Cardiac Toxicity of Local Anesthetics in the
Intact Isolated Heart Model: A Review
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An editorial in 1979 by George Albright about sudden cardiac arrest after regional anesthesia spawned an
era of intense research focusing on what local anesthetics do to the heart and how they do it. The ultimate
goal of the research was to bring to the clinician long-acting local anesthetics that are less cardiotoxic than
ones available before 1979, bupivacaine and etidocaine, in particular. In this article, I will review results of
studies of local anesthetic cardiotoxicity using the intact mammalian heart in vitro published after the
Albright editorial through 2001. Reg Anesth Pain Med 2002,27:545-555.
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ocal anesthetic cardiotoxicity studies using the
Lisolated, intact mammalian heart in vitro are
reviewed. Thirteen studies!-!? published after the
Albright editorial'# that focused attention on car-
diac deaths associated with the use of bupivacaine
and etidocaine were identified. The purpose of the
studies included determination of relative toxicity
of 2 or more local anesthetics, factors predisposing
to toxicity, treatment of toxicity, mechanisms of
toxic effects, and stereoselective action of local an-
esthetics. Consistent conclusions are that bupiva-
caine (1) has an exceptionally potent depressant
effect on electrical conduction in the heart; (2) pre-
disposes the heart to reentrant types of arrhyth-
mias; and (3) exhibits stereoselective action with
the S(—) isomer (levobupivacaine) being less car-
diotoxic than either the racemic mixture or the
R(+) isomer. The primary target for bupivacaine’s
cardiotoxic action is generally considered to be volt-
age-gated sodium channels. However, results from
isolated heart studies, as well as results from other
studies, suggest that actions of bupivacaine on other
than voltage-gated sodium channels probably con-
tribute to the cardiotoxic effects.

From the Department of Anesthesiology, Texas Tech Univer-
sity Health Sciences Center, Lubbock, Texas.

Accepted for publication July 19, 2002.

Presented in part at the American Society of Regional Anes-
thesia and Pain Medicine Conference on Local Anesthetic Tox-
icity, November 17-18, 2001, Miami Beach, Florida.

Reprint requests: James E. Heavner, D.V.M., Ph.D., Depart-
ment of Anesthesiology, Texas Tech University Health Sciences
Center, 3601-4th St, Rm. 1C-258, Lubbock, TX 79430. E-mail:
james.heavner@ttmc.ttuhsc.edu

© 2002 by the American Society of Regional Anesthesia and
Pain Medicine.

1098-7339/02/2706-0002$35.00/0

doi:10.1053/rapm.2002.36458

The Isolated Heart In Vitro

In the intact human and animal, heart function is
controlled by factors extrinsic, as well as intrinsic, to
the heart. The heart will continue to function when
extrinsic factors are removed by excising the heart
and placing it in vitro in a suitable milieu. The
isolated heart is used to investigate effects of e.g.,
local anesthetics on intrinsic properties of the heart.
In vitro, as in vivo, the heart exhibits automaticity,
i.e., beats spontaneously due to alternating “pace-
maker” electrical depolarization and repolarization
of elements of the sino-atrial (S-A) node. The de-
polarization spreads from the S-A node via right
atrial cells to the atrioventricular (A-V) node and to
the left atrium, and continues from the A-V node
via Purkinje fibers that form the His Bundle, to right
and left ventricular cells (Fig 1). The depolarization
spreads so as to initiate sequential contraction (elec-
tromechanical coupling) of muscles of the walls of
the 4 chambers of the heart starting with the right
atrium and ending with the left ventricle. The elec-
trical and mechanical activity require energy pro-
vided by metabolic activity of heart cells.

An electrocardiogram (ECG), similar to the stan-
dard ECG recorded from patients can be recorded
from the isolated heart (Fig 2).!> Depolarization of
the atria generates a P wave and ventricular mus-
cular depolarization produces a QRS complex. Dur-
ing the PR interval, depolarization of atrial muscles,
components of the atrioventricular node and of the
common His Bundle occurs. Conduction delays or
failure in one or more of these structures will pro-
duce PR interval prolongation or A-V conduction
block.

The shape of action potentials recorded in differ-
ent components of the heart vary (Fig 3) depending
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Fig 1. Sketch of cardiac conduction system. The sino-
atrial node lies at the junction of the superior vena cava
and the right atrium. The atrioventricular (A-V) node lies
in the intraventricular septum just above the tricuspid
valve. The A-V node gives rise to the common bundle
leading to the single right bundle and branched left bun-
dle. The bundles run into the middle and apical portions
of the 2 septal surfaces on the endocardial surfaces of the
septum. Purkinje fibers arise from the terminations of the
bundles and run across the cavities and, in part, along the
endocardium to the free ventricular walls and to the
papillary muscles.

on ionic currents (Fig 4) that generate the poten-
tials.!¢17 Rapid influx of sodium ions into myocytes
produces the initial rapid upstroke of action poten-
tials in, e.g., atrium and ventricular muscle. In pace-
maker (S-A node cells), inward calcium flux pro-
duces the initial depolarization that is less rapid
than the depolarization due to sodium influx. As
discussed later, selective actions of local anesthetics
on ionic mechanisms determine to a large extent
the susceptibility of different components of the
cardiac conduction system to toxic effects of these
drugs.

