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BACKGROUND Inferolateral early repolarization (ER) and Bru-
gada syndrome manifest with J waves. Isoproterenol suppresses
recurrent ventricular arrhythmias while reducing J waves in both
disorders.

OBJECTIVE To characterize the effect of isoproterenol on J
waves.

METHODS We analyzed the impact of isoproterenol on J waves in
20 patients with Brugada-type electrocardiogram (Br group) and
38 patients with ER (ER group).

RESULTS In the ER group, J waves were present in inferior leads
in 32 patients (84%) and in lateral leads in 23 patients (61%).
Isoproterenol increased the heart rate by 75 beats/min in the ER
group and by 71 beats/min in the Br group (P = .20). The
incidences of persistent (<0.05-mV decrease), decreased, and
normalized J waves (residual J wave <0.05 mV) were 20%, 80%,
and 0% for Br group patients and 29%, 8%, and 63% for ER group
patients, respectively (P <.001). Within the ER group, inferior J
waves persisted in 34% of the cases, decreased in 9%, and nor-

malized in 56% whereas lateral J waves always normalized
(P <.001). Baseline QRS width was broader in ER group patients
with persistent J waves (90 ms vs 80 ms; P = .003) and was
unchanged with isoproterenol (90 ms; P = .19), whereas it de-
creased in the remaining patients (75 ms; P <.001).

CONCLUSIONS J-wave syndromes have distinct regional sensitiv-
ity to beta-adrenergic stimulation. J waves may persist in a subset
of patients with right precordial and inferior J waves but never in
lateral location. This heterogeneous response to isoproterenol may
indicate distinctive mechanisms for Brugada and ER patterns,
including depolarization abnormalities or ion channel sensitivity.
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Introduction

Inferolateral early repolarization (ER) has a prevalence of
up to 5% in the general population and is frequently present
in young athletes.' An association between inferolateral ER
and idiopathic ventricular fibrillation has been well estab-
lished by different groups.' ® So far, the exact pathophys-
iologic mechanism responsible for J-wave formation in in-
ferolateral ER has not been clarified. Furthermore, no
genetic or pharmacological test is currently available that
allows to distinguish benign from malignant ER variants.”®
Pharmacologic challenge can help understand pathophysio-
logic mechanisms underlying different disorders and reveal
important differences. Both inferolateral ER and Brugada
syndrome manifest with prominent J waves and share im-
portant clinical characteristics.” Beta-adrenergic stimulation
is effective in suppressing recurrent ventricular arrhythmias
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while reducing J-wave amplitudes in both disorders.”'* To
date, no study has specifically characterized the effect of
isoproterenol on J waves in inferolateral ER and Brugada-
type electrocardiogram (ECG).

Methods

Isoproterenol challenge is routinely performed at our insti-
tution as part of a clinical evaluation protocol in patients
with corresponding symptoms and ECG patterns known to
be associated with increased risk for malignant arrhythmias.
From this database, we included all patients with either
inferolateral ER (ER group) or Brugada-type ECG (Br
group) at the beginning of isoproterenol challenge and an-
alyzed ECSs at baseline and at maximal heart rate. For the
diagnosis of inferolateral ER, an ECG with an elevation of
the QRS-ST junction (J point) by =0.1 mV above the
baseline level in =2 contiguous leads, either as QRS slur-
ring (a smooth transition from the QRS segment to the ST
segment) or notching (a positive J deflection inscribed on
the S wave) in the inferior leads (II, III, and aVF), lateral
leads (I, aVL, and V,—V,), or both, had to be present (J
wave). Brugada-type ECG was defined as reported in the
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second consensus conference.'” All patients with Brugada-
type ECG included in the study had documented spontane-
ous or sodium channel blocker-induced Brugada type 1
ECG. Patients with structural heart disease, QRS width
=110 ms (in the ER group), and with complete left bundle
branch block during isoproterenol challenge were excluded.

