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Discrepant effects of mexiletine on cycle length of
ventricular tachycardia and on the effective
refractory period in the area of slow conduction

Yoshifusa Aizawa, Masaomi Chinushi, Hitoshi Kitazawa, Takashi Washizuka, Akira Abe,
Akira Shibata, Itsuo Kodama

Abstract
Objective-Monomorphic sustained ven-
tricular tachycardia (VT) can often be
entrained and interrupted at a critical
paced cycle length. The aim was to evalu-
ate a possible determinant of this phe-
nomenon by observing the action of
mexiletine on the critical paced cycle
length and other variables.
Methods-Nine consecutive patients with
symptomatic VT were studied. After
induction of VT, the area of slow conduc-
tion was mapped as the earliest site of the
activation or the site with mid-diastolic
potential during the tachycardia. Rapid
pacing was performed at a site distant
from the tachycardia circuit to entrain
the tachycardia, starting at a cycle length
10-20 ms shorter than the VT cycle
length, and repeated after a decrement of
the cycle length in steps of 10 ms to obtain
the longest paced cycle length that inter-
rupted the tachycardia: the block cycle
length. The effective refractory period
(ERP) was measured at the pacing site at
which the myocardium was presumed to
be normal and also in the area of slow
conduction. The effects of mexiletine on
the cycle length of VT, the block cycle
length, and the ERP at two sites were
obtained before and after mexiletine
administration. The relation between the
cycle length of VT and block cycle length
and their changes were also analysed.
Results-1l VTs with the same morphol-
ogy were induced before and after mexile-
tine administration. The VT cycle length
was prolonged by mexiletine from 309
(SD 53) to 361 (47) ms, and it was inter-
rupted at block cycle lengths of 247 (37)
and 307 (41) ms, respectively, the changes
being 18 (12)% and 23 (8)% (both P <
0.001). All VTs were entrained, and dur-
ing pacing at the block cycle length there
was abrupt loss of fusion and change in
the presystolic electrogram, always asso-
ciated with interruption of VT on cessa-
tion of rapid pacing. A good correlation
was observed between the VT cycle length
and the block cycle length (r = 0-77 to
0.80). The ERP at the pacing site (normal
myocardium) and in the area of slow con-
duction showed no significant change: 241
(21) v 240 (22) ms and 262 (9) v 252 (9) ms,
respectively. The block cycle length was
longer than the ERP after mexiletine
administration: 362 (55) v 252 (9) ms
(P < 0.02).

Conclusions-Mexiletine prolonged the
cycle length of VT and the VT-interrupt-
ing critical cycle length but not the ERP.
The prolongation of the VT cycle length
and the block cycle length by mexiletine
seemed to be unrelated to the action
potential duration, but related to
depressed intercellular conduction.

(Heart 1996;75:281-286)
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Most episodes of sustained ventricular tachy-
cardia (VT), including those unrelated to
coronary artery disease, have been shown to be
entrained with rapid ventricular pacing,' 2 indi-
cating that the underlying mechanism is the
presence of a reentrant circuit with an
excitable gap.3-5
When transient entrainment with rapid ven-

tricular pacing is repeated at progressively
shorter cycle lengths, ventricular tachycardia is
often interrupted at a critical cycle length, and
we defined such a critical VT-interrupting
cycle length as the block cycle length. 1 2 6
During rapid pacing at the block cycle length,
characteristic findings are observed in the
presystolic electrogram and in the surface elec-
trocardiogram'26 and they are considered to
be due to orthodromic block within the area of
slow conduction. 1 3 6

In our earlier study,6 procainamide was
shown to prolong the block cycle length as
well as the cycle length of ventricular tachycar-
dia. Since procainamide prolongs the duration
of the action potential by depressing the potas-
sium channel,7 the prolongation of the block
cycle could be due to the prolonged duration
of the action potential.

Mexiletine is known to shorten the duration
of the action potential,8-'0 so we investigated
its effects on the block cycle length in reen-
trant ventricular tachycardia in an attempt to
clarify the determinants of the block cycle
length. The effective refractory period mea-
sured in the area of slow conduction was com-
pared with the block cycle length.