Two different isolated heart preparations are gen-
erally used for intact isolated heart studies, the Lan-
gendorff preparation and the working heart. The
primary difference between the 2 preparations is
how pressure in the left ventricle is controlled. For
the Langendorff preparation, a balloon is placed in
the left ventricle and inflated to an initial diastolic
pressure (e.g., 0 to 5 mm Hg). A pressure transducer

connected to the balloon may be used to record
changes in ventricular pressure (i.e., dp/dt) during
the cardiac cycle. The coronary arterial system is
perfused by retrograde perfusion of the aorta. In the
working heart model, perfusate is introduced from
a reservoir at a fixed height (e.g., 20 mm Hg) into
the left atrium and is ejected by the left ventricle
through the aorta into a chamber, e.g., 80 cm above
the heart. Aortic pressure may be measured. Simple
or complex arrays of electrodes placed on the heart
may be used for recording electrical activity and/or
for intermittent or continuous electrical pacing of
the heart. Oxygen delivered to the coronary artery
and coming from the coronary arterial system can
be measured to determine O, consumption. What
local anesthetics do to electrical, mechanical,
and/or metabolic function of isolated mammalian
hearts in vitro has been studied.

Local Anesthetic Studies

The 13 articles reviewed were identified by cita-
tion analysis and other computerized literature
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Fig 2. Potentials recorded extracellularly at 7 sites near
A-V nodal and common bundle regions. Potential at far
left is recorded from atrial muscle upstream from A-V
node. As can be seen, it occurs during downstroke of P
wave. Second potential from left is from head, or upper
end, of A-V node. It shows an atrial potential followed by
a large negative-going A-V nodal potential. Third poten-
tial from left is recorded in the center of the A-V node. It
shows a positive-negative atrial potential followed by a
rapid negative-going common bundle potential. Farther
downstream, common bundle potentials show more pos-
itivity, becoming positive-negative at the far right. As can
be seen, a large part of the interval between the end of
the P wave and the beginning of the QRS complex is
occupied by events in the A-V nodal region. (Data from
Scher.1%)
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Fig 3. Comparison of action potentials recorded from
different areas of the heart. (a) sinoatrial node; (b) atri-
um; (¢) A-V node; (d) bundle of His; (e) Purkinje fiber in
a false tendon; (f) terminal Purkinje fiber; (g) ventricular
muscle fiber. (Data from Gadsby et al.!¢)

searches. All but one of the studies was published in
Anesthesiology, Anesthesia € Analgesia, or Regional An-
esthesia and Pain Medicine. The first publication ap-
peared in 1981 and the most recent one appeared in
2000.

Fig 4. Tonic currents forming pace-
maker action potentials (left) and ven-
tricular action potentials (right) in the
heart. Note that the initial upstroke of
pacemaker potentials is due to calcium
flux and the initial upstroke of ventric-
ular action potentials is due to sodium
flux. (Data from Block and Covino.!)
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Study objectives and protocols varied consider-
ably. The working heart was used in one study, and
the Langendorff preparation was used in all other
studies. Rabbit hearts were used in 8 of the studies,
guinea pig hearts in 3 studies, and rat hearts in 2
studies. Bupivacaine was used in all studies, some-
times as the only drug (Table 1). The range of
concentrations of some local anesthetics used in the
studies varied considerably, e.g., bupivacaine 0.2 to
30 pg/mL; equivalent to plasma concentrations of
approximately 2 to 60 ug/mL. At 1 ug/mL, bupiv-
acaine is 90% bound in plasma with a marked
decrease in percent bound as the plasma concen-
tration exceeds 4 to 5 ug/mL.'® The conversion
factor used to calculate approximate plasma con-
centration equivalent to bupivacaine concentration
in protein-free perfusate was 90% for 0.2 wg/mL
and 50% for 30 pg/mL.

None of the conclusions reached in the isolated
heart studies contradicts, to any significant degree,
conclusions reached from other local anesthetic
toxicity studies. The conclusions can be summa-
rized as follows: (1) there is a positive correlation
between the cardiotoxic potency of local anesthet-
ics, lipid solubility, and nerve blocking potency; (2)
the S(—) isomer of bupivacaine (levobupivacaine)
is less cardiotoxic than the R(+) isomer; (3) the
effects of bupivacaine on conduction in the heart
promote induction of reentrant ventricular ar-
rhythmias; (4) hyperkalemia enhances the cardio-
toxicity of local anesthetics; (5) K*arp channel
openers, B-adrenergic agonists, and Ca** channel
blockers may have value in treating bupivacaine
cardiotoxicity; and (6) rank order (from lowest to
highest) of the cardiotoxic potency of local anes-
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Fig 5. Effects of various local anesthetic agents on QRS
duration. (Data from Ferrari and Opie.!7)

thetics studied is prilocaine < lidocaine < mepiva-
caine << ropivacaine < levobupivacaine < racemic
bupivacaine < R(+) bupivacaine < etidocaine <
tetracaine.

