (LQT1).

The major advantages of this escalating infu-
sion protocol are better patient tolerance and a
lower incidence of false-positive responses. On
the other hand, this protocol seems less effective
in exposing patients with LQT2 compared to the
bolus protocol by Shimizu et al. described below.
However, this disadvantage is reported to be par-
tially overcome by focusing on the change of T
wave morphology during low-dose epinephrine
infusion. Khositseth et al. reported that the epine-
phrine-induced notched T wave was more indica-
tive of LQT2 status.'

Bolus Injection followed by Brief Continuous
Infusion (Shimizu Protocol)

The bolus protocol by Shimizu and co-workers
was developed on the basis of a differential
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FIGURE 28-1. Epinephrine QT stress testing in LQTS (Mayo proto-
col). (A) Schematic of the epinephrine infusion protocol used to
unmask concealed type 1long QT syndrome (LQT1). With this pro-
tocol, the paradoxic response is defined as an increase in the abso-

response of action potential duration (APD) and

QT interval to sympathetic stimulation with iso-
proterenol between the experimental LQT1, LQT2,
and LQT3 models employing arterially perfused
canine left ventricular wedge preparations.' Per-
sistent prolongation of the APD and QT interval
at steady-state conditions of isoproterenol infu-
sion was reported in the LQT1 model. Under
normal conditions, B-adrenergic stimulation is
expected to increase the net outward repolarizing
current due to a larger increase of outward cur-
rents, including the Ca*-activated slow compo-
nent of the delayed rectifier potassium current
(Ix;) and the Ca®-activated chloride current
(Icicyy), than that of an inward current, the Na*/
Ca™ exchange current (Iy,c.), resulting in an
abbreviation of APD and the QT interval. A defect
in Iy, as seen in LQT1 could account for failure of
B-adrenergic stimulation to abbreviate APD and
the QT interval, resulting in a persistent and para-

TABLE 28~1. Validity of the epinephrine QT stress test {Mayo
protocol} at a QT 2 30 msec.

AQT* Lan Non-LQT1 Predictive value
AQT>30msec 37 12 Positive predictive
value = 76%
AQT < 30msec 3 73 Negative predictive
Sensitivity Specificity value = 96%
=92.5% =86%

‘4, the change (delta) in the QT interval (epinephrine minus baseline).

lute’ QT interval by >30msec during infusion of low-dose
epinephrine (<0.1pLg/kg/min). (B) Summary of the low-dose
epinephrine-absolute QT response performed in over 200 subjects
at the Mayo Clinic.

doxic QT prolongation under sympathetic stimu-
lation. In the LQT2 model, isoproterenol infusion
was reported to initially prolong but then abbrevi-
ate APD and the QT interval probably due to an
initial augmentation of Iy, and a subsequent
stimulation of I, In contrast to the LQTI and
LQT2 models, isoproterenol infusion constantly
abbreviated APD and the QT interval as a result
of a stimulation of I, in the LQT3 model, because
an inward late Iy, was augmented in this genotype.
Therefore, the bolus protocol of epinephrine
testing was expected not only to unmask con-
cealed patients with LQTS but also to presump-
tively diagnose the three most common subtypes,
LQT1, LQT2, and LQT3, by monitoring the tem-
poral course of the QTc to epinephrine at peak
effect following bolus injection and at steady-state
effect during continuous infusion. '
Clinical data using the bolus protocol suggested
that sympathetic stimulation produces genotype-
specific responses of the QTc¢ interval in patients
with LQT1, LQT2, and LQT3 (Figure 28-2).""*
Epinephrine remarkably prolonged the QTc¢ inter-
val at peak effect when the heart rate is maximally
increased (1-2min after the bolus injection), and
the QTc remained prolonged during steady-state
epinephrine effect (3-5min) in patients with
LQT1."7*® As an aside, this steady-state effect likely
correlates with the paradoxic QT response seen
with the Mayo protocol. The QTc was also pro-
longed at peak epinephrine effect (during bolus)

_45_



28. Provocative Testing in Inherited Arrhythmias

A. LQT1

427

B. LQT2 C.LQT3

V4

Baseline

576ms

Epinephrine

592ms

560ms

(Peak)

582ms

Epinephrine

(Steady V4

-State)

FiGURe 28-2. Differential temporal course of the heart rate cor-
rected QT interval (QTc) to epinephrine QT stress testing in LQT1,
2,and 3 (Shimizu protocol). The V4 lead ECGs under baseline condi-
tions and at peak and steady-state epinephrine effects in LQT1 (A),
LQT2 (B), and LQT3 (C) patients using the Shimizu bolus and infu-
sion protocol are shown. The corrected QT interval (QTc) was
prominently prolonged from 576 to 711 msec at peak epinephrine
effect, and remained prolonged at steady state (696 msec) in the

in patients with LQT2, but returned to close to
baseline levels at the steady-state epinephrine
effect.' In contrast, the QTc was less prolonged at
the peak epinephrine effect in the LQT3 patients
than in the LQT! or LQT2 patients, and was
abbreviated below baseline levels at the steady-
state epinephrine effect.'® The responses of the
corrected Tpeu—Tena interval reflecting transmural
dispersion of repolarization (TDR) approximately
paralleled those of the QT interval,”” supporting
the cellular basis for genotype-specific triggers for
cardiac events.

