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Effects of Ketamine on Ventricular Conduction,
Refractoriness, and Wavelength

Potential Antiarrbythmic Effects: A High-resolution Epicardial

Mapping in Rabbit Hearts

Antoine G. M. Aya, M.D., M.Sc.,* Emmanuelle Robert, M.Sc.,T Pascal Bruelle, M.D., M.Sc.,*
Jean-Yves Lefrant, M.D., M.Sc.,* Jean-Marie Juan, M.D.,t Pascale Peray, M.D., M.Sc.,§
Jean-Jacques Eledjam, M.D.,|| Jean E. de La Coussaye, M.D., Ph.D.#

Background: The aims of the study were to verify the effects
of ketamine on ventricular conduction velocity and on the
ventricular effective refractory period, to determine its effects
on anisotropy and on homogeneity of refractoriness, and to
use wavelength to determine whether ketamine has antiar-
rhythmic or arrhythmogenic properties.

Methods: A high-resolution epicardial mapping system was
used to study the effects of 50, 100, 150, and 200 um racemic
ketamine in 15 isolated, Langendorff-perfused rabbit hearts.
Five hearts were kept intact to study the effects of ketamine on
spontaneous sinus cycle length (RR) interval and its putative
arrhythmogenic effects. In 10 other hearts, a thin epicardial
layer was obtained by an endocardial cryoprocedure (frozen
hearts) to study ventricular conduction velocity, ventricular
effective refractory periods (five sites), and ventricular wave-
length.

Results: Ketamine induced a concentration-dependent
lengthening of the RR interval. Ketamine slowed longitudinal
and transverse ventricular conduction velocity with no aniso-
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tropic change, and it prolonged the ventricular effective re-
fractory period with no significant increase in dispersion.
Ventricular longitudinal and transverse wavelengths tend to
increase, but this was not statistically significant. Finally, no
arrhythmia could be induced regardless of the ketamine con-
centration.

Conclusion: Ketamine slowed ventricular conduction and
prolonged refractoriness without changing anisotropy or in-
creasing dispersion of refractoriness. Although these effects
should result in significant antiarrhythmic effects of keta-
mine, this should not be construed to suggest a protective
effect in ischemic or other abnormal myocardium. (Key
words: Electrophysiology: conduction; refractoriness; wave-
length; anisotrophy. Heart: epicardium. Animal: rabbit. Anes-
thetics, intravenous: ketamine.)

THE hemodynamic effects of ketamine in the clinical
setting are complex and include direct cardiac action
and activation of the autonomic nervous system. Keta-
mine has direct cardiac depressant effects, except in
the rat, in which positive inotropic effects have been
shown on papillary muscle' and the left atrium.” Studies
performed in different experimental conditions in heart
preparations,'* in isolated hearts,’ © in intact animals,’
and in humans® showed that ketamine depresses myo-
cardial contractility. The effects of ketamine on contrac-
tility, therefore, have been widely investigated, whereas
its electrophysiologic effects, especially on ventricles,
have been poorly documented. Available data show that
ketamine inhibits ionic currents through sodium, potas-
sium, and calcium channels. In guinea pig papillary mus-
cle, investigators showed that ketamine induces a tonic
block of cardiac sodium channels with a resulting de-
crease in maximum upstroke velocity of fast action po-
tential (V) and in conduction velocity.” Ketamine de-
creases the inward rectifier potassium current (Ig,) and
the delayed rectifier current (Iy) in guinea pig ventricu-
lar myocytes.”'” On single guinea pig ventricular myo-
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cytes, ketamine inhibits the transsarcolemmal calcium
influx through voltage-gated calcium channels at clini-
cally relevant concentrations.'"'* Based on all these
data, we could infer that ketamine has depressant ef-
fects on electrophysiologic parameters, including the
slowing of conduction velocity and the prolongation of
refractoriness. Furthermore, it is established that the
anisotropic conduction in the ventricular myocardium
and effects of drugs on the anisotropic properties may
facilitate the occurrence of reentrant arrhythmias
around functional conduction blocks, which is called
anisotropic reentry."’ It has also been shown that the
dispersion of refractoriness may create conditions for
reentrant arrhythmias."""> Although we can hypothe-
size, based on available data concerning the electro-
physiologic effects of ketamine, that this agent might
slow longitudinal (/L) and transverse (#T) ventricular
conduction velocities, its effects on anisotropy, on dis-
persion of refractoriness, and on the possibility of aniso-
tropic- or dispersion-based reentry have never been in-
vestigated. Thus our first aims were (1) to verify the
effects of clinically relevant concentrations of ketamine
on #L and #T and on the ventricular effective refractory
period (VERP); (2) to evaluate the effects of ketamine on
the anisotropic ratio and on the dispersion of refractory
periods; and (3) to determine whether ketamine could
facilitate or induce anisotropic or dispersion-based reen-
trant arrhythmias, or both.

Changes in conduction velocity, refractoriness, or both
promote arrhythmias of the reentrant mechanism.'®~'® Us-
ing atrial tissue, investigators showed that wavelength (\)
is a more reliable predictor of the initiation of reentrant
dysrrhythmias than is conduction velocity or the effective
refractory period."”*" Thus druginduced changes in atrial
A are used to determine the arrhythmogenic or antiar-
rhythmic properties of drugs on atrial tissue.”'** Drugs
that increase A tend to be antiarrhythmic, whereas agents
that decrease A\ tend to be arrhythmogenic on atria.”!
Wavelength has been used to study ventricular reentrant
tachycardia,”’ but no data exist concerning its use as an
index of the arrhythmogenecity of drugs on ventricles.
Because ventricular conduction is also anisotropic, our
second aim was to use A to evaluate the potential ventricu-
lar arrhythmogenic or antiarrhythmic properties of keta-
mine.