Relative Toxicity

Lipid Solubility, Protein Binding, and Local
Anesthetic Potency (n = 1)

Block and Covino! conducted the first systematic
study of the effects of different local anesthetics on
cardiac conduction and contractility in the intact
mammalian heart in vitro (paced rabbit heart, Lan-
gendorff preparation) after the Albright editorial.
The local anesthetics were grouped according to
lipid solubility, protein binding, and potency and
duration of action; prilocaine, lidocaine, mepiva-
caine versus bupivacaine, tetracaine, etidocaine.
The grouping of the local anesthetics on the a priori
criteria proved to correlate with grouping by effects
on the heart based on all of the measures used in
the study (intra-atrial conduction, A-V node con-
duction, intraventricular conduction, ventricular
refractory period, and ventricular contractility) (Fig
5). Bupivacaine, tetracaine, and etidocaine groups
were consistently more potent than local anesthet-
ics in the other group on all measured variables. All
of the agents produced a concentration-related de-
pression of intra-atrial, A-V nodal, intraventricular
conduction, and myocardial contractility. Within
the high lipid solubility group, potency (on a molar
basis) on all measured parameters was tetracaine >
bupivacaine > etidocaine except for QT interval
where bupivacaine > etidocaine < tetracaine (eti-
docaine = bupivacaine on myocardial contraction
(dp/dt)). The conduction parameters varied in sen-

sitivity to the local anesthetics with QRS duration
being most sensitive and A-V nodal conduction
time being least.

The 3 less lipid-soluble local anesthetics were
about 10 times less potent than the 3 most lipid-
soluble ones in terms of detrimental effect on all
measured parameters. For the less lipid-soluble
drugs, the order of potency and sensitivity of the
different parameters to effects of these local anes-
thetics was more variable and different from the
highly lipid-soluble drugs. For example, QRS dura-
tion was least sensitive to prilocaine, the second
most sensitive of the conduction-based parameters
to mepivacaine and the most sensitive to lidocaine,
as it was for all of the highly lipid-soluble local
anesthetics. Noteworthy is that QT interval and
contractility were generally quite resistant to the
effects of all 6 local anesthetics.

Tetracaine was 30 times more potent in terms of
negative inotropic action than lidocaine, whereas
bupivacaine and etidocaine were 20 times more
potent. In terms of nerve blocking action (50%
decrease in C-fiber compound action potential am-
plitude of desheathed rabbit vagus nerve), tetra-
caine was shown by Gissen et al.'® to be approxi-
mately 25 times more potent than lidocaine,
whereas bupivacaine and etidocaine were approxi-
mately 4 times more potent. Based on these find-
ings, it was concluded that etidocaine and bupiva-
caine appear to be more cardiodepressant than
lidocaine at equivalent anesthetic concentrations.

Bupivacaine Versus Lidocaine (n = 5)

Block and Covino! (see above; paced rabbit heart,
Langendorff) reported that the rank order of sensi-
tivity to bupivacaine, from highest to lowest, was

Table 1. Frequency of Drug Testing

Drug No. of Studies

Local anesthetics
Bupivacaine 1
Lidocaine
Levobupivacaine
Ropivacaine
R(+) bupivacaine
Mepivacaine
Prilocaine
Etidocaine
Tetracaine
B-adrenergic agonists
Isoproterenol 1
K*atp channel openers
Pinacidil 1
Bimakalim 1
Cd** channel blocking drugs
Verapamil 1
Nimodipine 1

PRPEPEPNMNNDWOWO®




Local Anesthetic Toxicity: Isolated Heart

QRS duration (0.62 ug/mL) > intra-atrial conduc-
tion time (0.74 wg/mL) > His-Purkinje conduction
time (0.87 wg/mL) > QT interval (1.36 ug/mL) >
A-V nodal conduction time (0.89 wg/mL) > dp/dt
(1.38 ug/mL). Conversely, the rank order for lido-
caine was intra-atrial conduction time (6.56 ug/
mL) > His-Purkinje conduction time (9.37 pg/
mL) = QRS duration (9.37 pug/mL) > QT interval
(11.24 pg/mL) > A-V nodal conduction time (26.4
pg/mL) > dp/dt (16.4 pg/mL). The numbers in
parentheses are drug concentrations that produced
50% increase except for dp/dt (28% decrease) and
A-V nodal conduction time (25% increase). Be-
cause of drug solubility limitations, 50% changes in
dp/dt and A-V nodal conduction time were not
determined. The potency ratio of bupivacaine to
lidocaine was 15.1:1 for 50% increase in QRS du-
ration and between 8.3:1 and 10.8:1 for 50% in-
crease in the other 3 conduction measures.

Komai and Rusy? (see hyperkalemia section;
spontaneously beating, working rat heart) reported
that under normokalemia conditions, bupivacaine
(1.25 to 30 pg/mL) and lidocaine (10 to 150 ug/
mL) had little effect on mean aortic pressure. Bu-
pivacaine was 14 times more potent than lidocaine
with respect to 50% decrease in ventricular rate
(median effective dose [EDsy] 7ug/mL bupivacaine
v 100 pg/mL lidocaine). The concentration ratio for
slowing atrial rate was 6:1 (bupivacaine 20 pg/mL;
lidocaine 120 pug/mL). The concentration of bupiv-
acaine (6 wg/mL) and lidocaine (100 pg/mL) and
potency ratio for 50% prolongation of PR interval
were about the same as for 50% decrease in ven-
tricular rate.