By using the steady-state epinephrine effect,
Shimizu et al. reported an improvement in clini-

696ms

611ms

patient with LQT1. It is noteworthy that paradoxic QT prolongation
was seen both at peak and steady-state epinephrine effects
{arrows). In the patient with LQT2, the QTc was also dramatically
prolonged from 592 to 684 msec at peak, but returned to the base-
line level at steady state (611 msec). It was much less prolonged
(560 to 582 msec) at peak in the LQT3 patient than in either the
LQT1 or LQT2 patient, and returned below the baseline level at
steady state (532 msec).

cal electrocardiographic diagnosis (sensitivity)
from 68% to 87% in the 31 patients with LQT1 and
from 83% to 91% in the 23 patients with LQT2,
but not in the 6 patients with LQT3 (from 83% to
83%)."® The bolus protocol of epinephrine effec-
tively predicts the underlying genotype of the
LQT1, LQT2, and LQT3 (Figure 28-3)."® The pro-
longation of QTc >35msec at steady-state epine-
phrine effect could differentiate LQT1 from LQT2,
LQTS3, or control patients with a predictive accu-
racy 290 %. The prolongation of QTc =80 msec at
peak epinephrine effect could differentiate LQT2
from LQT3 or control patients with a predictive
accuracy of 100%.
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AQTc 2 80 ms
(Peak — Baseline)

YES NO

AQTc235ms
(Steady State — Baseline)

Control
(or LQT3)

YES NO

Ficure 28-3. A flow chart to predict genotype with epinephrine
QT stress testing (Shimizu Protocol).

Whether utilizing the Mayo protocol or the
Shimizu protocol, the responses to epinephrine
should be viewed as diagnostic only, not prognos-

tic. Induction of TdP or ventricular fibrillation is

extremely uncommon. In over 400 studies con-
ducted using the Mayo protocol and the Shimizu
protocol respectively, we have observed only two
episodes of TdP (10 beats and 20 beats) and one
episode of macroscopic T wave alternans. In addi-
tion, these gene-specific responses are attenuated
by B blockers. If a patient displays, epinephrine-
induced bradycardia rather than the expected
increase in heart rate, then the study should be
terminated, a diagnostic interpretation should
not be rendered, and a period of monitored beta
blocker washout should be considered.
Importantly, the diagnostic profiles gleaned
from one protocol should not be applied to the
other protocol. For example, using the Mayo pro-
tocol, we have observed healthy volunteers display
a QTc of 600msec (AQTc = 140msec) during
epinephrine infusion due to a negligible change in
the absolute QT interval but a brisk chronotropic
response. This response could be viewed as either
an LQT1 (steady-state) or LQT2 (peak) response
if the Shimizu algorithm was erroneously applied
(Figure 28-3) in the setting of the Mayo protocol
(Figure 28-1A). Here, it is critical to remember
that the key determinant is epinephrine-mediated
changes in the QT interval for the Mayo protocol
and epinephrine-mediated changes in the QTc for
the Shimizu protocol. Finally, a caveat regarding
epinephrine-accentuated U waves is in order as

W. Shimizu and M.J. Ackerman

erroneous inclusion of such U waves during
epinephrine infusion underlies some of the false
positives.

Since molecular diagnosis is still unavailable to
many institutes and requires high costs and is
time consuming, a clinical diagnosis of concealed
LQTS by the epinephrine QT stress test can direct
proper counseling and facilitate the initiation of
preventive measures such as QT drug avoidance.
Furthermore, a presumptive, pregenetic diagnosis
of either LQT1, LQT2, or LQT3 based upon the
response to epinephrine can guide gene-specific
treatment strategies. Finally, since 25% of LQTS
remains genetically elusive, the identification of
patients with LQTS and an LQT1-like response to
epinephrine, for example, may lead to the identi-
fication of novel LQTS-causing susceptibility
genes.