Methods
PATIENTS
Among 45 patients who underwent consecu-
tive electrophysiological study for the selection
of antiarrhythmic drugs, nine were chosen for
the present study. All had symptomatic
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monomorphic sustained ventricular tachycar-
dia which was inducible at a control study.
The other inclusion criteria were as follows:
(1) in a control study, rapid pacing was per-
formed to entrain ventricular tachycardia at
progressively shorter cycle length until the
tachycardia was interrupted; (2) after adminis-
tration of mexiletine, ventricular tachycardia
with identical morphology to that of the con-
trol state was induced; (3) the reinduced ven-
tricular tachycardia after mexiletine
administration could be entrained and inter-
rupted with rapid ventricular pacing at a critical
cycle length. The criteria of transient entrain-
ment of ventricular tachycardia with rapid
ventricular pacing are described below.
The ages of the patients ranged from 16 to

77 years, with a mean of 55 (SD 23) years.
Five were male and four were female. Five
patients had ventricular tachycardia related to
coronary artery disease and all had had
myocardial infarction in the past (more than
10 months before). An occlusion of the coro-
nary artery to the infarcted area was demon-
strated in coronary angiograms. One female
and one male patient had been operated on for
double outlet right ventricle seven and 10
years previously. The remaining two patients
had idiopathic cardiomyopathy. These latter
four patients showed normal coronary arterio-
grams. Details of the patients are given in the
table.

ELECTROPHYSIOLOGICAL STUDY
The procedure, purpose, and possible risks
were fully explained. After informed and
written consents were obtained, the electro-
physiological study was performed in the
postabsorptive and non-sedated state. All
antiarrhythmic agents were discontinued for
2-3 d before the control study, and no patient
had been treated with amiodarone.

Quadripolar electrode catheters (USCI, 6F
multipurpose catheter) were placed against the
right atrium, the His bundle region, and the
apex or the outflow tract of the right ventricle.
Another quadripolar electrode catheter was
positioned within the left ventricle. Extensive
endocardial catheter mapping of both ventri-
cles was performed to determine the site of the
earliest activation," or the site with a mid-
diastolic electrogram during ventricular tachy-

Clinical and electrophysiological characteristics of ventricular tachycardia and the drug
induced changes

VT CL/block CL (ms)

Patient Agelsex UDH VT Control Mexiletine

1 72 M OMI RB 280/220 300/280
2 72 M OMI RB 340/280 410/340
3 70 M OMI RB 260/220 320/300
4 67 M OMI LB 300/270 340/310
5 77 F OMI RB 260/200 360/250
6 46 M DCM RB 370/320 420/400

RB 280/240 370/320
7 51 F DCM RB 400/290 420/340
8 16 M DORV LB 380/240 390/290
9 21 F DORV LB 260/220 350/310
Mean (SD) 55 (23) 309 (53)/247 (37) 361 (45)/307 (41)

UDH, underlying heart disease; VT, ventricular tachycardia; CL, cycle length; Block CL, block
cycle length; DCM, dilated cardiomyopathy; DORV, double outlet right ventricle; LB, left
bundle branch block-like morphology; OMI, old myocardial infarction; RB, right bundle
branch block.

cardia. In the latter site, criteria of concealed
entrainment were fulfilled'2 13 and these sites
were considered to be within the area of slow
conduction closest to the exit from the central
common pathway.
The standard protocol was used for the

induction of ventricular tachycardia: the
extrastimulus technique using one to two
(three when necessary) extrastimuli after eight
basic stimuli at two cycle lengths, 600 ms and
400 ms; and incremental pacing at a cycle
length between 600 and 286 ms for 5-15 s.' 26
Electrical stimuli of 2-0 ms duration were
delivered at twice the late diastolic threshold
by a programmable stimulator (Fukuda
Denshi cardiac stimulator BCO2). The induc-
tion of ventricular tachycardia was attempted
from the apex and the outflow tract of the
right ventricle and from the left ventricle in
that order.
The intracavitary electrograms were filtered

at 30 to 500 Hz and stored on magnetic tape
simultaneously with surface electrocardio-
graphic leads I, II, and Vi. They were
retrieved later on a recorder. The data were
also recorded directly on an ink jet recorder at
a paper speed of 100 mm/s. During pro-
grammed stimulation, all induced arrhythmias
were recorded on 12-lead electrocardiogram.