Methods

Heart Preparation
The principles for the care and treatment of experi-
mental animals complied with the national guidelines
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of the French Ministry of Agriculture. We used 15 New
Zealand rabbits weighing 2.8-3.6 kg. After anesthesia
with etomidate (1 mg/kg given intravenously followed
by an infusion of 0.1 mg-kg '-min "), the trachea was
intubated, and the lungs were mechanically ventilated
with 100% oxygen (Logic 07; ATM Ohmeda, Coignieres-
Maurepas, France). The thorax was surgically opened
by a midsternal incision. The aorta and the heart were
exposed and, after anticoagulation with heparin (1,000
IU), they were rapidly removed and placed in cold per-
fusion fluid (10°C). The aorta was immediately cannu-
lated and the heart connected to a Langendorff perfu-
sion system using Tyrode’s solution. The heart was per-
fused with a constant flow of 40-50 ml/min (Watson-
Marlow 101U pump; Falmouth Cornwall, UK), resulting
in a pressure of 70 = 10 mmHg (Gould P23 transducer,
Oxnard, CA; CGR monitor, St. Cloud, France). The Tyr-
ode’s solution consisted of 130 mm NaCl, 20.1 mm
NaHCOj;, 4 mm KCl, 2.2 mm CaCl,, 0.6 mm MgCl,, 1.2
mM NaH,PO,, and 12 mm glucose. The solution was
saturated with a mixture of 95% O, and 5% CO, and
the pH was adjusted at 7.40 = 0.02.

Five Langendorff-perfused hearts were kept intact
(nonfrozen heart). In 10 other hearts, an endocardial
cryotechnique was used to freeze the complete right
ventricle, the interventricular septum, and the endocar-
dial and intramural layers of the free wall of the left
ventricle (frozen heart).'®*"** Briefly, a cryoprobe was
inserted through the pulmonary artery into the right
ventricle, filled with liquid nitrogen (—192°C), and
maintained in place until the right ventricle was com-
pletely frozen. The heart was then immersed in a tissue
bath containing perfusion fluid at 30°C. The cryoprobe
was placed into the left ventricular cavity through the
left atrium and the coronary circulation was temporary
discontinued. The cryoprobe was filled with liquid ni-
trogen and maintained in place for 3 min. Thereafter,
the coronary perfusion was restored, the probe was
removed, and the heart withdrawn from the tissue bath.
Then the temperature of the heart was kept constant
at 37°C throughout the experiment. As a result of this
procedure, only a thin epicardial layer of the free wall of
the left ventricle, approximately 1 mm thick, survived
because the endocardial and intramural layers were
completely destroyed. Previous investigations showed
that in this thin surviving layer, refractoriness and con-
duction velocity are not affected by the procedure and
remained stable for many hours, suggesting adequacy
of the circulation in the epicardial layer.">** This cryo-
technique was used to avoid epicardial breakthrough
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of longitudinal wavefronts from deeper layers and to
allow complete and bidimensional epicardial mapping
of electrical activation. At the end of the experiments,
the hearts were dissected to verify the efficacy of the
cryoprocedure.

Protocol

Electrophysiologic and Antiarrbythmic or

Arrbythmogenic Effects of Ketamine in Nonfrozen

Hearts

Five nonfrozen hearts were perfused at 37°C in spon-
taneous sinus rhythm. After a 60-min stabilization pe-
riod, they were given 50, 100, 150, and 200 pm racemic
ketamine, with each concentration infused for 20 min.
After the last concentration, ketamine was washed out
for 40 min to verify the return to baseline values. Keta-
mine was obtained commercially (50 mg/ml) in water,
with chlorobutanol (5 mg/ml) as a preservative (Panph-
arma, Fougeres, France). We did not use a chlorobuta-
nol-treated group because the highest concentration of
chlorobutanol given with ketamine was 5.5 ug/ml,
whereas others have shown that chlorobutanol has no
significant cardiac effect at 15 pg/ml.*° In nonfrozen
hearts, the spontaneous sinus cycle length (RR interval,
in milliseconds) and the occurrence of asystole or spon-
taneous arrhythmias were recorded at baseline, after
each concentration of ketamine, and after washout. If
sustained monomorphic tachycardias occurred, they
were to be terminated by overdrive pacing, and atrial
or ventricular fibrillation were to be stopped by admin-
istration of potassium chloride.

Electrophysiologic and Antiarrbythmic or
Arrbythmogenic Effects of Ketamine in Frozen
Hearts

Ten frozen hearts were treated with 50, 100, 150, and
200 pum ketamine.

Recording and Induction of Ventricular Dys-
rhythmias. High-resolution mapping of epicardial ex-
citation was performed by applying to the epicardial
surface a spoon-shaped electrode (fig. 1) containing 256
unipolar electrodes at regular distances of 2.25 mm.
The computerized mapping system allows simultaneous
recording, storage, and automatic analysis of all 256
electrograms and on-line presentation of color-coded
activation maps (Maptech system, Maastricht, The Neth-
erlands).””*® Programmed electrical stimulation was
performed using a programmable constant-current stim-
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Fig. 1. The location of the spoon-shaped electrode on the left
ventricle (LV). Unipolar electrograms were recorded from the
mapping array (dotted area). The central circle indicates the
main pacing site for the measurement of conduction velocity
and VERP. Boxed areas on the left ventricle show the four
other sites at which VERP was measured. LAD = left anterior
descending coronary artery.

ulator that delivered square pulses lasting 2 ms at twice
the diastolic threshold for both regular stimulation and
induction of premature beats (Maptech system). Bipolar
stimulation could be performed through any pair of
electrodes in the spoon electrode. The stimulation pro-
tocol was only performed in frozen hearts and consisted
of (1) application of one, two, and three premature
stimuli (S2, S3, and S4, respectively) delivered with a
decreasing coupling interval after 10 basic stimuli (S1-
S1) at a 300-ms interval; and (2) application of trains of
10 stimuli at a regular cycle length, which was progres-
sively decreased at 10-ms steps until 1-to-1 capture of
the ventricle failed (F,,,). After the inducibility of ven-
tricular dysrhythmias was assessed on baseline in the
10 frozen hearts, 50, 100, 150, and 200 pm ketamine
were successively infused to the circuit for 20 min.
Then the inducibility of dysrhythmias was tested again
using the same protocol as during baseline. Once the
protocol was completed, normal Tyrode solution was
infused for approximately 40 min to return to baseline
conditions to rule out the possibility of deterioration
over time (washout). Thereafter, any occurrence of in-
ducible ventricular dysrhythmias was also recorded and
analyzed.