Tanz et al.? (guinea pig heart, paced and unpaced,
modified Langendorff) compared the effects of 0.3
and 3 pg/mL bupivacaine to the effects of 10 and 30
pg/mL of lidocaine on heart rate, df/dt, coronary
flow, and myocardial oxygen consumption (MVO,).
df/dt was measured by connecting a thread at-
tached to the epicardial apex to a force transducer.
The lower concentration of both local anesthetics
generally had little, if any, effects on any of the
measured parameters. The higher concentrations
had detrimental effects on all of the parameters.
Heart rate was decreased by 53% by 3 pg/mL bu-
pivacaine and by 82% by 10 ug/mL lidocaine.
There was no significant difference between de-
crease in contractility (df/dt) produced by 3 pg/mL
bupivacaine (53%) and 30 pg/mL lidocaine (40%).
Decrease in MVO, was significantly different, 45 %
(bupivacaine) versus 18% lidocaine as was reduc-
tion in coronary flow, 42% (bupivacaine) versus
16% lidocaine. Arrhythmias were produced only by
3 pg/mL bupivacaine (6 of 12 treated hearts). The
most common arrhythmias were 2:1 heart block,
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bigeminy, pulsus alternans, or trigeminy. Two prep-
arations developed preventricular contractions at
some time. Based on results from paced hearts, the
investigators concluded that decreases in coronary
flow and MVO, were secondary to depression of
heart rate and df/dt. The potency ratio for depres-
sion of the measured values was greater than 10:1
for bupivacaine.

Pitkanen et al.# (see below; rabbit heart, Lange-
ndorff, spontaneously beating and paced) compared
the effects of 1, 6, and 13 pg/mL bupivacaine and 6,
20, and 40 ug/mL lidocaine. All hearts ceased func-
tionality when perfused with 13.6 pug/mL bupiva-
caine, and all hearts continued to function when
perfused with 40 pg/mL lidocaine. None of the
hearts exposed to lidocaine had ECG conduction
disturbances. All 6 hearts treated with 6 ug/mL
bupivacaine and with 13 pg/mL bupivacaine
showed ECG abnormalities. The nature of the ab-
normalities are described in the ropivacaine, bupiv-
acaine, lidocaine section. All preparations treated
with lidocaine could be electrically paced; 17% and
83 % of the preparations exposed to 6 and 13 ug/mL
bupivacaine, respectively, could not be paced. The
investigators concluded that 6 and 13 ug/mL, re-
spectively, of bupivacaine were more cardiotoxic
than 20 and 40 pg/mL, respectively, of lidocaine.

Mazoit et al.> compared the pharmacokinetics
and pharmacodynamics of lidocaine and bupiva-
caine in rabbit hearts (paced; Langendorff prepara-
tion). Lidocaine was delivered at 40 ug/mL for 5
minutes then at 10 pg/mL for 15 minutes. Bupiv-
acaine was delivered at 4 ug/mL for 5 minutes and
at 1 pg/mL for 15 minutes. Four hearts received
bupivacaine at concentrations equal to the lido-
caine concentrations. In 3 of these 4 hearts, electri-
cal activity disappeared within 2 to 4 minutes after
the start of bupivacaine infusion; the fourth heart
had transient ventricular tachycardia.

Lidocaine and bupivacaine exhibited almost sim-
ilar myocardial uptake and disposition kinetics. Li-
docaine increased QRS duration by 25.8 = 5.1 msec
and bupivacaine increased QRS duration by 386 =
147 msec.

Ropivacaine Versus Bupivacaine (n = 1)

Pitkanen et al.# compared the inotropic and chro-
notropic effects of ropivacaine, lidocaine, and bu-
pivacaine in the spontaneously beating and electri-
cally paced rabbit heart (Langendorff model).
Results of bupivacaine versus lidocaine compari-
sons are reported earlier in this review. There were
no significant differences between reduction in ox-
ygen consumption and pulmonary artery flow by
bupivacaine and ropivacaine (1, 6, or 13 ug/mL).
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None of the hearts “survived” the planned 30-
minute exposure to 13 pug/mL bupivacaine, only 1
of 6 “survived” 30-minute exposure to 6 ug/mL
bupivacaine, and 1 of 6 did not “survive” the
planned 30-minute exposure to 13 pug/mL ropiva-
caine. Both local anesthetics increased the voltage
required to pace the heart via the atria. However 2
times as much ropivacaine (13 pg/mL) as bupiva-
caine (6 pg/mL) were required to prevent electrical
pacing of half of the hearts. With 13 pug/mL bupiv-
acaine, none of the hearts could be paced. Bupiva-
caine (13 wg/mL) caused the greatest decrease in
heart rate (64% * 4% after 5 minutes of exposure).
At 5 minutes, there was no significant difference
between the magnitude of depression produced by
6 ug/mL bupivacaine and 13 ug/mL ropivacaine.
Too, dp/dt was equally depressed by 6 pug/mL bu-
pivacaine and 13 ug/mL ropivacaine (72% = 8% v
71% = 4%, respectively). Similar degrees of de-
pression of left ventricular systolic pressure were
produced by 6 pug/mL bupivacaine and 13 pg/mL
ropivacaine (62% =* 14% v 61% =* 5%, respec-
tively).