Isoproterenol challenge

The protocol for isoproterenol challenge at our institution is
as follows: Patients are fasting, supine, with monitoring of
blood pressure, oxygen saturation, and heart rhythm. Car-
diopulmonary resuscitation equipment is available in the
room during the test. From beginning until 10 minutes after
the cessation of isoproterenol infusion, a 12-lead ECG is
continuously recorded at a paper speed of 25 mm/s (10
mm/mV) by using standard equipment (Marquette MAC
5500; General Electrics, Waukesha, WI). For pharmaco-
logic challenge, 0.20 mg of isoproterenol chlorhydrate (isu-
prel) is injected into 250 mL of glucose 5%. The glucose/
isoproterenol mixture is then pressurized and infused
intravenously through an 18-gauge needle, aiming at inject-
ing the whole bag within 3 minutes to achieve a maximal
beta-adrenergic stimulation (see Supplemental Figure). In
case of atrial or ventricular arrhythmia, blood pressure drop,
or patient discomfort, the infusion is stopped and isoproter-
enol effect antagonized by propranolol as necessary.

ECG analysis

ECGs at baseline and at maximal heart rate during pharma-
cologic challenge were digitized and analyzed with a digital
caliper (Iconico; screen caliper version 4.0; www.iconico-
.com). Heart rate, PR interval, QRS width in leads V;/V,
(without J wave), and QT interval were measured. The
Bazett formula was used to correct the QT interval for heart
rate. At baseline, inferior (II, III, aVF) and lateral (I, aVL,
V,—V¢) leads in the ER group and right precordial leads
(V,=V5) in the Br group were analyzed for the presence of
a J wave. Highest J-wave amplitude at baseline was mea-
sured in inferior and/or lateral leads in the ER group and
right precordial leads in the Br group. At maximum heart
rate, J-wave amplitude was again measured in the same lead
as measured at baseline. When the terminal QRS was
slurred, J-wave amplitude was measured at the point where
slurring started to separate from the descending limb of the
R wave. J-wave amplitude in notched QRS was measured at
the top of the notch. Behavior of J waves during isoproter-
enol challenge in all inferior and/or all lateral leads for the
ER group and all right precordial leads for the Br group was
independently assessed by 2 electrophysiologists and de-
scribed qualitatively as follows: 1. Persistent: J-wave am-
plitudes decreased by no more than 0.05 mV in at least 1
affected lead; 2. Normalized: no residual J wave with am-
plitude larger than 0.05 mV in any affected lead; 3. De-
creased: all remaining cases. In case of disagreement, a
consensus was formed. Examiners were blinded with regard
to symptomatic vs asymptomatic cases of inferolateral ER.

Signal-averaged ECG

Signal-averaged ECG (SAECG) was performed by using
standard equipment (Marquette MAC 5500; General Elec-
trics, Waukesha, WI). The following normal values for
SAECG parameters were assumed: filtered QRS duration
<114 ms; low-amplitude signal duration below 40 uV <38
ms; and root mean square voltage in the last 40 ms of the
QRS >20 wV. SAECG was considered positive for late
potentials if at least 2 of the 3 parameters were abnormal.'®

Statistical analysis

Categorical variables are expressed as numbers and percent-
ages and continuous variables as mean * standard deviation
or median and quartiles. Categorical variables were com-
pared with the ) test or Fisher’s exact test and continuous
variables with the unpaired ¢ test, Mann-Whitney test, or
Wilcoxon test as appropriate. A 2-sided P value of <.05
was considered statistically significant. All analyses were
performed by using SPSS 17.0 (SPSS, Inc, Chicago, IL).

Results

Study population

A total of 38 patients with inferolateral ER (ER group) and
20 patients with Brugada-type ECG (Br group) were in-
cluded. Patient characteristics are given in Table 1. Br group
patients were older and a history of syncope that was less
prevalent than in ER group patients. The reason to perform
pharmacological testing in ER group patients was idiopathic
ventricular fibrillation in 3 patients (8%), syncope in 18
(47%; 1 of these patients also had a positive family history
for sudden cardiac arrest), positive family history in 7
(18%), palpitations and/or premature ventricular contrac-
tions in 5 (13%), and other reasons in 6 (16%). In the ER
group, J waves were present in inferior leads in 32 patients
(84%, inferior ER group) and in lateral leads in 23 patients
(61%, lateral ER group). In 15 Br group patients (75%), a
spontaneous Brugada type 1 ECG had been observed at
least once, whereas in the other 5 Br group patients, Bru-
gada type 1 ECG had been documented only after ajmaline
challenge. Genetic testing had been performed in 15 Br