Brugada Syndrome

Brugada syndrome is characterized by coved-type
ST-segment elevation in the right precordial elec-
trocardiographic leads (V1-V3) and an episode
of ventricular fibrillation (VF) in the absence of
structural heart disease.® However, the ST
segment elevation is dynamic and is often con-
cealed, and is reported to be accentuated just
before and after episodes of ventricular fibrilla-
tion (VF).* A variety of antiarrhythmic drugs and
autonomic agents have been reported to provoke
typical ST-segment elevation.? Experimental
studies have suggested that an intrinsically prom-
inent transient outward current (I,)-mediated
action potential (AP) notch and a subsequent loss
of AP dome in the epicardium, but not in the
endocardium, of the right ventricular outflow
tract give rise to a transmural voltage gradient,
resulting in a typical ST-segment elevation in
leads V1-V3.” Because the maintenance of the AP
dome is determined by the balance of currents
active at the end of phase 1 of the AP (principally
I, and the L-type calcium current [I.]), any
interventions that increase outward currents (e.g.,
Iio, Ixs, Ix) or decrease inward currents (e.g., Ica1s
fast Iy,) at the end of phase 1 of the AP can accen-
tuate ST-segment elevation, thus producing the
Brugada phenotype.
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Provocative Testing with Sodium
Channel Blockers

Among the interventions above, sodium chan-
nel blockers effectively amplify or unmask ST-
segment elevation, and are used as a provocative
test in patients with concealed BrS showing tran-
sient or no spontaneous ST-segment elevation.”**
Among the sodium channel blockers, the class IC
drugs (flecainide, 2 mg/kg in 10 min, iv; pilsicain-
ide 1 mg/kg in 10 min, iv) produce the most pro-
nounced ST-segment elevation due to strong
use-dependent blocking of fast Iy, secondary to
their slow dissociation from the sodium chan-
nels.” Pilsicainide, a pure class IC drug developed

A. Baseline

B. Pilsicainide 25mg

0.72 mV
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in Japan, seems to induce ST-segment elevation
more than flecainide, which is widely used
throughout the world. (Figure 28-4). Induction of
ventricular arrhythmias by pilsicainide was
reported to be less rare than anticipated.” In other
words, caution should be exercised when using
pilsicainide in BrS drug challenge testing because
of the increased potential for false-positive
responses. Further studies with genetic data as the
golden standard will be required to evaluate the
true sensitivity and specificity of the provocative
testing with each sodium channel blocker. Class
IA antiarrhythmic drugs (ajmaline, procainamide,
disopyramide, cibenzoline, etc.), which exhibit
less use-dependent block of fast Iy, due to faster

C. Flecainide 75mg
0.44 mV

ST(V2) 0.06 mV
I I
11 Il
I i
aVR aVR
aVL aVL |-
aVF [ aVF

FIGURE 28-4. Effects of class IC sodium channel blockers on the
ST segment in a patient with concealed Brugada syndrome. At
baseline condition (A, arrow), no significant ST-segment elevation
in leads V1-V3 was observed. Both pilsicainide (B, arrow) and fle-

1g:

aVv

aVLLE

1 sec

cainide (C, arrow) induced Type 1 coved ST-segment elevation;
however, a smaller dose of pilsicainide injection (25 mg) produced
more prominent ST-segment elevation than that by flecainide
injection (75mgq) in lead V2 (0.72 vs. 0.44 mV).
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dissociation of the drug, show a weaker ST-
segment elevation than class IC drugs®**?* (Figure
28-5B and C). Ajmaline (1 mg/kg, in 5min, iv) has
been frequently used and is reported to be safer
with malignant ventricular arrhythmias in only
1.3% of the patients tested.” Wolpert et al
reported that ajmaline induced or enhanced Type
1 ST-segment elevation more frequently than fle-
cainide, and that this was due to greater inhibition

B. Flecainide
1.12 mV

A. Baseline
ST(V2) 0.66 mV

Ficure 28-5. Effects of different sodium channel blockers on
ST-segment elevation in a patient with Brugada syndrome. Six
precordial lead electrocardiograms at baseline condition (A),
after 100 mg flecainide injection (class IC drug) (B), after 100mg
disopyramide injection (class IA drug) (C), and after 125mg
mexiletine injection {class IB drug) are shown. At baseline con-
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of I, by flecainide.”® Disopyramide (2mg/kg in
10 min, iv) and procainamide (10 mg/kg, in 10 min,
iv) show weaker accentuation of the ST-segment
elevation due to their smaller effect on fast Iy, and
mild to moderate action to block I, (Figure 28-
5C).2**% Class IB drugs (mexiletine, lidocaine,
etc.) dissociate from the sodium channel rapidly
and therefore have little or no effect on fast I, at
moderate and slow heart rates, and thus are unable

C. Disopyramide D. Mexiletine
1.00 mV

0.68 mV

1 sec

ditions (A, arrow), Type 2 saddleback ST-segment elevation was
seen in lead V2 (0.66 mV). Flecainide more remarkablly accentu-
ated the ST-segment elevation (1.12mV) than disopyramide
(1.00mV) (B and C, arrows), while mexiletine had no effect on
the ST-segment elevation (0.68 mV) (D, arrow).
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TABLE 28-2. Drugs used to unmask the Brugada syndrome.