Electrophysiologic Measurements. The following
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parameters were measured in frozen hearts at baseline,
after each ketamine concentration, and after washout:
longitudinal ventricular conduction velocity (AL, ex-
pressed in centimeters per second), transverse ventricu-
lar conduction velocity (AT, expressed in centimeters
per second), anisotropic ratio (/L/6T), VERP (expressed
in milliseconds), and ventricular wavelength (\, ex-
pressed in millimeters). During the experiment, ventric-
ular conduction velocities were recorded using the
same pacing site, which was located at the center of the
thin surviving layer of the left ventricle. As previously
described by Clerc® and Spach et al.,*” cardiac tissue
has a different axial resistance along and perpendicular
to the fiber axis of the myocardial fibers. This different
axial resistance results in direction-dependent differ-
ences in conduction velocity (anisotropic conduction)
at baseline. Therefore, pacing at the center of the thin
surviving layer of the left ventricle produced an ellipsoi-
dal spread of propagation. It has been shown that the
long axis of this ellipsoid is parallel to the fiber orienta-
tion and has a fast conduction (longitudinal conduction,
L), whereas the short axis is perpendicular to the fiber
orientation and has a slow conduction (transverse con-
duction, #T)."* Conduction velocity was defined as the
distance traveled by the wavefront normal to the iso-
chrones per unit of time. In each experiment, both
longitudinal and transverse conduction velocities and
anisotropic ratio were measured after 10 basic stimuli
(S1-81) at 1,000-ms intervals. In addition, to test the use
dependency of ketamine, the longitudinal and trans-
verse ventricular conduction velocities and anisotropic
ratio were measured after 10 basic stimuli at 900-, 800-
, 700-, 600-, 500-, 400-, 300-, 250-, and 200-ms intervals.
Use dependency of ketamine is defined as the ketamine-
induced changes in the rate-dependent ionic membrane
properties, including conduction and refractoriness.
The VERP was defined as the shortest S1-S2 interval
that still resulted in a propagated premature impulse
during regular pacing with a S1-S1 interval of 300 ms.
The VERP was determined by decreasing the coupling
interval of the premature stimulus in 1-ms steps. To
test the spatial dispersion of refractoriness, VERP was
measured on five different epicardial sites: center of left
ventricular area (main pacing site), apex, near the free
wall of the left ventricle, near the left anterior descend-
ing coronary artery, and near the base of the heart (fig.
1). Wavelength (\) was defined as the product of the
conduction velocity and the effective refractory period.
Because ventricular conduction is anisotropic, \ was
calculated for longitudinal (AL) and transverse (NT) di-
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rections, using L and T, respectively, measured at a
pacing cycle length (PCL) of 300 ms. This PCL was
chosen because it is comparable to the normal rabbit
heart rate.

Definition of Ventricular Arrhythmias. We de-
fined ventricular arrhythmias as ventricular premature
beats, ventricular fibrillation, and sustained and nonsus-
tained ventricular tachycardia. Finally, monomorphic
and polymorphic tachycardia were distinguished.

Statistical Analysis

Spontaneous sinus cycle length (RR) in the nonfrozen
hearts, and VERP, longitudinal, and transverse ventricu-
lar conduction velocities and anisotropic ratio in frozen
hearts were expressed as means + SD. Wavelengths
were expressed as both the absolute value (in millime-
ters) and the percentage of change of mean values. All
parameters were analyzed using a two-way analysis of
variance for repeated measures followed by a Neuman-
Keuls test and Bonferroni’s correction. Variables used
to determine the dispersion of refractoriness using anal-
ysis of variance were the dose and the site at which
VERP was measured. In addition, we compared, in each
heart, the area under the curve of VERP plotted for
each site. This was designed to corroborate the results
of analysis of variance. P < 0.05 was considered signifi-
cant.

Results

Effects of Ketamine in Nonfrozen Hearts

Ketamine induced a dose-dependent lengthening of
the spontaneous sinus cycle length (RR). The value of
the RR interval was 325.6 = 41.3 ms at baseline and
increased to 374.6 = 50.8 ms (P < 0.01), 427.6 + 57.6
ms (P < 0.01), 464.6 = 60.6 ms (P < 0.005), and 502.6
* 70.1 ms (P < 0.005) after 50, 100, 150, and 200 um
ketamine, respectively. After washout, all preparations
returned to their baseline values (353.8 + 56.5 ms). No
dysrhythmia occurred spontaneously during and after
ketamine administration.

Effects of Ketamine in Frozen Hearts

Conduction velocities, anisotropic ratio, and VERP
were measured during ventricular pacing at a PCL rang-
ing from 1,000-200 ms for the former and of 300 ms
for the latter. During the study of conduction velocities
and anisotropic ratio, all hearts could be paced until a
PCL of 300 ms, whatever the dose of ketamine. At a
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Table 1. Dose Effect of Ketamine on Longitudinal (L) and
Transverse (#T) Conduction Velocity, and on Anisotropic
Ratio (AL/6T) (Frozen Hearts, N = 10)

AL (cm/s) AT (cm/s) aL/eT
Baseline 76.0 + 10.9 SOI2 =516 1.94 £ 0.12
50 uMm 71.4 = 9.0* Sl Az 7T/ 2.08 + 0.36
100 pum 668 =812 7] Gral0) 2= (5172 97 ==0:28
150 um 62.0 = 13.7F B287 ==9/.81] 1.91 = 0.24
200 pum 58.61 = 1271 29818=:062F 2.02 + 0.26
Washout 76.0°= 118 S7:9+==5.8 2. 0= 03118

AL, 4T, and AL/AT were measured at a PCL of 1,000 ms. Pacing site was
located at the center of the left epicardium (see fig. 1).