RAPID VENTRICULAR PACING OF VENTRICULAR
TACHYCARDIA
After the induction of ventricular tachycardia,
rapid pacing was performed from the apex of
the right ventricle starting at a cycle length
which was 10-20 ms shorter than that of ven-
tricular tachycardia. When ventricular tachy-
cardia was entrained, rapid pacing was
repeated after a decrement of the paced cycle
length in steps of 10 ms until the tachycardia
was interrupted.' 2 6
When ventricular tachycardia was not

entrained from the apex of the right ventricle,
rapid pacing was performed from the outflow
tract of the right ventricle. Rapid pacing from
the left ventricle was used for patients in
whom ventricular tachycardia could not be
entrained from two sites of the right ventricle.
The first stimulus was given at 5 ms after

triggering of the local electrogram at the pac-
ing site so that the relation between the first
stimulus, the local electrogram, and the QRS
complex of the ventricular tachycardia was
kept constant in each pacing.

Rapid pacing at each cycle length was con-
tinued for 5-15 s and the QRS complex and
the presystolic electrograms were checked for
the possible changes in the morphology and
the timing of the activation. In our earlier
studies,' 26 constant fusion was obtained fol-
lowing the initial four to six beats of pacing,
and during pacing at the block cycle length
characteristic changes in the presystolic elec-
trogram and in the surface electrocardiogram
were observed within 5 s, invariably associated
with interruption of ventricular tachycardia as
evident on cessation of rapid pacing. Rapid
pacing was performed at progressively shorter
paced cycle lengths before and after mexiletine
administration.
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Figure 1 Rapidpacing and interruption of ventricular tachycardia (VT). The
patient had VT after correction ofdouble outlet right ventricle. The cycle length of the VT
was 270 ms and rapid pacing was attempted at 250-220 msfrom the apex of the right
ventricle (RVA). (A) Rapid pacing at 230 ms shows constantfusion during pacing. The
presystolic electrogram at RVS was activated orthodromically and the morphology was
identical to that during VT. (B) During pacing at 220 ms constantfusion was followed by
an abrupt loss offfusion, as shown by the asterisk. The local electrogram at RVS showed
changes in the morphology and timing of the activation. For these changes, orthodromic
block within the zone ofslow conduction was considered to be responsible. The appearance
ofa single fully paced QRS complex occurring during pacing at the block cycle length was
associated with interruption of VT. I, II, VI, surface leads; RVS, the site of ventricular
tachycardia origin with presystolic local electrogram on the interventricular septum of the
right ventricle.

CRITERIA OF TRANSIENT ENTRAINMENT
The criteria of transient entrainment by earlier
workers3 were used: (1) during ventricular
tachycardia, while pacing at a constant rate
that is faster than the rate of spontaneous
ventricular tachycardia and which fails to
interrupt it, the demonstration of constant
fusion beats in the electrocardiogram, except
for the last captured beat, which is not fused;
(2) during ventricular tachycardia, while pac-
ing at two or more constant rates that are
faster than the rate of ventricular tachycardia
but which fail to interrupt it, the demonstra-
tion of constant fusion beats on the electrocar-
diogram at each rate, but different degrees of
constant fusion at each rate (progressive
fusion); (3) during ventricular tachycardia,
while pacing at a constant rate faster than the
rate of ventricular tachycardia that interrupts
the tachycardia, the demonstration of localised
conduction block to the site for one beat
followed by activation of the site by the next
paced beat from a different direction and with a
shorter conduction time.
When mid-diastolic electrical activity was

recorded, rapid pacing was performed at the
site to verify that the site was part of a slow
pathway according to the following criteria:
(1) an acceleration of the heart rate to the pac-
ing rate with little change in the configuration
of the QRS complexes; (2) a long stimulus to
QRS delay; (3) stimulus to QRS delay is iden-
tical to the local electrogram to QRS delay; (4)
the postpacing return cycle at the pacing site is
identical to the cycle length of the ventricular
tachycardia.'2 13

A Pacing VT

270 310

11

RVA
-320JC320 320

RVS

Pacing

250

Figure 2 Transient entrainment and interruption of ventricular tachycardia. The patient
was the same as in fig 1. After mexiletinl administration, the cycle length of ventricular
tachycardia (VT) was prolonged to 310 ms (14-8%). Rapidpacing was performed at
300-250 ms. Constantfusion and progressive fusion are obvious during pacing at two
cycle lengths: 270 ms in A and 250 ms in B, at which VT was interrupted. The block
cycle length was prolongedfrom 220 ms to 250 ms by mexiletine. Abbreviations are same
as in fig 1.