Flecainide 2mg/kg/10 min, iv (400 mg, po)
Pilsicainide 1mg/kg/10 min, iv

Ajmaline 1mg/kg/5 min, iv
Disopyramide 2mg/kg in 10min, iv

Procainamide 10 mg/kg/10 min, iv

to cause ST-segment elevation® (Figure 28-5D).
The recommended dosage of each sodium channel
blocker is listed in Table 28-2.%

Practice of Testing with Sodium
Channel Blockers

The definition of a positive provocative test is a
development of the diagnostic Type 1 Brugada
ECG (an increase in the absolute ] wave amplitude
of >0.2mV with or without right bundle branch
block in at least one of the V1-V3 leads) in the
case of a Type 2, Type 3, or negative ECG at base-
line. The test is considered positive upon an
increase in the ST-segment elevation by >0.2mV.
The test does not add to the diagnostic value in
patients with spontaneous and constant Type 1
Brugada ECG. The test should be monitored with
a continuous 12-lead electrocardiographic record-
ing (a speed of 10 mm/sec can be used to monitor
throughout the test period, interposed with
recordings at 25 or 50 mm/sec), and cardiopulmo-
nary resuscitation facilities and isoproterenol
infusion should be at hand. The endpoint of the
test is when (1) the diagnostic Type 1 Brugada
ECG develops, (2) the ST segment in Type 2 ECG
increases by 20.2mV, (3) ventricular or other
arrhythmias develop, or (4) the QRS widens to
2130% of baseline. Particular caution should be
exercised in patients with a preexisting atrial and/
or ventricular conduction disturbance (e.g., sus-
pected cases of progressive cardiac conduction
defect) or in the presence of wide QRS, wide P
waves, or prolonged PR intervals (infranodal con-
duction disease) so as to avoid the risk of precipi-
tating complete AV block.

Catecholaminergic Polymorphic
Ventricular Tachycardia

Unlike LQTS and BrS in which the cardinal feature
is often evident on the resting 12-lead ECG, this
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diagnostic test is always normal in CPVT. Pheno-
typically, CPVT mimics LQTS, particularly LQT1,
with exercise-induced syncope, seizures, or
sudden death, but in the setting of a structurally
normal heart and a normal 12-lead ECG.**"
Approximately two-thirds of CPVT stems from
mutations in the RyR2-encoded ryanodine recep-
tor/calcium release channel (CPVT1). One possi-
ble clue for CPVT1 may be the presence of marked
bradycardia.’? However, the hallmark signature of
CPVT ' is exercise-induced or catecholamine-
induced bidirectional ventricular tachycardia.”
Presently, it is not clear whether catecholamine
provocation testing is additive to standard
exercise stress testing or whether isoproterenol
{more commonly used for CPVT) is superior to
epinephrine.

Practically speaking, when faced with a pati-
ent presenting with exercise-induced syncope or
exercise-induced aborted cardiac arrest and a
normal ECG (QTc¢ = 430msec), the differential
diagnosis includes both concealed LQT1 and
CPVT. As such, we advocate using the epinephrine
QT stress test (either the previously discussed
Mayo or Shimizu protocols). Remember that sig-
nificant epinephrine-induced ventricular ectopy
is extremely uncommon in LQTS and occasional
premature ventricular contractions (PVCs) and
even couplets are not informative. If there is para-
doxic QT lengthening, then concealed LQT1 is the
presumptive clinical diagnosis. On the other hand,
if there is epinephrine-induced bidirectional ven-
tricular tachycardia, then CPVT is likely. Suspi-
cionfor CPVT should beraised and CPVT-directed
genetic testing initiated for lesser degrees of
epinephrine-induced ventricular ectopy such as
epinephrine-induced nonsustained ventricular
tachycardia, TdP in the absence of paradoxic QT
lengthening, and possibly even PVCs in bigeminy
during epinephrine infusion. One caveat to
remember is that bidirectional ventricular tachy-
cardia can also be seen in KCNJ2-mediated
Andersen-Tawil syndrome.*

Acknowledgments. Dr. W. Shimizu was supported
by the Uehara Memorial Foundation, Japan
Research Foundation for Clinical Pharmacology,
Ministry of Education, Culture, Sports, Science and
Technology Leading Project for Biosimulation,

__50_



432

and health sciences research grants (H18-
Research on Human Genome- 002) from the
Ministry of Health, Labour and Welfare, Japan.
Dr. Ackerman’s research program was supported
by the National Institutes of Health (HD42569),
the American Heart Association (Established
Investigator Award), the Doris Duke Charitable
Foundation (Clinical Scientist Development
Award), the CJ Foundation for SIDS, and the Dr.
Scholl Foundation.

References

1. Schwartz PJ, Periti M, Malliani A. The long QT syn-
drome. Am Heart J 1975;89:378-390.

2. Schwartz PJ, Moss AJ, Vincent GM, Crampton RS.
Diagnostic criteria for the long QT syndrome: An
update. Circulation 1993;88:782-784.