*P < 0.05, tP < 0.01, £ P < 0.001 versus baseline values.

PCL of 250 ms, all hearts could be paced after 50 um
ketamine, nine hearts after 100 and 150 pm, and seven
hearts after 200 pm ketamine. At a PCL of 200 ms, seven
hearts could be paced after 50 ym ketamine, only three
hearts after 100 and 150 pym, and none after 200 um
ketamine. After washout, all hearts recovered their abil-
ity to be paced until 200 ms.

No ventricular dysrhythmia could be induced at base-
line and after increasing doses of ketamine. Table 1
reports the effects of ketamine on ventricular longitudi-
nal and transverse conduction velocity and on aniso-
tropic ratio. Ketamine induced a dose-dependent slow-
ing of longitudinal conduction velocity that was signifi-
cant from 50 pum (P < 0.05). Transverse conduction
velocity was also decreased in a dose-dependent man-
ner, with statistical significance reached at 100 um (P
< 0.05). No significant use dependency was observed,
cither on AL or AT (fig. 2). Anisotropic ratio was un-
changed whatever the dose or the PCL (table 2).

The VERP was prolonged in a dose-dependent man-
ner, which was significant from 50 um ketamine (P <
0.05; table 3). There was no significant intersite variabil-
ity when assessed by the comparison of mean values of
VERP (table 4) and the comparison of areas under the
curves of VERP in each site. Figure 3 shows four differ-
ent activation maps recorded during a regular pacing
at 1,000 ms in the same heart on baseline, after 100
and 200 pm ketamine, and after 200 pum ketamine at a
PCL of 400 ms.

In figure 4, ketamine-induced changes in ventricular
A are shown. Baseline values of AL and AT were 114.9
+ 15.5 mm and 58.5 = 9.3 mm, respectively. Table 3
shows the dose effect of ketamine on the absolute value
of AL and AT. Ventricular AL was increased by 2.9% to
7.9%, whereas NT was increased by 4.5% to 8.2% after
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ketamine administration (fig. 4). However, this increase
in AL and AT was not significant.

Discussion

The present study shows that ketamine induced a
significant bradycardia in isolated intact hearts and did
not facilitate the occurrence of spontaneous arrhyth-
mias. In frozen hearts, ketamine slowed ventricular epi-
cardial longitudinal and transverse conduction in a dose-
dependent manner. Anisotropic ratio was unchanged,
and no use dependency was observed. Furthermore,
ketamine induced a dose-dependent prolongation of
VERP, with no increased dispersion of refractoriness,
whereas it did not significantly modify ventricular wave-
length. Finally, no arrhythmia could be induced by pac-
ing.

The first aim of the study was to verify the effects of
clinically relevant concentrations of ketamine on ven-
tricular AL, 0T, and VERP. In the clinical setting, serum
concentrations of ketamine are reported to range from
100 pm, which corresponds to peak concentrations
reached during induction of anesthesia, and 10 um,
which is the concentration obtained during mainte-
nance of anesthesia.’’ Except for the concentration of
200 pm, the other concentrations used in our study are
clinically relevant. Previous studies showed that keta-
mine alters cardiac electrophysiologic parameters by
interfering with the function of several ionic channels.
In isolated guinea pig hearts, Stowe et al.” showed that
ketamine has little electrophysiologic effect at low
doses. Indeed, in this study, heart rate was significantly
decreased at 50 pm, and atrioventricular conduction
time was slowed only at 500 pgm. In guinea pig and rat
papillary muscles and left atrial tissues, Endou et al.’
found that 300 pum ketamine decreases the maximum
upstroke velocity of action potential (V,,,,), which is
known to be correlated with the fast inward sodium
current and conduction velocity in all tissues.”” This
class 1 antiarrhythmic pattern of action was confirmed
by the results of the study conducted by Hara et al”’
on guinea pig papillary muscle. However, these authors
showed that this effect differs from that of pure class
1 antiarrhythmic agents by the absence of use depen-
dency. These two studies investigated mainly the cellu-
lar or the longitudinal conduction, whereas ventricular
conduction has been shown to be anisotropic. Indeed,
in normal ventricular myocardium, conduction velocity
is faster when parallel (longitudinal conduction) than

_
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when perpendicular to the fibers orientation (trans-
verse conduction) because of directional differences in
effective axial resistance.”***" Although longitudinal
conduction is correlated to V,,,, and to the fast inward
sodium current, Brugada et al* found that transverse
conduction is an estimate of the cell-to-cell coupling.

In this regard, our study is the first to evaluate the
cffects of ketamine on both longitudinal and transverse
conduction. Our results are in accord with previously
described data, because ketamine induced a dose-de-
pendent and a non -use-dependent slowing of epicar-
dial conduction velocity, both in the longitudinal and

Table 2. Dose- and Frequency-dependent Effect of Ketamine on Anisotropic Ratio (9L/6T) in Frozen Hearts (N = 10)

PCL (ms)

Baseline 50 um 100 um 150 um 200 um Washout
1000 1he)al (0] 572 2.08 + 0.36 IRS78==0 0128 1Chl =2 (0) 72! 2102820126 2: 0058
900 1.94 + 0.12 207851088 1.95 = 0.24 1.90 = 0.25 240h) 2= (0) 27/ 210/18==0518
800 1.94 + 0.12 2407 25 0)358) 1.96 = 0.22 1fehl 2= (0) 204! 2.01N="0:26 1.98 = 0.15
700 1eke) 2= (0) 1)) 2.06 + 0.34 1.94 = 0.25 Sh) 25 (0128 2.01 + 0.26 1.98 + 0.15
600 121k 2z (092 240 == 0155 1:96/= 0.23 1Sl 2= (o) 24 210[F==1006 1.98 + 0.15
500 1.92 + 0.14 2.06 + 0.34 1.96 = 0.23 1:89 = 0:25 2.02°=10.26 1198610515
400 1.94 = 0.17 2.08 = 0.34 11415 2= (0127 1.95 == 019 1.99 = 0.27 1.96 = 0.21
300 1.97 = 0.18 2054013l 1.98 + 0.22 1.94 + 0.24 210118="0.2/7 1:891==2018
250 1297 =0:25 2.04 + 0.34 Aete) as (0127 1:97 == 0:30 2.06 + 0.34 1:891==10526
200 1:961=="0:22 1.98 = 0.18 2180 2= 0L0W7 2.35' == 0.05 —_ e 22 028
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Table 3. Dose Effect of Ketamine on Longitudinal (L) and Transverse (#T) Conduction Velocity, VERP, and Longitudinal (AL)

and Transverse (AT) Wavelengths (Frozen Hearts, N = 10)