EFFECTIVE REFRACTORY PERIOD
The effective refractory period was measured
at the apex of the right ventricle by the
extrastimulus technique before and after the
administration of mexiletine. The longest
coupling interval which failed to capture the
myocardium was defined as the effective
refractory period. The effective refractory
period was measured in the same way in the
area of slow conduction. The basic cycle
length was 400 ms.

DRUG ADMINISTRATION
Mexiletine was given orally for one to two
weeks in four patients in a dose of 300 mg/d,
and intravenously in five patients at dose of
125-150 mg. The blood concentration was

not measured and in no cases were other drugs
given at the same time.

ANALYSIS OF DATA
The cycle length of ventricular tachycardia,
the block cycle length, and the effective refrac-
tory periods were measured and their changes
by mexiletine were compared. The relation
between the cycle length of ventricular tachy-
cardia and the block cycle length and their
changes were analysed.
The effective refractory period was

compared between normal myocardium at the
pacing site distant from the area of slow con-

duction and diseased myocardium in the area

A

B
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Figure 3 Mexiletine-induced changes of ventricular tachycardia cycle length and block
cycle length. After the administration of mexiletine, 11 venricular tachycardias (VTs) with
the same morphology were induced in nine patients. VT cycle length and block cycle length
were prolonged to a similar degree after mexiletine administration: from 309 (53) to 361
(47) msfor VT cycle length, andfrom 247 (37) to 307 (41) msfor block cycle length
(P < 0 001).

of slow conduction. It was also compared with
the block cycle length.

Values are presented as mean (SD).
Statistical analysis was performed by t test,
and a P value less than 0 05 was considered
significant.

1 OOOms

Results
INDUCTION AND RAPID PACING OF
VENTRICULAR TACHYCARDIA
Eleven morphologically distinct ventricular
tachycardias were induced: there was right
bundle branch block morphology in eight and
left bundle branch block morphology in three.
The mean cycle length of ventricular tachycar-
dia was 309 (53) ms.

All ventricular tachycardias were entrained
with rapid pacing: from the right ventricular
apex in nine cases, and from the outflow tract
in two; they were interrupted at the cycle
length of 247 (37) ms. Both constant fusion
and progressive fusion were confirmed at
longer paced cycle lengths (fig 1).

During rapid pacing at the block cycle
length, an abrupt transition of the QRS
configuration from a fused complex into a
fully paced one was observed in all ventricular
tachycardias (figs 1 and 2). At the same time,
the local electrogram in the area of slow
conduction showed an abrupt change in the
morphology and the timing of activation,
which became identical to that of the fully
paced beats. An abrupt loss of constant fusion
and a change of the local electrogram in the
area of slow conduction were always followed
by interruption of ventricular tachycardia, as
was evidenced by the cessation of rapid pacing
(figs 1 and 2). There was a good correlation
between the ventricular tachycardia cycle
length and the block cycle length (r = 0-78,
P < 0-01) under control conditions.

VT

370
11

Vi

RV t-t'

Pacing

320

S1 S2 = 400/250
I
11 N 1 l

VlllSt/<So

RVA lI I

Figure 4 Interruption of ventricular tachycardia (VT) with rapid pc
refractory period in the area ofslow conduction. This patient had suste
with idiopathic VT (case 6 in the table). VT was entrained and intern
ventricular apex before and after mexiletine administration. The cycle
370 ms (A) and interrupted at 320 ms (B). However, the effective rej
measured within the area ofslow conduction was 250 ms at the basic 4
ms as shown in C. The stimulus to QRS interval was 50 ms and the a
was similar to that of VT.