ECG conduction disturbances were produced in 2
of 6 hearts perfused with 6 ug/mL ropivacaine, in 6
of 6 hearts perfused with 6 ug/mL bupivacaine; 5 of
6, and 6 of 6 hearts exposed to 13 ug/mL ropiva-
caine and bupivacaine, respectively, had ECG con-
duction disturbances.

Ropivacaine, Levobupivacaine, and Bupivacaine
(n=1)

Mazoit et al.¢ compared the effects of equal con-
centrations of these 3 drugs on QRS duration and
cardiac rhythm in electrically paced rabbit hearts
(Langendorff preparation). The pharmacokinetic
properties of the drugs in this model were also
studied. Drug was infused into the inflow perfusate
at 20 umol/L for 5 minutes and at 5 umol/L during
15 minutes (corresponding to 0.6 umol/L/min and
0.15 pmol/L/min [approximately], 0.17 ug/mL/
min, 0.04 ug/mL/min). Concentrations of local an-
esthetic in the perfusate exiting the heart were
measured. Bupivacaine produced significantly
greater prolongation of the QRS duration than did
levobupivacaine and ropivacaine (ratio of 1:0.4:0.3,
respectively). The estimated free concentration of
bupivacaine, levobupivacaine, and ropivacaine nec-
essary to double the basal QRS duration at 210
beats/min was 2.4, 7.2, and 14.4 ug/mL for racemic
bupivacaine, levobupivacaine, and ropivacaine.
Arrhythmias were produced in 6 of 7 hearts by
bupivacaine and only 3 of 7 hearts exposed to ropiv-
acaine and in 3 of 7 hearts exposed to levobupiv-
acaine. QRS widening showed marked rate depen-

dence. The rate dependence of QRS widening
(slope of the QRS duration—heart rate relation) was
significantly different between the 3 drugs, with an
approximate ratio of 1:0.5:.02 for racemic bupiva-
caine, levobupivacaine, and ropivacaine, respec-
tively. Bupivacaine did not accumulate in the myo-
cardium, and thus the toxic effect of long-acting
local anesthetics is not a consequence of drug accu-
mulation in heart tissue.

Arrhythmias

Two studies have been performed using isolated
hearts with the specific goal of understanding ar-
rhythmias produced by bupivacaine.”¢# In both
studies, the rabbit heart (Langendorff preparation)
was used. The conclusion from each study was that
bupivacaine promotes induction of reentrant ven-
tricular dysrhythmias.

Lacombe et al.” infused hearts with 0.3, 1.5, and
3.0 pg/mL bupivacaine. A statistically significant
increase in PR and A-V interval duration occurred
at both 1.5 and 3.0 pg/mL bupivacaine. Duration of
the P wave, AA interval, QTc interval, and QRS
increased. Pacing thresholds were increased at 1.5
and 3.0 pwg/mL for the right atrium and left ventri-
cle. No spontaneous tachyarrhythmia occurred or
could be induced. Spontaneous A-V block occurred
in 2 hearts (1 with 1.5 pug/mL, 1 with 3.0 ug/mL
bupivacaine). Based on the results of the study,
Lacombe et al.” concluded that automaticity was
unchanged by bupivacaine. On the other hand,
bupivacaine markedly impaired conduction of the
electrical impulse, and this depression affects the
different cardiac structures in heterogeneous fash-
ion. They concluded that the mechanism involved
in bupivacaine-induced tachyarrhythmias was dis-
persion of conduction and dispersion of refractori-
ness. Lack of spontaneously occurring reentrant
tachyarrhythmias and failure to induce them in the
presence of bupivacaine was explained by the ab-
sence of an anatomic substrate in the form of scar
tissue.

de LaCoussaye et al.® used high-resolution ventric-
ular mapping to study the effects of 0.2, 0.5, 1.0, and
5 pg/mL bupivacaine. Their hypothesis was that bu-
pivacaine promotes the occurrence of reentrant ven-
tricular dysrhythmias. Parameters measured included
spontaneous sinus cycle length, ventricular effective
refractory period, and longitudinal and transverse
ventricular conduction velocity. During administra-
tion of 5.0 ug/mL bupivacaine, spontaneous ventric-
ular tachycardia occurred in 3 of 5 hearts, but in no
hearts exposed to the 0.2, 0.5, or 1 pug/mL bupiva-
caine. Ventricular fibrillation was induced by pro-
grammed electrical stimulation in all hearts during the



Local Anesthetic Toxicity: Isolated Heart

control. During administration of 0.2 ug/mL bupiva-
caine, ventricular fibrillation was induced in 3 of 5
hearts. In the remaining 2 hearts, only sustained
monomorphic ventricular tachycardia and nonsus-
tained monomorphic ventricular tachycardia could be
induced by programmed electrical stimulation. Dur-
ing administration of 0.5 ug/mL bupivacaine, the
spectrum of dysrhythmias induced by programmed
electrical stimulation was completely different. In 1 of
5 hearts, ventricular fibrillation was still inducible, but
in the remaining 4 hearts, sustained monomorphic
ventricular tachycardias were the only dysrhythmias
induced. At 1.0 ug/mL bupivacaine, pacing induced a
sustained polymorphic ventricular tachycardia in 1 of
5 hearts and in 2 of 5 hearts, nonsustained polymor-
phic ventricular tachycardia. During administration of
5.0 ug/mL bupivacaine, premature electrical stimula-
tion could not be tested because the hearts became
inexcitable.