AL (cm/s) AT (cm/s) VERP (ms) AL (mm) AT (mm)

Baseline (5 158681 05 384 +59 1529 -=16.0 EIAROR=E]505 58.5 = 9.3
50 um 68.4 = 10.0* Slal 22 74k 17835187 122.9 + 19.6 (Shlelas 9150
100 um (Sl 2=l B3I2 608 190.9 = 11.0* (24525551819, 63.5 + 11.9
150 um 581357 B0I58=N73}s 204.2 + 16.2* 1518838272815 61.8 = 14.4
200 pum Glsplias 2y 204510 22520116568 128 82647 (Sle) 2z 2T/
Washout 739N 38.0 = 6.1 159.9 + 12.7 113.9 = 16.9 60.6 + 10.4

6L, T, and VERP were measured at a PCL of 300 ms. Pacing site was located at the center of the left epicardium (see fig. 1).

*P < 0.05, tP < 0.01, £ P < 0.001 versus baseline values.

the transverse directions. This corresponds with the
results of Nigli e al.,*> who showed that, unlike volatile
anesthetics, ketamine does not impair cell-to-cell cou-
pling.

In the present study, ketamine induced a dose-depen-
dent prolongation of VERP. This effect is in accordance
with the known effects of ketamine on the ionic cur-
rents involved in the recovery of excitability. Endou et
al’ found that ketamine decreases the transient out-
ward current (I,,) in a dose-dependent manner in rat
single ventricular myocytes. These authors also showed
that 100 pym ketamine decreases the inward rectifier
potassium current (Ix,) and the delayed rectifier current
(Iy) in guinea pig ventricular cells. In the study by
Baum,"’ 100 um ketamine also inhibited Iy, but not I.
The difference of effect on Ix between these two studies
could not be explained, because 100 pm ketamine was
applied to guinea pig ventricular cells in both of them.
This inhibitory effect of ketamine on the potassium cur-
rents might account for a delay in repolarization and
the lengthening of action potential duration. However,
it must be noted that action potential duration seems to
be lengthened only at high concentrations of ketamine.
Napolitano et al** showed that the guinea pig atrial
effective refractory period was unchanged throughout

Table 4. Dispersion of VERP in Frozen Hearts (N = 10)

a ketamine concentration range of 0-50 pum. Hara et
al” showed that action potential duration at 90% repo-
larization was lengthened by 100 and 300 um ketamine
in guinea pig papillary muscle. Endou et al* found that
action potential duration at —40 and —70 mV were also
lengthened by 300 pm ketamine in rat left atrium, rat
papillary muscle, and guinea pig left atrium. In our
study, VERP was prolonged from 50 pm. Although our
model does not allow the study of the ionic mechanisms
of this effect, because rabbit ventricular myocytes have
been shown to possess I, Ix,, and Iy, we can suggest
that the prolongation of VERP is the result of the inter-
ference of ketamine with the early and the late phases
of repolarization. In conclusion, ketamine slows ventric-
ular conduction velocity in a dose-dependent manner,
with no use dependency, and prolongs VERP.

We also aimed to evaluate the effects of ketamine on
anisotropic ratio and on dispersion of the refractory
period, and to evaluate the possible role of ketamine
in the induction of anisotropic or dispersion-based reen-
try. It has been established that the anisotropic conduc-
tion in the ventricular myocardium and the effects of
drugs on the anisotropic properties may facilitate the
occurrence of reentrant arrhythmia around functional
conduction blocks. However, anisotropic reentry oc-

Site 1 Site 2 Site 3 Site 4 Site 5
Baseline 152.9 + 6.0 oS+ 5.0 199:9" 2518 186 =51 15813 79,2
50 um 183 L 8.7 9 £ 11.9 72 el 9 s 72 e TS e T3]
100 um 190.9 + 11.0 190.2 + 10.1 193.0 £ 16.2 1903 £ 13.6 163.8 =15.6
150 um 204.2 + 16.2 201.1 £ 141 207 £ 22,7 205.5 £ 14.9 2 lsild.6
200 um 2202 = 16.68 216.9 + 17.0 230.4 + 25.8 2280 £ 17.2 230.1 + 18.8
Washout 16809 x 12.7 1ars = 109 Ao 1.%:17.6 1967 £19.2

168.3 = 9.6

VERP was measured at PCL of 300 msec. In each site VERP values at all ketamine concentrations were significantly different from baseline (see table 3)
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Fig. 3

lar conduction velocity. LAD = left anterior descending coronary artery.
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Dose-dependent effects of ketamine in frozen hearts, on longitudinal and transverse ventricular conduction velocities at
a pacing cycle length (PCL) of 1,000 ms (4, B, C). Panel D is designed to show that ketamine had no use-dependent effets (PCL
of 400 ms). The closed circle represents the pacing site. Numbers indicate local activation times expressed in milliseconds.
Isochrones are drawn at 10-ms intervals. The underlined activation times indicate the sites between which the longitudinal and
transverse ventricular conduction velocities were measured in all panels. Increasing concentrations of ketamine progressively
impaired longitudinal and transverse ventricular conduction velocity. The corresponding refractory periods are prolonged.
Increasing the PCL did not enhance significantly the slowing of conduction velocities. No functional conduction block occurred,
therefore no reentrant dysrhythmia could be induced. L = longitudinal ventricular conduction velocity; #T = transverse ventricu-
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Fig. 4. Dose-dependent effects of ketamine on ventricular lon-
gitudinal (filled squares) and transverse (open circles) wave-
length in frozen hearts. Data are expressed as percentages of
the change of mean + SD.