3. Moss AJ, Schwartz PJ, Crampton RS, Locati E,
Carleen E. The long QT syndrome: A prospective
international study. Circulation 1985;71:17-21.

4. Shimizu W. The long QT syndrome: Therapeutic
implications of a genetic diagnosis. Cardiovasc Res
2005;67:347-356.

5. Priori SG, Napolitano C, Schwartz PJ, Grillo M,
Bloise R, Ronchetti E, Moncalvo C, Tulipani C,
Veia A, Bottelli G, Nastoli J. Association of long
QT syndrome loci and cardiac events among
patients treated with beta-blockers. JAMA 2004;292:
1341-1344.

6. Vincent GM, Timothy KW, Leppert M, Keating M.
The spectrum of symptoms and QT intervals in
carriers of the gene for the long-QT syndrome.
N Engl | Med 1992;327:846-852.

7. Priori SG, Napolitano C, Schwartz P]. Low pene-
trance in the long-QT syndrome. Clinical impact.
Circulation 1999;99:529-533.

8. Swan H, Saarinen K, Kontula K, Toivonen L,
Viitasalo M. Evaluation of QT interval duration and
dispersion and proposed clinical criteria in diagno-
sis of long QT syndrome in patients with a geneti-
cally uniform type of LQT1. ] Am Coll Cardiol
1998;32:486-491.

9. Priori SG, Schwartz PJ, Napolitano C, Bloise R,
Ronchetti E, Grillo M, Vicentini A, Spazzolini C,
Nastoli ], Bottelli G, Folli R, Cappelletti D. Risk
stratification in the long-QT syndrome. N Engl |
Med 2003;348:1866-1874.

10. Schechter E, Freeman CC, Lazzara R. Afterdepo-
larizations as a mechanism for the long QT syn-
drome: Electrophysiologic studies of a case. ] Am
Coll Cardiol 1984;3:1556-1561.

11.

12.

13.

14.

15.

16.

17.

18.

19.

_51_

W. Shimizu and M.J. Ackerman

Viskin S, Rosso R, Rogowski O, Belhassen B, Levitas
A, Wagshal A, Katz A, Fourey D, Zeltser D, Oliva
A, Pollevick GD, Antzelevitch C, Rozovski U. Prov-
ocation of sudden heart rate oscillation with adeno-
sine exposes abnormal QT responses in patients
with long QT syndrome: A bedside test for diagnos-
ing long QT syndrome. Eur Heart ] 2006;27:
469-475. V

Ackerman M], Khositseth A, Tester D], Hejlik JB,
Shen WK, Porter CB. Epinephrine-induced QT
interval prolongation: A gene-specific paradoxical
response in congenital long QT syndrome. Mayo
Clin Proc 2002;77:413-421. '

Noda T, Takaki H, Kurita T, Suyama K, Nagaya N,
Taguchi A, Aihara N, Kamakura §, Sunagawa K,
Nakamura K, Ohe T, Horie M, Napolitano C,
Towbin JA, Priori SG, Shimizu W. Gene-specific
response of dynamic ventricular repolarization to
sympathetic stimulation in LQT1, LQT2 and LQT3
forms of congenital long QT syndrome. Eur Heart
] 2002;23:975-983.

Vyas H, Hejlik ], Ackerman MJ. Epinephrine
QT stress testing in' the evaluation of congenital
long-QT syndrome: Diagnostic accuracy of the
paradoxical QT response. Circulation 2006;113:
1385-1392.

Khositseth A, Hejlik ], Shen WK, Ackerman M]J.
Epinephrine-induced T-wave notching in congeni-
tal long QT syndrome. Heart Rhythm 2005;2:
141-146. .
Shimizu W, Antzelevitch C. Differential response to
beta-adrenergic agonists and antagonists in LQT1,
LQT2 and LQT3 models of the long QT syndrome.
] Am Coll Cardiol 2000;35:778-786.

Shimizu W, Noda T, Takaki H, Kurita T, Nagaya N,
Satomi K, Suyama K, Aihara N, Kamakura S, Echigo
S, Nakamura K, Sunagawa K, Ohe T, Towbin JA,
Napolitano C, Priori SG. Epinephrine unmasks
latent mutation carriers with LQT1 form of con-
genital long QT -syndrome. ] Am Coll Cardiol
2003;41:633-642.

Shimizu W, Noda T, Takaki H, Nagaya N, Satomi
K, Kurita T, Suyama K, Aihara N, Sunagawa K,
Echigo S, Miyamoto Y, Yoshimasa Y, Nakamura K,
Ohe T, Towbin JA, Priori SG, Kamakura S.
Diagnostic value of epinephrine test for genotyping
LQT1, LQT2 and LQT3 forms of congenital long
QT syndrome. Heart Rhythm 2004;1:276-283.
Shimizu W, Tanabe Y, Aiba T, Inagaki M, Kurita T,
Suyama K, Nagaya N, Taguchi A, Aihara N,
Sunagawa K, Nakamura K, Ohe T, Towbin JA,
Priori SG, Kamakura S. Differential effects of B-
blockade on dispersion of repolarization in absence
and presence of sympathetic stimulation between



28.