Spontaneous sinus cycle length was not modified
at 0.2, 0.5, and 1.0 png/mL. At 5.0 ng/mL, bupiva-
caine induced a marked and significant bradycardia.

In addition to using the standard Langendorff
preparation, de La Coussaye et al.8 also studied the
effects of bupivacaine using the frozen heart model.
In this model, the right ventricle, interventricular
septum, and the endocardial and intramural layers
of the free wall of the left ventricle are frozen. This
model allows precise analysis of the complete se-
quence of activation of the left ventricular epicar-
dium during regular pacing and during the initia-
tion of ventricular dysrhythmias. No spontaneous
ventricular arrhythmias were observed in the fro-
zen heart, but one heart had sustained monomor-
phic ventricular tachycardia after rapid pacing dur-
ing control. At 0.2 ug/mL bupivacaine pacing
produced sustained monomorphic ventricular
tachycardia in 3 of 4 hearts. Epicardial mapping
demonstrated these were due to reentry. Rapid pac-
ing produced no ventricular arrhythmias at bupiv-
acaine concentrations greater than 0.2 ug/mL. Ven-
tricular effective refractory period (VERP) was
slightly, but significantly, prolonged by bupiva-
caine. There was a significant dose-dependent im-
pairment of both longitudinal and transverse ven-
tricular conduction velocities with no change in
anisotropic ratio.

Results of the study by de La Coussaye et al.8
demonstrated that bupivacaine decreases ventricu-
lar conduction velocity and induces arcs of func-
tional ventricular conduction block in a dose-de-
pendent and use-dependent fashion. Epicardial
mapping showed that inducible ventricular tachy-
cardias were based on re-entry. Noteworthy is that
spontaneous ventricular dysrhythmias occurred
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only at the largest concentration of bupivacaine (5
ug/mL).

Stereoselectivity

The isolated heart was used in 2 studies address-
ing questions regarding stereoselective influences
on cardiac toxicity of local anesthetics. The objec-
tive of one study was to determine if there is a
stereoselective affect of bupivacaine isomers on A-V
conduction.® The objective of the second study was
to compare the pharmacokinetics and pharmacody-
namics of bupivacaine enantiomers.!° Results from
both studies demonstrated that the S(—) isomer
was significantly less detrimental to the heart than
R(+) bupivacaine.

Graf et al.? (guinea pig heart, Langendorff prepara-
tion) found the only significant differences between
racemic and (+) and (—) forms of bupivacaine were
on A-V conduction. Each heart was perfused with 0.5,
1, 5, and 10 um of each drug. Atrial heart rates,
coronary flow, O, extraction, and isovolemic systolic
left ventricular pressure (LVP) were depressed to a
similar extent by all 3 test substances. A-V conduction
was more significantly prolonged by (+) bupivacaine
than by (—) or racemic bupivacaine and (+) bupiva-
caine (10 um; 2.8 pg/mL) produced significantly
more second degree A-V conduction blocks than ei-
ther of the other 2 drugs. At 10 um, A-V time was
54% = 6% longer with the (+) isomer and 30% =*
4% longer with the racemate than with the (—) iso-
mer. Type II (Mobitz) second degree A-V conduction
block (normal A-V conduction delay with an occa-
sional nonventricular-conduction atrial beat) oc-
curred in 9 of 12 hearts, 1 of 12 hearts, and 0 of 12
hearts treated with (+), racemic, and (—) bupiva-
caine, respectively. Second-degree type I (Wenck-
ebach [progressive lengthening of the A-V interval
leading to nonventricular-conduction atrial beat])
A-V dissociation occurred in 1 of 12, 3 of 12, and 1 of
12 hearts treated with (+), racemic, and (—) bupiva-
caine (Fig 6). The investigators concluded that the
bupivacaine isomers probably have differential effects
on one or more ion-specific channels regulating A-V
conduction. Other measured direct cardiac effects of
bupivacaine appear to be independent of the isomeric
form.

Because atrial slowing was similar for the differ-
ent test substances, sinus rate influence on A-V
conduction does not appear to be a factor in the A-V
conduction differences exhibited by the isomeric
form.°

Graf et al.? pointed out that it appears to be an
anomaly that bupivacaine delays only A-V conduc-
tion time in a stereoselective way because A-V de-
lay is thought to be mediated primarily through
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(+/-) racemate
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Fig 6. Effects of 10umo (+), (—), and (*) bupivacaine
on second-degree atrioventricular (A-V) dissociation of
the Wenckeback (type I) and Morbitz (type II) classifica-
tion in 12 isolated guinea pig hearts. Each pie chart
comprises 12 hearts. Significance of A-V dissociation is
indicated in the text. Third-degree A-V dissociation and
dysrhythmias and other than A-V dissociation were not
observed. Atrioventricular dissociation reverted to sinus
rhythm without A-V prolongation during the drug-free
washout periods. (Data from Graf et al.?)

L-type Ca** channels. Other variables measured
that depend on L-type Ca** channels were not
stereoselectively altered.