curs when anisotropy is modified by a use-dependent
block'*'*'” or by a selective or preferential slowing of
conduction, or unidirectional conduction block.”” In
our study, anisotropic ratio was unchanged, suggesting
that the slowing of the conduction was of similar extent
in both longitudinal and transverse directions. Further-
more, there was no use dependency. Thus ketamine
cannot induce ventricular arrhythmias due to aniso-
tropic reentry, because no functional conduction block
could be created. It has been shown that dispersion of
refractoriness may also create conditions for reentrant
arrhythmias."""” The results of our study show that keta-
mine did not induce any increase in dispersion of the
refractory period. All these facts suggest that ketamine
has no direct arrhythmogenic effect. Conversely, be-
cause selective prolongation of refractoriness has antiar-
rhythmic effects’® and ketamine induces a uniform pro-
longation of VERP, we suggest that ketamine might pos-
sess genuine ventricular antiarrhythmic properties.
The second aim of the present study was to evaluate
the antiarrhythmic or arrhythmogenic property of keta-
mine. In frozen hearts, we studied changes in ventricu-
lar wavelength as a possible index of the antiarrhythmic
or arrhythmogenic properties of ketamine. Ketamine
tended to increase wavelength (although the difference
was not statistically significant), an effect that indicates
an antiarrhythmic property. These results do not corre-
spond with those of Napolitano et al.,** who showed
that, in guinea pig atrial tissue, ketamine significantly

Anesthesiology, V 87, No 6, Dec 1997

decreased atrial \. However, these authors studied the
atria, another tissue species, and another range of keta-
mine concentrations than we did in our study. This
disagreement is likely explained by small differences
in the ionic mechanisms for atrial versus ventricular
repolarization. For example, slow-inward currents (due
to slow decay of Na* or Ca*" plateau current) may play
a more important role in determining ventricular action
potential duration and refractoriness, whereas outward
K" currents are more important in atrium.’” The antiar-
rhythmic potency of ketamine has been previously de-
scribed and was accounted for, at least in part, by its
inhibitory effects on sodium channels.**® Our results
show that the lengthening of the refractoriness, the
absence of increase in its dispersion, and the homoge-
neous pattern of the slowing of conduction velocity
with regard to anisotropy might play an important role
in the antiarrhythmic property of ketamine. Further,
from changes of AL and AT, we can postulate that the
lengthening of VERP counteracts the effect of the slow-
ing of conduction in longitudinal and transverse direc-
tions and prevents the occurrence of a circuit of reen-
try. Although the cellular and molecular grounds of this
antiarrhythmic effect must be clarified, they might in-
volve the effects of ketamine on various ionic currents
on different structures of the heart.

Care must be taken before extrapolating these experi-
mental result to the clinical setting. Although the con-
centrations of ketamine studied correspond to those
used clinically, our results do not account for the com-
plex interactions existing between the autonomic ner-
vous system and the intrinsic cardiac electrophysiologic
activity. Because of our choice of model, the sympa-
thetic mediation of the cardiac effect of ketamine is
not present and the hemodynamic influence and the
possible cardiac pathologic conditions are ignored. It
also appears that direct cardiac effects observed in the
present study might be modified in vivo. In addition,
the present study involves a thin epicardial layer. It is
established that, from epicardium to endocardium, the
ventricular wall is composed by at least three subtypes
of myocardial cells with different electrophysiologic be-
haviors.”” "' Thus the effects of ketamine on these dif-
ferent cell subtypes may vary qualitatively or quantita-
tively, so that the resulting effect may be unexpected
based on our results. Finally, we measured VERP in five
sites of epicardium. Therefore we cannot completely
exclude possible VERP dispersion in other sites over
the left ventricular epicardium.

Ketamine is usually selected for use as the sole or

—
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adjunct anesthetic agent in patients with acute circula-
tory failure.”” The results of our study might have clini-
cal relevance when these patients have healthy hearts,
presuming that the other portions (M and endocardial
regions) of the myocardium are affected similarly by
ketamine. However, this cannot be extrapolated to situ-
ations of systemic imbalance such as hypoxia, hypocar-
bia, or electrolyte disturbances. This limitation must be
extended to patients with pathologic cardiac conditions
such as ischemia or dilated or hypertrophic myopathy.
In all these situations, the electrophysiologic behavior
of the myocardial cells is modified. For example, con-
duction is slowed and refractoriness is shortened in
ischemic compared with normal myocardial cells, and
these cells might be affected differently by ketamine,
as it has been demonstrated with halothane.*** Further-
more, Riou et al.” studied the effects of ketamine on
the intrinsic mechanical properties of cardiac papillary
muscle from healthy hamsters and those with cardiomy-
opathy. They showed that ketamine induces a positive
inotropic effect on papillary muscle from the healthy
hamsters, whereas this effect is markedly decreased or
suppressed on cardiomyopathic muscles. Thus further
studies are needed to investigate the cardiac effects of
ketamine in the previously mentioned pathologic condi-
tions.

In conclusion, using a high-resolution mapping sys-
tem in rabbit hearts, the study shows that ketamine
significantly slows longitudinal and transverse conduc-
tion velocity, without inducing conduction blocks at
therapeutic concentrations. There was no significant
use dependency, the VERP was prolonged in a spatial
homogenous manner, and ventricular wavelength was
not significantly modified. No dysrhythmia could be in-
duced in cryotreated hearts with a thin surviving rim
of epicardial tissue. No dysrhythmia was observed in
nonfrozen hearts. The electrophysiologic effects of ket-
amine suggest, in the present rabbit heart model, that
this agent is not arrhythmogenic and has antiarrhythmic
properties on ventricles.