EFFECT OF MEXILETINE ON VENTRICULAR
TACHYCARDIA
Ventricular tachycardia induced after the
administration of mexiletine was significantly
prolonged to 361 (47) ms and interrupted at
the block cycle length of 307 (41) ms, as
shown in figs 1 and 2. The changes in the
cycle length of ventricular tachycardia and the
block cycle length were 18 (12)% and 23
(8)%, respectively, and were significant (P <
0-001). These changes are summarised in fig
3. The cycle length of ventricular tachycardia
and the block cycle length were also correlated
after administration of mexiletine (r = 0 70,
P < 0.01).

EFFECTIVE REFRACTORY PERIOD
The effective refractory period measured at
the apex of the right ventricle (n = 10) was
unaffected by mexiletine administration: 241
(21) ms before v 240 (22) ms after administra-
tion of mexiletine, that is, 1(5)%. In the area
of slow conduction, the effective refractory

-l > period was 262 (9) ms in five patients and
longer than that at the pacing site: 242 (15) ms

_^ > (P < 0 05); it changed little after mexiletine:
252 (9) ms (P > 0 1).

COMPARISONS BETWEEN EFFECTIVE
wcing and effective REFRACTORY PERIOD AND BLOCK CYCLE

zined VT associated
ruptedfrom the right LENGTH
length of VT was The difference between the block cycle length
fractory period and the effective refractory period measured at

aced QRS complex the site of origin of ventricular tachycardia in
five patients was not significantly different in
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E
-J

0
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the control state: 286 (42) ms v 262 (9) ms

(P > 0 1). After mexiletine administration, the
block cycle was, however, prolonged signifi-
cantly and became longer than the effective
period, as shown in figs 4 and 5: 362 (55) ms v

252 (9) ms (P < 0-02).

Discussion
EFFECTS OF MEXILETINE ON VENTRICULAR
TACHYCARDIA
Mexiletine is known to block fast sodium
channels of cardiac cells and also to shorten
the duration of the action potential.8-'0 As pre-
vious studies have shown, the effect of mexile-
tine on the cycle length of ventricular
tachycardia at the therapeutic dosage was sig-
nificant but smaller than those observed in
other class IA or IC drugs.6 1415 Since mexile-
tine acts preferentially on the depressed fast
sodium channel,16-'8 a smaller effect of the
drug on the cycle length of reentrant ventricu-
lar tachycardia must be related to the fact that
the majority of the myocardium within the
area of slow conduction has a normal resting
potential'9-2'; the non-significant change in the
effective refractory periods was a not unex-

pected finding for mexiletine.
However, mexiletine resulted in a prolonga-

tion of the VT-interrupting critical paced cycle
length: the block cycle length which can be
considered as the critical paced cycle length at
which 1:1 orthodromic conduction fails within
the area of slow conduction as discussed
below.

ENTRAINMENT AND INTERRUPTION OF
VENTRICULAR TACHYCARDIA
From the inclusion criteria, all ventricular
tachycardias were entrained and interrupted at
a critical cycle length: the block cycle length.' 2 6
The characteristic findings during pacing at
the block cycle length were, firstly, an abrupt
loss of constant fusion in the surface electro-
cardiogram; secondly, a change in the presys-
tolic electrogram, known as localised block by
Waldo3; and thirdly, there was always an inter-
ruption of ventricular tachycardia, as evident
after the cessation of rapid pacing (figs 1 and

2). These findings can be considered to repre-

sent orthodromic block, which is the cause of
the interruption of ventricular tachycardia
with rapid pacing at that cycle length.

In the canine model of ventricular tachycar-
dia, it was shown that the stimulated wave-

fronts from a certain site enter the central
common pathway through a narrow corridor
without disrupting the reentrant circuit;
increasing the rate causes termination of ven-

tricular tachycardia22 23 which would represent
a pacing induced orthodromic block within
the zone of slow conduction.
Though the precise site of conduction block

could not be specified in the present study, it
would be safe to assume that the block cycle
length represents the critical paced cycle
length at which 1:1 conduction fails within the
area of slow conduction.