The study by Mazoit et al.’® with paced rabbit
hearts (Langendorff model) generally agrees with
the pharmacodynamic findings of Graf et al.® This
group of investigators compared the pharmacoki-
netic and pharmacodynamic properties of racemic,
(+), and (—) bupivacaine. QRS duration and phar-
macokinetic modeling based on drug concentra-
tions in perfusate exiting the heart were used as
outcome measures. Local anesthetic infusion rate
was 160 pg/min for 5 minutes followed by 40 ug/
min for 15 minutes. These rates corresponded to 8
and 2 pg/mL of local anesthetic in buffer. S(—)
bupivacaine produced markedly less QRS widening
and “severe” A-V conduction blocks, ventricular
fibrillation, and asystole, than did (+) or racemic
bupivacaine. Pharmacokinetic parameters (update
and disposition kinetics) were similar for the 3 dif-
ferent drugs. However, the pharmacokinetic mod-
eling indicated differences between (—) bupiva-
caine, and (+) and racemic bupivacaine with
respect to intracardiac distribution. At steady state,
one third of S(—) was distributed in the peripheral
compartment; one fifth of S(+) and racemic bupiv-
acaine was in this compartment. The differences
between the effects of the drugs on A-V conduction
were attributed to pharmacodynamic, not pharma-
cokinetic factors.

Hyperkalemia and Local Anesthetic
Cardiotoxicity

Komai and Rusy? compared the cardiotoxicity of
bupivacaine (1.25 to 7.5 wg/mL) and lidocaine (10
to 60 pg/mL) in the presence of normokalemia (5.9
mEq/L) and hyperkalemia (8 and 9.0 mEq/L) in the
spontaneously beating, working rat heart. Their
studies were preceded by other in vitro studies
demonstrating that the cardiotoxicity of lidocaine is
dependent on the concentration of extracellular
I<+‘20-22

Hyperkalemia potentiated the negative effects of
lidocaine and bupivacaine on heart rate and con-
ductivity. Ventricular rate and A-V conduction (PR
interval) were about equally sensitive to the local
anesthetics in the presence of normokalemia, and
hyperkalemia about equally affected their sensitiv-
ity. The ratio of the lidocaine to bupivacaine con-
centrations producing the same endpoint was high-
est for PR interval doubling (ratio = 17;
normokalemic) and lowest for decreasing atrial rate
by 50% (ratio = 6; normokalemic). At the highest
concentrations tested, lidocaine (40 ug/mL) and
bupivacaine (5.0 ug/mL) had little effect on mean
aortic pressure in the presence of normal or ele-
vated concentrations of K* (9.0 mEq/L). Komai and
Rusy? concluded that bupivacaine, by virtue of a
more potent effect on A-V conduction, has higher
cardiotoxicity than lidocaine. Hyperkalemia selec-
tively potentiated A-V block by relatively low con-
centrations (up to 5.0 ug/mL) of bupivacaine, but
not by relatively low concentrations of lidocaine.

Treating Cardiotoxic Effects
Isoproterenol

Based on the demonstrated effects of bupivacaine
on electrical conduction in the heart, Lacombe et
al.!'! tested the hypothesis that isoproterenol, a
catecholamine with predominate B-adrenergic
properties known to facilitate conduction, might
antagonize the toxic effects of bupivacaine. Their
experiments were performed using isolated rabbit
hearts and the Langendorff model. The concentra-
tions of bupivacaine and isoproterenol used in the
study were 1 and 1 to 2 ug/mL, respectively. Bu-
pivacaine increased electrocardiographic intervals
(P waves [30%], QRS complex [45%], PR [43%],
A-V [45%], and QTc interval [13%]) and refractory
periods of the myocardium (321%) and atrioven-
tricular junction (45%), as well as the Wenckebach
cycle (61% anterograde, 38% retrograde) and pac-
ing thresholds (ventricular 270%, atrial 458%). Iso-
proterenol returned all of the values to levels not
significantly different from baseline except the PR
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interval, which was only partially corrected. No
tachyarrhythmias occurred except for sinus tachy-
cardia after isoproterenol. The effect of isoprotere-
nol was observed despite the continued administra-
tion of bupivacaine. This suggests the sites of action
of isoproterenol and bupivacaine differ.

Lacombe et al.!! postulated that isoproterenol
could exert its action by opposing either the calcium
channel blocking effects of bupivacaine or its so-
dium blocking effects. They rationalized that isopro-
terenol promoted formation of intracellular cyclic
adenosine monophosphate (cAMP). The subse-
quent activation of cAMP-dependent phosphory-
lases allows calcium channels to be open longer or
in greater numbers, thus “replacing” in part the
blocked sodium channels. Calcium dependent ac-
tion potentials may be produced in cells normally
dependent on fast sodium channels.