Table 1  Patient characteristics for the ER group and the Br
group

ER group Br group

(n = 38) (n = 20) P
Age (y) 34.6 129 429 * 7.7  .004
Sex: Man 34 (90%) 18 (90%) 1.0
Idiopathic VF 3 (8%) 1 (5%) 1.0
Syncope or idiopathic VF 21 (55%) 3 (15%) .005
Positive family history 8 (21%) 1 (5%) 143

for SCA

Positive SAECG 10 of 26 (39%) 5 of 7 (71%) .20

Shown are means = standard deviation or numbers with percentages in
parentheses.

Br = Brugada-type ECG; ECG = electrocardiogram; ER = early repolar-
ization; SAECG = signal-averaged electrocardiogram; SCA = sudden car-
diac arrest; VF = ventricular fibrillation.
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Table 2  Baseline ECG parameters and ECG changes with isoproterenol infusion for the ER group and the Br group
ER group Br group P

Heart rate (beats/min)

Baseline 68 (60; 79) 71 (62; 82) .52

ABaseline, isoproterenol +75 (+62; +86) +71 (+58; +79) .20
PR (ms)

Baseline 160 (140; 183) 180 (167; 189) .026

ABaseline, isoproterenol =52 (=71; —27) —54 (—67; —45) .50
QRS (ms)

Baseline 83 (75; 90) 90 (85; 95) .002

ABaseline, isoproterenol =5 (—5; 0) =5 (=5; 0) .45
QT (ms)

Baseline 363 (340; 383) 364 (344; 387) .87

ABaseline, isoproterenol =75 (—97; —52) —75 (—92; —38) .60
Corrected QT interval (ms)

Baseline 388 (371; 413) 400 (382; 410) 40

ABaseline, isoproterenol +52 (+29; +81) +54 (+35; +65) 72

Shown are medians with lower and upper quartiles in parentheses.

Br = Brugada-type ECG; ECG = electrocardiogram; ER = early repolarization; ABaseline, isoproterenol = difference baseline to maximal heart rate during

isoproterenol challenge.

group patients (75%) with positive results in 2. In the Br
group, Brugada type 1 ECG was present at the beginning of
isoproterenol challenge in 6 patients (30%), type 2 in 9
(45%), and type 3 in 5 (25%). Two patients in the Br group
(10%) also had inferolateral ER in inferior leads. At base-
line, patients in the Br group had a significantly longer
median PR interval and broader median QRS width than did
patients in the ER group (Table 2).

Impact of isoproterenol challenge on ECG and
adverse events

With isoproterenol challenge, median heart rate increased
from 68 to 147 beats/min in the ER group and from 71 to
139 beats/min in the Br group. Median change in heart rate,
PR interval, QRS width, QT interval, and corrected QT
interval are given in Table 2 and were not different in the
ER group vs the Br group. One patient in the ER group
developed right ventricular outflow tract tachycardia during
maximal isoproterenol infusion that stopped after the termi-
nation of isoproterenol challenge. Junctional ectopic tachy-
cardia was observed in 3 ER group patients (8%) and 1 Br
group patient (5%). No other adverse events were observed,
and pharmacologic challenge was completed according to
the protocol in all patients.

Effect of isoproterenol challenge on J waves

Figure 1 shows in detail the behavior of J waves for Br
group and ER group patients and within the ER group for
inferior and lateral J waves. The rates of persistent, de-
creased, and normalized J waves were significantly different
for both comparisons (P <.001 for both). Of the 11 patients
with persistent J waves in the ER group, 2 patients had J
waves at baseline in both inferior and lateral leads (the
lateral J waves normalized during isoproterenol infusion)
and the remaining patients exclusively in the inferior leads.
An increasing J-wave amplitude was observed in 2 cases
with inferior ER (by +0.1 mV in both) but not in any Br

group or lateral ER group patient. In the 2 Br group patients
with inferior ER, these J waves decreased in one and nor-
malized in the other.