20.

21

22,

23.

24.

25.

26.

27.

Provocative Testing in Inherited Arrhythmias

LQT! and LQT2 forms of congenital long QT syn-
drome. ] Am Coll Cardiol 2002;39:1984-1991.
Brugada P, Brugada J. Right bundle branch block,
persistent ST segment elevation and sudden cardiac
death: A distinct clinical and electrocardiographic
syndrome: A multicenter report. ] Am Coll Cardiol
1992;20:1391-1396.

Matsuo K, Shimizu W, Kurita T, Inagaki M, Aihara
N, Kamakura S. Dynamic changes of 12-lead elec-
trocardiograms in a patient with Brugada syn-
drome. ] Cardiovasc Electrophysiol 1998;9:508-512.
Miyazaki T, Mitamura H, Miyoshi S, Soejima K,
Aizawa Y, Ogawa S. Autonomic and antiarrhythmic
drug modulation of ST segment elevation in
patients with Brugada syndrome. ] Am Coll Cardiol
1996;27:1061-1070.

Yan GX, Antzelevitch C. Cellular basis for the
Brugada syndrome and other mechanisms of
arrhythmogenesis associated with ST segment ele-
vation. Circulation 1999;100:1660-1666.

Shimizu W, Antzelevitch C, Suyama K, Kurita T,
Taguchi A, Aihara N, Takaki H, Sunagawa K,
Kamakura S. Effect of sodium channel blockers on
ST segment, QRS duration, and corrected QT inter-
val in patients with Brugada syndrome. J Cardio-
vasc Electrophysiol 2000;11:1320-1329.

Brugada R, Brugada ], Antzelevitch C, Kirsch GE,
Potenza D, Towbin JA, Brugada P. Sodium channel
blockers identify risk for sudden death in patients
with ST-segment elevation and right bundle branch
block but structurally normal hearts. Circulation
2000;101:510-515.

Morita H, Morita ST, Nagase S, Banba K, Nishii N,
Tani Y, Watanabe A, Nakamura K, Kusano KF,
Emori T, Matsubara H, Hina K, Kita T, Ohe T.
Ventricular arrhythmia induced by sodium channel
blocker in patients with Brugada syndrome. ] Am
Coll Cardiol 2003;42:1624-1631.

Rolf S, Bruns HJ, Wichter T, Kirchhof P, Ribbing
M, Wasmer K, Paul M, Breithardt G, Haverkamp
W, Eckardt L. The ajmaline challenge in Brugada
syndrome: Diagnostic impact, safety, and recom-
mended protocol. Eur Heart ] 2003;24:1104-1112.

28.

29.

30.

31.

32.

33.

34,

433

Wolpert C, Echternach C, Veltmann C, Antzelevitch
C, Thomas GP, Spehl S, Streitner F, Kuschyk J,
Schimpf R, Haase KK, Borggrefe M. Intravenous
drug challenge using flecainide and ajmaline in
patients with Brugada syndrome. Heart Rhythm
2005;2:254-260.

Antzelevitch C, Brugada P, Borggrefe M, Brugada J,
Brugada R, Corrado D, Gussak I, Lemarec H, Nade-
manee K, Perez Riera AR, Shimizu W, Schulze-Bahr
E, Tan H, Wilde A. Brugada syndrome. Report of
the Second Consensus Conference. Endorsed by
the Heart Rhythm Society and the European Heart
Rhythm Association. Circulation 2005;111:659-
670.

Leenhardt A, Lucet V, Denjoy I, Grau F, Ngoc DD,
Coumel P. Catecholaminergic polymorphic ven-
tricular tachycardia in children. A 7-year follow-up
of 21 patients. Circulation 1995;91:1512-1519.
Priori SG, Napolitano C, Memmi M, Colombi B,
Drago F, Gasparini M, DeSimone L, Coltorti F,
Bloise R, Keegan R, Cruz Filho FE, Vignati G,
Benatar A, DeLogu A. Clinical and molecular char-
acterization of patients with catecholaminergic
polymorphic ventricular tachycardia. Circulation
2002;106:69-74.

Postma AV, Denjoy I, Kamblock J, Alders M,
Lupoglazoff JM, Vaksmann G, Dubosg-Bidot L,
Sebillon P, Mannens MM, Guicheney P, Wilde AA.
Catecholaminergic polymorphic ventricular tachy-
cardia: RYR2 mutations, bradycardia, and follow
up of the patients. ] Med Genet 2005;42:863~870.
Cerrone M, Colombi B, Santoro M, di Barletta MR,
Scelsi M, Villani L, Napolitano C, Priori SG. Bidi-
rectional ventricular tachycardia and fibrillation
elicited in a knock-in mouse model carrier of a
mutation in the cardiac ryanodine receptor. Circ
Res 2005;96:1031-1032.