Ca** Channel Blocking Drugs

Adsan et al.’2 investigated whether pretreatment
with either verapamil or nimodipine protects
against bupivacaine cardiotoxicity. Based on evi-
dence that calcium channel blockers may inhibit
not only calcium channels, but other ion channels
as well, such as fast sodium channels2* and potas-
sium channels,?4 Adsan et al.l2 rationalized there
may be drug interaction between calcium channel
blockers and bupivacaine which blocks sodium chan-
nels2®> and slow calcium-dependent channels,2¢27 and
potassium channels.?*

In prior in vivo studies, verapamil and diltiazem
enhanced bupivacaine cardiotoxicity.28-3° On the
other hand, nimodipine and nicardipine reduced
bupivacaine cardiotoxicity.?!-32 Nifedipine potenti-
ated the negative inotropic effect of bupivacaine on
guinea pig myocardium in vitro.?334 The data indi-
cate the interaction between bupivacaine and cal-
cium channel blocking drugs varies depending on
the drug. Adsan et al.!2 found that in vivo (pento-
barbital-anesthetized rats) pretreatment with vera-
pamil (150 pg/kg intravenous [IV]) or nimodipine
(200 ug/kg 1V) slightly increased the bupivacaine
LD50 (bupivacaine 3.08 [2.82 to 3.37] mg/kg, bu-
pivacaine + verapamil 3.58 [3.19 to 4.01] mg/kg,
bupivacaine + nimodipine 3.50 [3.16 to 3.87] mg/
kg; 95% confidence limits in parentheses). The pre-
treatments also shifted the bupivacaine dose-re-
sponse curve to the right.

A modified Langendorff preparation (rat heart)
was used by Adsan et al.12 for their in vitro studies
(no left ventricular balloon, contractile force deter-
mined by attaching suture between the apex of the
heart and a strain gauge). The arrhythmic dose of
bupivacaine was determined by injecting increasing
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amounts of bupivacaine as boluses with the perfus-
ate. Bradycardia, premature ventricular contrac-
tions, and ventricular tachycardia were the most
frequent arrhythmias. Either verapamil (1077
mol/L) or nimodipine (5 X 107" mol/L) was added
to the perfusion solution, then the previously de-
termined arrhythmogenic dose of bupivacaine was
injected into the perfusate. Verapamil alone caused
ventricular fibrillation in 2 of 10 isolated hearts.
Verapamil pretreatment did not modify the effects
of bupivacaine on heart rate, contractile force, and
coronary perfusion pressure, nor did it modify the
incidence of bupivacaine-induced arrhythmias. Ni-
modipine reduced the negative chronotropic and
incidence of arrhythmias produced by bupivacaine,
but did not modify bupivacaine-induced decrease in
coronary perfusion pressure and contractile force.

No theoretical explanation was presented to ex-
plain the in vitro findings. Results of this and other
studies do not support the use of Ca** channel
antagonists as drugs of choice for treating bupiva-
caine cardiotoxicity.

K* srp channel openers

Boban et al.!> used the isolated spontaneously
beating guinea pig heart (Langendorff preparation)
to test the hypothesis that K*,p channel openers
attenuate bupivacaine-induced atrioventricular
block. The rationale for the study was evidence that
bupivacaine prolongs cardiac action potential dura-
tion by blocking delayed rectifier?®> and transient
outward*¢ K* currents and prolongs action poten-
tial duration. ATP-sensitive K* channel openers are
known to accelerate repolarization in cardiac tis-
Sue_37—40

For this study, Boban et al.!? infused a constant
concentration (1.2 wg/mL) of bupivacaine to induce
first degree A-V block or a concentration (4.3 to 7.2
pg/mL) to induce second-degree block. Variables
monitored were heart rate, A-V conduction time,
LVP, coronary flow, and myocardial oxygen extrac-
tion. During stable block, hearts were perfused with
pinacidil (10, 20, and 30 pm) or bimakelin (0.1, 1,
and 2 wm). The primary beneficial effect of the
K*srp channel openers was to attenuate prolonga-
tion of A-V conduction produced by bupivacaine.
Second-degree A-V conduction block was con-
verted to first-degree A-V block by each K* ,1p chan-
nel opener.

Bupivacaine, 1.2 pug/mL, prolonged A-V conduc-
tion by 53% and decreased heart rate by 13%, LVP
by 26%, coronary flow by 6%, and percent O,
extracted by 7%. Both K* s channel blockers en-
hanced the depressant effect of bupivacaine on LVP
and O, extraction, markedly increased coronary
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flow, attenuated the prolongation of A-V conduc-
tion, and did not change heart rate. The investiga-
tors cautioned that treatment of bupivacaine-in-
duced cardiotoxicity with K*,p channel openers,
although improving A-V conduction, might worsen
cardiac depression and cause excessive coronary
vasodilatation.

Conclusion

The primary conclusion from studies of the car-
diotoxicity of local anesthetics using the intact, iso-
lated mammalian heart in vitro is that highly lipid-
soluble, extensively protein-bound, highly potent
local anesthetics (e.g., tetracaine, bupivacaine, eti-
docaine) are much more cardiotoxic than are less
lipid-soluble, protein-bound, and potent local anes-
thetics (e.g., lidocaine, prilocaine, mepivacaine).
Bupivacaine has a potent depressant effect on elec-
trical conduction in the heart primarily via an ac-
tion on voltage-gated sodium channels that gener-
ally govern the initial rapid depolarization (phase 0)
of myocytes. The S(—) form is less cardiotoxic than
the R(+) form of racemate. The inotropic effects of
bupivacaine favor the induction of re-entrant ar-
rhythmias. Bupivacaine actions other than on volt-
age-gated sodium channels probably contribute to
the dose-dependent cardiotoxic effect of this local
anesthetic.
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