During isoproterenol challenge, mean maximal J-wave
amplitude decreased from 0.23 to 0.11 mV for inferior J
waves, from 0.23 to 0 mV for lateral J waves, and from 0.27
to 0.16 mV for right precordial J waves, respectively.
Mean percentage decrease of J-wave amplitude was sig-
nificantly larger in lateral (—100%) than in both inferior
(—55%; P <.001) and right precordial J waves (—46%;
P <.001), whereas it did not differ between inferior and
right precordial J waves (P = .48).

In the ER group, symptomatic patients (syncope or id-
iopathic ventricular fibrillation) did not differ from asymp-
tomatic patients with regard to persistent J waves during
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Figure 1  Bar graph showing rates of normalized, decreased, and per-
sistent J waves during isoproterenol challenge for the Br group, the ER
group, and within the ER group for the inferior and lateral ER groups. Br =
Brugada-type ECG; ECG = electrocardiogram; ER = early repolarization.
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Figure 2  Four examples of 12-lead ECGs at baseline (left tracing for each case) and at maximal heart rate during isoproterenol challenge (right tracings

for each case). Case I: inferolateral ER with normalized J waves during isoproterenol challenge. Case 2: inferior ER with persistent J waves during
isoproterenol challenge. Case 3: Brugada type 1 ECG with persistent J waves in leads V, and V, during isoproterenol challenge. Case 4: Brugada type 1 ECG
with normalized J wave in lead V, and decreased J wave in lead V, during isoproterenol challenge. ECG = electrocardiogram; ER = early repolarization.

isoproterenol challenge (P = .49) or mean decrease in
inferior J-wave amplitude (P = .46). Figure 2 shows some
examples of J-wave behavior during isoproterenol challenge
for ER group and Br group patients.

QRS width and SAECG in ER group patients with
persistent J waves

Persistent J waves during isoproterenol challenge were ob-
served in 11 ER group patients (29%; Figure 1). Median
QRS width at baseline was significantly broader in these 11
patients (90 ms [quartiles 85 ms; 95 ms]) than in the re-
maining 27 ER group patients (80 ms [quartiles 75 ms; 85
ms]; P = .003; Figure 3). In the 11 patients with persistent
J waves, median QRS width did not change during beta-
adrenergic stimulation (90 ms [quartiles 80 ms; 95 ms]; P =
.19; Figure 3), whereas in the remaining patients, the me-
dian QRS width decreased significantly (75 ms [quartiles 75
ms; 80 ms]; P <.001; Figure 3). Heart rate increase was not
different in ER group patients with persistent J waves (+76
beats/min [quartiles +63 beats/min; +85 beats/min]) com-
pared with the remaining patients (+73 beats/min [quartiles
+56 beats/min; +85 beats/min]; P = .47).

An SAECG was available for analysis in 26 ER group
patients: in 7 patients with persistent J waves and in 19
patients with decreased or normalized J waves (Table 3).
SAECG was positive for late potentials in more than half of
the patients with persistent J] waves and in one third of the
remaining patients, but this difference was not significant
(Table 3).

Discussion

This study demonstrates important differences of J-wave
behavior during beta-adrenergic stimulation: right precor-
dial and inferior J waves may persist in a subset of patients,
whereas lateral J waves always normalize. The reason for
this distinctive regional sensitivity of J waves remains spec-
ulative.

The pathophysiologic mechanism responsible for the de-
velopment of J waves in these disorders is still controver-
sial. For Brugada-type ECG, both a depolarization disorder
hypothesis and a repolarization disorder hypothesis are de-
bated.'” However, inferolateral ER is mainly considered to
be a disorder of repolarization.”'” The different regional
behavior of J waves during beta-adrenergic stimulation
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Figure 3  Boxplots showing median QRS width at baseline and at

maximal heart rate during isoproterenol challenge for patients with persis-
tent J waves (n = 11) and for patients with decreased or normalized J
waves (n = 27).

might be the consequence of a different pathophysiology
and may serve as a test to investigate different mechanisms
demonstrated in experimental conditions.