Tester DJ, Arya P, Will M, Haglund CM, Farley AL,
Makielski JC, Ackerman M]. Genotypic heteroge-
neity and phenotypic mimicry among unrelated
patients referred for catecholaminergic polymor-
phic ventricular tachycardia genetic testing. Heart
Rhythm 2006;3:800-805.



47

Acquired Form of Brugada Syndrome

Wataru Shimizu

Brugada Syndome

Brugada and Brugada reported in 1992 eight
patients with a history of aborted sudden cardiac
death due to ventricular fibrillation (VF) and
a characteristic electrocardiographic pattern,
consisting of right bundle branch block (RBBB)
and ST-segment elevation in the right precordial
electrocardiogram (ECG) (V1-V3) as a distinct
clinical entity."® The presence of RBBB was
thereafter revealed to be not necessary for the
diagnosis of Brugada syndrome, although mild to
moderate widening of the QRS duration is often
observed.® Two specific types of ST-segment
elevation, coved and saddleback, are observed in
this syndrome. The ST-segment elevation is often
accentuated and the coved type ST-segment
elevation is more frequently recognized just before
and after episodes of VE>° The Brugada
Consensus Report in 2002 suggested three pat-
terns of ST-segment elevation in the right precor-
dial ECG.® Type 1 is characterized by a coved type
ST-segment elevation displaying ] wave amplitude
or ST-segment elevation of 20.2mV followed by a
negative T wave (Figure 47-1A). Type 2 has a
saddleback configuration, which has a high take-
off ST-segment elevation (20.2mV) followed by
a gradually descending ST-segment elevation
(remaining 20.1mV above the baseline) and a
positive or biphasic T wave (Figure 47-1B). Type
3 has an ST-segment elevation of <0.1mV of the
saddleback, coved type, or both. The second
Consensus Report published in 2005, however,
emphasized that Type 1 coved ST-segment
elevation is required to diagnose Brugada

syndrome,” because the Type 1 ECG is reported to
relate to a higher incidence of VF and sudden
cardiac death.® Type 2 and Type 3 ST-segment
elevation are not diagnostic for the Brugada syn-
drome. The recordings of V1 and V2 leads at
higher (third and second) intercostal spaces
increase the sensitivity and the specificity of the
ECG diagnosis for detecting the Brugada pheno-
type (Figure 47-1C),”"" and their diagnostic and
prognostic values have recently been reported.'?

Molecular Aspects

In 1998, Chen and co-workers identified the first
mutation linked to Brugada syndrome in SCN5A,
the gene encoding the o subunit of the sodium
channel.” Antzelevitch and co-workers have
recently reported that three probands associated
with a Brugada like ST-segment elevation and a
short QT interval were linked to mutations in
CACNAIC(A39V and G490R) or CACNB2 (S481L),
the gene encoding the ol or P2b subunit of
the L-type calcium channel (Ic,.), respectively."
However, approximately tow-thirds of Brugada
patients have not been yet genotyped, suggesting
the presence of genetic heterogeneity.® Other
candidate genes for the Brugada phenotypeinciude
the genes encoding transient outward current (I,,),
and delayed rectifier potassium current (I), or
genes that code for adrenergic receptors, choli-
nergic receptors, ion-channel-interacting protein,
promoters, transcriptional factors, neurotrans-
mitters, or transporters.

Functional analysis employing expression
systems was reported in approximately two dozen
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A Baseline B Baseline Pilsicainide

FiGuRe 47-1. Type 1 coved ST-segment elevation spontaneously
or unmasked by pilsicainide or higher intercostal space recordings
of V1 and V2 leads. (A) Spontaneously Type 1 coved ST-segment
elevation. (B) Although Type 2 saddleback ST-segment elevation
was seen in a V2 lead under baseline conditions, pilsicainide, a
class IC drug, unmasked Type 1 coved ST-segment elevation in a

of the mutations in SCN54, and demonstrated that
all of the mutations resulted in “loss of function”
of Iy, by severalmechanisms."*'>""” These functional
effects include (1) failure of the sodium channel
to express, (2) a shift in the voltage and time
dependence of I, activation, inactivation, or reac-
tivation, (3) entry of the sodium channel into an
intermediate state of inactivation from which it
recovers more slowly, (4) accelerated inactivation
of the sodium channel, or (5) trafficking defect.