DETERMINANTS OF THE BLOCK CYCLE LENGTH
As the cycle length of ventricular tachycardia
was prolonged, the block cycle length was also
prolonged significantly after mexiletine admin-
istration (fig 3). The action of mexiletine
reflects a combination of the drug induced
shortening of the action potential duration and
the counteracting prolongation of time depen-
dent refractoriness through unblocking of
sodium channels during diastole.' 168 The fact
that the effective refractory period changed lit-
tle but the block cycle length did change
means that the effective refractory period was

not the determinant of the block cycle length.
In the presence of class I antiarrhythmic

drugs, the recovery of the maximum upstroke
velocity (Vm...) of the action potential or the
sodium inward current may lag behind com-

pletion of repolarisation, especially at higher
frequencies.' 1'8 Indeed, quinidine and pro-
cainamide have long been known to prolong
the refractory period well beyond the duration
of the action potential when this parameter
was measured by the maximum follow fre-
quency,24 25 which would be similar to the
block cycle length of the present study.

In our previous study,26 mexiletine was

shown to depress Vmax at a frequency higher
than 2-0 Hz and facilitated an induction of
block in intercellular conduction by reducing
the excitatory currents. The prolongation of
the block cycle length would be explained by
such action of mexiletine within the area of
slow conduction and might be called "post-
repolarisation refractoriness".

LIMITATIONS
The present study has several limitations.
First, we studied ventricular tachycardia asso-

ciated with various types of underlying heart
disease. However, all ventricular tachycardias
not associated with coronary artery disease
have been shown to be equally entrained,'26
and we were studying ventricular tachycardias
that shared a common mechanism: reentry.
As in an earlier report3 and in our previous

studies,' 26 orthodromic block within the area

of slow conduction was considered responsible
for the interruption of the ventricular tachy-
cardia. At the block cycle length, we assumed

Figure 5 Comparisons
between the effecive
refractory period and block
cycle length. The block
cycle length (block CL)
was statistically not
differentfrom the effective
refractory period (ERP) of
the area of slow conduction
measured in the control
state: 286 (42) v 262 (9)
ms (n = 5). However,
after mexiletine
administration, the block
cycle length was prolonged
by 25 (8)% and was
longer than the effective
refractory period (P <
0 02). The asterisk means
that the block cycle length
was prolonged significantly
from the control value after
mexiltine administration
(P < 0 001), but this was
not the case for the effective
refractory period (left). C,
control; Mex, after
mexiletine administration.
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that 1:1 conduction fails, resulting in ortho-
dromic block in the area of slow conduction,
but we have to wait for high density mapping
to reveal the precise site of block within the
reentrant circuit in human ventricular tachy-
cardia, as demonstrated in the canine model.2223
Though the effective refractory period was

measured in the area of slow conduction, it
cannot be representative of the whole re-
entrant pathway. However, a markedly pro-
longed action potential duration has not been
reported in the diseased myocardium where
ventricular tachycardia originates.'9-2'
The effective refractory period was mea-

sured at a basic cycle length of 400 ms, which
was longer than the cycle length of ventricular
tachycardia: 361 (45) ms. Because of the fre-
quency dependent shortening of the duration
of the action potential and the fast kinetics of
mexiletine, the effective refractory period
should be measured at exactly the same rate.

Since rapid pacing was performed from a
site distant from the tachycardia circuit, the
conduction of the paced wavefronts might be
affected by the intervening normal
myocardium between the pacing site and the
entrance to the central common pathway;
however, the action of mexiletine on normal
myocardium has been shown to be smaller
than on diseased myocardium.27 In ventricular
tachycardia of the rabbit, production of an
echo wave within the slow conduction zone
has been shown to be the cause of interrup-
tion,28 but so far this remains to be proven in
human ventricular tachycardia.

CONCLUSIONS
Ventricular tachycardia was entrained and
interrupted at a critical cycle length (block
cycle length) when rapid pacing was repeated
at progressively shorter cycle lengths. The
abrupt loss of constant fusion and concomi-
tant change of the local electrogram in the area
of slow conduction were compatible with
orthodromic block within the area of slow con-
duction, and the block cycle length was con-
sidered to be the longest cycle length at which
1:1 conduction failed within the reentrant cir-
cuit.

Mexiletine prolonged the block cycle length
as well as the cycle length of ventricular tachy-
cardia but the effective refractory period
changed little. The change in the duration of
the action potential must be unrelated to the
prolongation of the cycle length of ventricular
tachycardia and the block cycle length.
The block cycle length must be determined

by factors other than the duration of the action
potential, possibly by a depression of intercel-
lular conduction.
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