Isoproterenol effect

Isoproterenol is a potent beta-adrenergic agonist with very
low affinity to alpha-adrenergic receptors. Isoproterenol has
both direct and indirect effects on cardiac ion channels,
mainly on the L-type calcium current (I, ;) and the tran-
sient outward potassium current (I,,). The effect of beta-
adrenergic stimulation on I, ; is an increase in mean chan-
nel open time and probability of channel opening, thereby
augmenting Ca*>* influx.'® This is an important parameter
for the duration of the plateau phase of the action potential

and thereby determines action potential duration and refrac-
toriness. While alpha-adrenergic stimulation is reported to
have an inhibiting effect on I, the effect of combined
alpha- and beta-adrenergic stimulation or beta-adrenergic
stimulation alone on I, although controversial, is probably
to inhibit I,.'"” Because of slow recovery from inactivation,
I,, is rate dependent with decreasing current magnitude at
higher heart rates.*"

Beta-adrenergic stimulation and repolarization/
depolarization disorder hypothesis

In the repolarization disorder hypothesis, the formation of J
waves is considered to be the result of an outward shift in
repolarizing currents, either because of a decrease in sodium
or calcium channel currents or an increase in I, Ix Arps
Ix_acn» Or other outward currents, resulting in a transmural
voltage gradient.’

Because beta-adrenergic stimulation decreases I, via an
acceleration of heart rate and increases I, |, isoproterenol
challenge counteracts some of the primary mechanisms
thought to underlie the formation of J waves in the repolar-
ization disorder hypothesis. Accordingly, Yan and Antzele-
vitch?! were able to demonstrate normalization of ST-segment
elevation on isoproterenol administration in their canine model
of epi-endocardial repolarization gradient induced by the po-
tassium channel opener pinacidil. Therefore, the normalization
of J waves during beta-adrenergic stimulation is consistent
with the repolarization disorder hypothesis.

Impulse conduction is slowed in regions of scars or
increased fibrosis, and this effect may be amplified at faster
heart rates unless conduction slowing is functional, in which
case beta-adrenergic stimulation might improve conduction.
J waves resulting from nonfunctional conduction slowing,
that is, depolarization abnormalities, would therefore be
expected to persist or even increase during an accelerated
heart rate. Accordingly, persistent J waves during beta-
adrenergic stimulation could be a clue to depolarization
abnormalities involved in J-wave formation.

Table 3  Signal-averaged ECG in ER group patients
Persistent J waves Decreased/normalized J waves
All patients (n=17) (n = 19) P

SAECG

positive 10 (39%) 4 (57%) 6 (32%) 37
farS

ms 116 (112; 121) 116 (105; 128) 116 (114; 119) .97

positive 19 (73%) 4 (57%) 15 (79%) 34
LAS 40

ms 36 (28; 39) 37 (23; 43) 34 (28; 38) 46

positive 8 (31%) 3 (43%) 5 (26%) .64
RMS 40

v 26 (18; 35) 20 (14; 42) 28 (22; 34) .26

positive 8 (31%) 4 (57%) 4 (21%) .15

Shown are numbers with percentages in parentheses or medians with lower and upper quartiles in parentheses.
fQRS = filtered QRS duration; LAS 40 = low-amplitude signal duration below 40 wV; RMS 40 = root mean square voltage in the last 40 ms of the QRS.
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Distinctive regional sensitivity of J waves to
beta-adrenergic stimulation

In Brugada syndrome, there is accumulating evidence sup-
porting altered depolarization and mild structural abnormal-
ities to be part of the disorder and also responsible for the
manifestation of the Brugada ECG pattern.'”**"** Depolar-
ization abnormalities in the right ventricular outflow tract
could therefore account for the persistent J waves during
isoproterenol challenge in Br group patients. Nevertheless,
there is also evidence for repolarization abnormalities to be
involved in right precordial J-wave formation, and both
mechanism are not mutually exclusive.'” The fact that J
waves persist during beta-adrenergic stimulation in 20% of
the patients with Brugada-type ECG and decrease but never
normalize in the remaining patients is compatible with a
disorder involving both depolarization and repolarization.