The authors thank Gilbert Saissi, M.D. (Department of Anesthesiol-
ogy), the entire pharmacy staff (especially Patrick Chartreux and
Christian Francou), and Robert Sempéere (Medical School).

References
1. Riou B, Lecarpentier Y, Viars P: Inotropic effect of ketamine on

rat cardiac papillary muscle. ANESTHESIOLOGY 1989; 71:116- 25
2. Endou M, Hattori Y, Nakaya H, Gotoh Y, Kanno M: Electrophysi-

Anesthesiology, V 87, No 6, Dec 1997

ologic mechanisms responsible for inotropic responses to ketamine
in guinea pig and rat myocardium. ANESTHESIOLOGY 1992; 76:409-18
3. Seagusa K, Furukawa Y, Ogiwara Y, Chiba S: Pharmacologic
analysis of ketamine-induced cardiac actions in isolated, blood-per-
fused canine atria. ] Cardiovasc Pharmacol 1986; 8:414-9
4. Dowdy EG, Kaya K: Studies of the mechanism of cardiovascular
response to CI-581. ANESTHESIOLOGY 1968; 29:931-43
5. Stowe DF, Bosnjak ZJ, Kampine JP: Comparison of etomidate,
ketamine, midazolam, propofol and thiopental on function and me-
tabolism of isolated hearts. Anesth Analg 1992; 74:547 - 58
6. Graf BM, Vicenzi MN, Martin E, Bosnjak ZJ, Stowe DF: Ketamine
has stereospecific effects in the isolated perfused guinea pig heart.
ANESTHESIOLOGY 1995; 82:1426-37
7. Pagel PS, Schmeling WT, Kampine JP, Warltier DC: Alteration
of canine left ventricular diastolic function by intravenous anesthetics 2
in vivo. Ketamine and propofol. ANESTHESIOLOGY 1992; 76:419-25
8. Waxman K, Shoemaker WC, Lippmann M: Cardiovascular ef-
fects of anesthetic induction with ketamine. Anesth Analg 1980;
58:355-8
9. Hara Y, Tamagawa M, Nakaya H: The effects of ketamine on
conduction velocity and maximum rate of rise of action potential
upstroke in guinea pig papillary muscles: Comparison with quinidine.
Anesth Analg 1994; 79:687-93
10. Baum VC: Distinctive effects of three intravenous anesthetics
on the inward rectifier (I,) and the delayed rectifier (Iy) potassium
currents in myocardium: Implications for the mechanism of action.
Anesth Analg 1993; 76:18-23
11. Baum VC, Tecson ME: Ketamine inhibits transsarcolemmal cal-
cium entry in guinea pig myocardium: Direct evidence by single cell
voltage clamp. Anesth Analg 1991; 73:804-7
12. Baum VC, Wetzel GT, Klitzner TS: Effects of halothane and
ketamine on activation and inactivation of myocardial calcium cur-
rent. J Cardiovasc Pharmacol 1994; 23:799 - 805
13. Schalij MJ, Lammers WJEP, Rensma PL, Allessic MA: Aniso-
tropic conduction and reentry in perfused epicardium of rabbit left
ventricle. Am J Physiol 1992; 263:H1466-78
14. Kuo CS, Manakata K, Reddy CP, Surawicz B: Characteristics
and possible mechanism of ventricular arrhythmia dependent on the
dispersion of action potential durations. Circulation 1983; 67:1356 -
67
15. Di Diego J, Antzelevitch M: Pinacidil-induced electrical hetero-
geneity and extrasystolic activity in canine ventricular tissues. Circula-
tion 1993; 88:1177 -89
16. de La Coussaye JE, Brugada J, Allessie MA: Electrophysiologic
and arrhythmogenic effects of bupivacaine: A study with high resolu-
tion ventricular epicardial mapping in rabbit hearts. ANESTHESIOLOGY
1992; 77:132-41
17. Robert E, Bruelle P, deLa Coussaye JE, Juan JM, Brugada J, Peray
P, Dauzat M, Eledjam JJ: Electrophysiologic and proarrhythmogenic
effects of therapeutic and toxic doses of imipramine; a study with
high resolution ventricular epicardial mapping in rabbit hearts. J Phar-
macol Exp Ther 1996; 278:170-8
18. Robert E, Delye B, Aya G, Péray P, Juan JM, Sassine A, de La
Coussaye JE, Eledjam JJ: Comparison of proarrhythmogenic effects
of two potassium channel openers, leveromakalim (BRL 38227) and
nicorandil (RP 46417): A high resolution mapping study on rabbit
heart. ] Cardiovasc Pharmacol 1997; 29:109- 18
19. Smeets JL, Allessiec MA, Lammers W], Bonke FI, Hollen J: The
wavelength of the cardiac impulse and reentrant arrhythmias in iso-

202 I1dy 60 uo 3sanb Aq 4pd* 1 2000-000Z | L661-2¥S0000/7¥868E/L L1 1/9/.8/4Pd-8]0iHE/ABOjOISB)SBUE/W0D" JIEUDIBA|IS ZESE//:d)Y WOl papeojumo]




SISy

WL

ELECTROPHYSIOLOGIC EFFECTS OF KETAMINE

lated rabbit atrium. The role of heart rate, autonomic transmitters,
temperature, and potassium. Circ Res 1986; 58:96-108

20. Rensma PL, Allessic MA, Lammers W], Bonke FI, Schalij MJ:
Length of excitation wave and susceptibility to reentrant atrial ar-
rhythmias in normal conscious dogs. Circ Res 1988; 62:395-410

21. Janse MJ: What a clinician needs to know about the mecha-
nisms of action of antiarrhythmic drugs. Clin Cardiol 1991; 14:65-7