Cellular Mechanism of Brugada Phenotype

An I,-mediated phase 1 notch of the action
potential (AP) has been reported to be greater in
the epicardial cells than in the endocardial cells in
many species, including humans, by experimental
studies.’® Since the maintenance of the AP dome
is determined by the fine balance of currents

W. Shimizu
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1 sec

V2 lead (arrow). (C} Although no ST-segment elevation was
observed at standard (fourth intercostal space) V1 and V2 leads
under baseline conditions (arrows), a Type 1 coved ST-segment
elevation was recorded at higher (second intercostal space) V1 and
V2 leads (arrows).

active at the end of phase 1 of the AP (principally
I, and I, 1), any agents that cause a net outward
shift at the end of phase 1 can increase the mag-
nitude of the AP notch, leading to loss of the
AP dome (all-or-none repolarization) in the
epicardium, but not in the endocardium,
contributing to a significant voltage gradient
across the ventricular wall during ventricular acti-
vation.'”® The heterogeneous loss of the AP dome
in the epicardium was shown to produce prema-
ture beats via a mechanism of phase 2 reentry in
experimental studies using isolated sheets of
canine right ventricle.” The Brugada syndrome
seemstobeaclinical counterpart of the mechanism
of all-or-none repolarization in the epicardial
cells and phase 2 reentry-induced premature beat
between the adjacent epicardial cells.

An experimental model of the Brugada syn-
drome employing arterially perfused canine right
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ventricular (RV) wedge preparations provided
direct experimental evidence for the cellular
mechanism of ST-segment elevation.® The I,-
mediated AP notch and the loss of the AP dome
in the epicardial cells, but not in the endocardial
cells, of the right ventricle gives rise to a transmu-
ral voltage gradient, producing ST-segment eleva-
iion in the ECG (Figure 47-2).% In the setting of
coved type ST-segment elevation, heterogeneous
loss of the AP dome (the coexistence of loss of
dome regions and restored dome regions) in the
epicardium creates a marked epicardial disper-
sion of repolarization, giving rise to premature
beats due to phase 2 reentry, which sometimes
precipitatesnonsustained polymorphicventricular

tachycardia (VT) or VF (Figure 47-2)8
dome(+)
Epil L 50 mV
Phase 2
/reentry
N
Epi 2 M\I\J\J\_ 50 mV
dome(-)
1.0 mV
ECG "
sTT Poly VI 500 ms

“IGURE 47-2, Coved ST-segment elevation and phase 2 reentry-
induced nonsustained polymorphic ventricutar tachycardia (poly
VT) in a Brugada model employing an arterially perfused canine
right ventricular wedge preparation. Transmembrane action
potentials simultaneously recorded from two epicardial (Epi) sites
and one endocardial (Endo) site together with a transmural elec-
trocardiogram (ECG) (BCL 2000 msec). Combined administration of
terfenadine (5 M) and pilsicainide (5 uM) causes heterogeneous
loss of the action potential dome in the epicardium (restored dome
in epicardial site 1, loss of dome in epicardial site 2), giving rise
10 3 coved type Brugada ECG. Electrotonic propagation from the
site where the dome is restored (Epi 1) to the site where it is lost
(Epi 2) results in development of phase 2 reentry-induced prema-
ture beats, triggering poly VT.
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Our recently developed high-resolution optical
mapping system, which allows us to record trans-
membrane APs from 256 sites simultaneously,
suggested that a steep repolarization gradient
between a loss of dome region and a restored
dome region in the epicardium is essential to
produce phase 2 reentry-induced premature beats,
and that mild to moderate conduction delay is
required to degenerate the reentrant pathway into
VF.S'“

Acquired Form of Brugada Syndrome

The ST-segment elevation is well known to
be dynamic day-to-day even in the same patient
with Brugada syndrome, and to be modulated by
several drugs (mainly antiarrhythmic drugs) and
autonomic agents.”” Class IC antiarrhythmic
drugs, which are used as a diagnostic tool in latent
Brugada syndrome, amplify or unmask the ST-
segment elevation most effectively as a result of
their strong effect of blocking fast Iy,.”*** Several
drugs and conditions other than IC drugs are
reported to induce transient ST-segment eleva-
tion like that in Brugada syndrome. Based on
the molecular and cellular aspects in Brugada
syndrome mentioned above, any interventions
that increase outward currents (e.g., I,, adenosine
triphosphate-sensitive potassium current [Ix.a1p),
slow and fast activating components of I [l Ix.])
or decrease inward currents (e.g., Ic,.., fast Iy,) at
the end of phase 1 of the AP can accentuate or
unmask ST-segment elevation, similar to that
found in Brugada syndrome. This is described as
an “acquired” form of Brugada syndrome similar
to the “acquired” form of long QT syndrome
(LQTS) (Table 47-1).

Antiarrhythmic Drugs

Class IC sodium channel blockers (flecainide,
propafenone, pilsicainide) produce the most
pronounced ST-segment elevation secondary to
strong use-dependent blocking of fast Iy, due to
their slow dissociation from the sodium chan-
nels.”*Pilsicainide,apureclassICdrugdeveloped
in Japan, is thought to more strongly induce ST-
segment elevation than flecainide, which is widely
used throughout the world and mildly blocks I,
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