While there is evidence that depolarization abnormalities
are involved in the formation of Brugada-type ECG, there is
less evidence for depolarization abnormalities in patients
with inferolateral ER.? In this study, beta-adrenergic stim-
ulation completely normalized all J waves in affected lateral
leads of ER group patients. This is most compatible with the
repolarization disorder hypothesis for lateral ER. On the
other hand, J waves in affected inferior leads of ER group
patients normalized in only 56% of the cases and persisted
during isoproterenol challenge in 34% of the cases. Possible
explanations to this different regional behavior are varying
ion channel sensitivity or the involvement of depolarization
abnormalities in a subset of patients with inferior J waves.

QRS width of ER group patients with persistent ] waves
during beta-adrenergic stimulation was slightly but signifi-
cantly broader than the QRS width of the remaining pa-
tients. Furthermore, QRS width remained unchanged in
patients with persistent J waves while it decreased signifi-
cantly in the remaining patients. Although these are subtle
differences and patient number was low in the group with
persistent J waves, this may suggest that depolarization
abnormalities are involved in a subset of patients with
inferior ER.

Ventricular late potentials recorded by SAECG are gen-
erally thought to correspond to depolarization abnormali-
ties, although this has been questioned by some groups.'’
The prevalence of late potentials in ER group patients was
39% in our study. Late potentials have previously been
described in patients with inferolateral ER with varying
prevalence among different studies depending on the defi-
nition of late potentials and equipment used.>>**~>” For
example, Soliman et al*’ described a prevalence of late
potentials of 11% in a large group of patients with infero-
lateral ER out of a patient population referred for Holter
ECG recording, similar to the original report by Haissa-
guerre et al.? Abe et al,>® on the other hand, used a specific
Holter ECG system in patients with idiopathic ventricular
fibrillation and inferolateral ER and found late potentials in
6 of the 7 patients, most prominent during nighttime. In our
study, the high prevalence of late potentials in patients with

persistent J waves during isoproterenol challenge is another
finding suggesting that depolarization abnormalities may
play a role in the genesis of J waves in inferior leads.

Our results clearly indicate that the patient population
presenting with the ECG pattern of inferolateral ER might
be heterogeneous. Patients with lateral ER, which is the
typical type of ER in young, athletic, and predominantly
male subjects, display a uniform response to isoproterenol
challenge compatible with a disorder of repolarization. In a
subset of patients with inferior ER, on the other hand, J
waves persist, suggesting that other mechanism may be
involved in J-wave formation.

Limitations

Patient number in this study was low, especially for those
with persistent J waves during beta-adrenergic stimulation,
and larger studies are needed to confirm these results. Bru-
gada type 1 pattern was present at baseline in only 30% of
the Br group patients, and results may be different if more
such patients were included. There is a selection bias as
most patients undergoing isoproterenol testing had symp-
toms compatible with an arrhythmia and results therefore
cannot be generalized to the general population with J-wave
syndromes. Furthermore, except for the 3 patients with
idiopathic ventricular fibrillation we do not know which
patients had a malignant variant of early repolarization and
results of drug effect might be different if more such pa-
tients would be included. Finally, the definition employed
for the qualitative analysis of J-wave behavior is arbitrary.
For example, if decreasing and normalized J-wave behavior
would be grouped together in Figure 1, there would be no
difference any more between the Br group and the ER

group.

Conclusions

J waves respond heterogeneously to beta-adrenergic stimu-
lation: right precordial and inferior J waves may persist in a
subset of patients with J-wave syndromes, whereas lateral J
waves always normalize. This distinctive regional sensitiv-
ity of J waves could indicate a different pathophysiological
mechanism, and depolarization abnormalities or different
regional ion channel sensitivity may be possible explana-
tions.

Appendix

Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.hrthm.
2012.08.003.
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