22. Napolitano CA, Raatikainen MJP, Martens JR, Dennis DM: Ef-
fects of intravenous anesthetics on atrial wavelength and atrioventric-
ular nodal conduction in guinea pig heart. Potential antidysrhythmic
properties and clinical implications. ANESTHESIOLOGY 1996; 85:393 -
402

23. Girouard SD, Pastore JM, Laurita KR, Gregory KW, Rosenbaum
DS: Optical mapping in a new guinea pig model of ventricular tachy-
cardia reveals mechanisms for multiple wavelengths in a single reen-
trant circuit. Circulation 1996; 93:603-13

24. Allessie MA, Schalij MJ, Kirchhof CJHJ, Boersma L, Huybers
M, Hollen J: Experimental electrophysiology and arrhythmogenicity:
Anisotropy and ventricular tachycardia. Eur Heart J 1989; 10(Suppl
E)8-14

25. Brugada J, Mont L, Boersma L, Kirchhof C, Allessie MA: Differ-
ential effects of heptanol, potassium and tetrodotoxin on reentrant
ventricular tachycardia around a fixed obstacle in anisotropic myocar-
dium. Circulation 1991; 84:1307-18

26. Arimura H, Ikemoto Y, Ito T, Yoshitake J: Lack of effects of d-
tubocurarine and pancuronium on the slow action potential of the
guinea pig papillary muscle. Can Anaesth Soc J 1985; 32:484-90

27. Brugada J, Boersma L, Kirchhof C, Brugada P, Havenith M,
Wellens HJJ, Allessie MA: Double-wave reentry as a mechanism of
ventricular tachycardia acceleration. Circulation 1990; 81:1633-43

28. Allessie MA, Hoeks APG, Schmitz GML, Reneman RS: On-line
mapping system for the visualisation of the electrical activation of
the heart. Int J Cardiac Imaging 1987; 2:59-63

29. Clerc L: Directional differences on impulse spread in trabecular
muscle from mammalian heart. J Physiol (Lond) 1976; 255:335-46

30. Spach MS, Miller WT Jr, Geselowitz DB, Barr RC, Kootsey

JM, Johnson EA: The discontinuous nature of propagation in normal

canine cardiac muscle. Evidence for recurrent discontinuities of intra-
cellular resistance that affect the membrane currents. Circ Res 1981;
18:39-54

31. Idvall J, Ahlgren I, Aronsen KF, Stenberg P: Ketamine infusion:
Pharmacokinetics and clinical effects. Br J Anaesth 1979; 51:1167 -
75,

32. Cohen CJ, Bean PB, Tsien RW: Maximum upstroke velocity
(Vmax) as an index of available sodium conductance: Comparison of

Anesthesiology, V 87, No 6, Dec 1997

Vmax and voltage clamp measurements of I, in rabbit Purkinje fibers.
Circ Res 1984; 54:636-51

33. Roberts DE, Hersh LT, Scher AM: Influence of cardiac fiber
orientation on wavefront voltage, conduction velocity and tissue re-
sistivity in the dog. Circ Res 1979; 44:701-12

34. Spach MS, Dolber PC, Heidlage JF, Kootsey JM, Johnson EA:
Propagating depolarisation in anisotropic human and canine cardiac
muscle: apparent directional differences in membrane capacitance.
A simplified model for selective directional effects of modifying the
sodium conductance on Vmax, t;,,, and the propagation safety factor.
Circ Res 1987; 60:206-19

35. Niggli E, Rudistli A, Maurer P, Weingart R: Effect of general
anesthetics on current flow across membranes in guinea-pig myo-
cytes. Am ] Physiol 1989; 256:C273 - 81

36. Sager PT, Nademanee K, Antimisiaris M, Pacifico A, Pruitt C,
Godfrey R, Singh BN: Antiarrhythmic effects of selective prolongation
of refractoriness. Electrophysiologic actions of sematilide HCI in hu-
mans. Circulation 1993; 88:1072-82

37. Giles WR, Imiazumi Y: Comparison of potassium currents in
rabbit atrial and ventricular cells. J Physiol 1988; 405:123-45

38. Goldgerg AH, Keane PW, Phear WPC: Effects of ketamine on
contractile performance and excitability of isolated heart muscle. J
Pharmacol Exp Ther 1970; 175:388-94

39. Sicouri S, Antzelevitch C: A subpopulation of cells with unique
electrophysiological properties in the deep subepicardium of the
canine ventricle. The M cells. Circ Res 1991; 68:1729-41

40. Krishnan SC, Antzelevitch C: Sodium channel block produces
opposite electrophysiological effects in canine ventricular epicar-
dium and endocardium. Circ Res 1991; 69:277-91

41. Liu DW, Gintant GA, Antzelevitch C: Ionic bases for electro-
physiological distinctions among epicardial, midmyocardial, and en-
docardial myocytes from the free wall of the canine left ventricle.
Circ Res 1993; 72:671-87

42. White PF, Way WL, Trevor AJ: Ketamine — Its pharmacology
and therapeutic uses. ANESTHESIOLOGY 1982; 56:119 - 36

43. Turner LA, Polic S, Hoffmann SG, Kampine JP, Bosnjak ZJ:
Actions of halothane and isoflurane on Purkinje fibers in the infarcted
canine hearts: Conduction, regional refractoriness, and reentry. An-
esth Analg 1991; 72:596-603

44. Turner LA, Bosnjak ZJ, Kampine JP: Actions of halothane on
electrical activity of Purkinje fibers from normal and infarcted canine
hearts. ANESTHESIOLOGY 1987; 67:619-29

45. Riou B, Viars P, Lecarpentier Y: Effects of ketamine on the
cardiac papillary muscle of normal hamsters and those with cardiomy-
opathy. ANESTHESIOLOGY 1990; 73:910-8

#20¢ Iudy 60 uo 3senb Aq 4pd* 1 2000-000Z | L661-2¥S0000/7¥868E/L L 1/9/.8/4Pd-8l0iHE/ABOjOISBLISBUE/W0D" JIELDIBA|IS ZESE//:d)Y WOl papeojumo]




