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CARDIAC DYSRHYTHMIAS may occur in 60% or more of
patients undergoing anesthesia and surgery when contin-
uous methods are used for surveillance.'” The incidence
may be even higher in patients with major organ system
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disease, altered physiologic states, or receiving certain
drugs. While some dysrhythmias have a minimal impact
on cardiovascular function, this does not mean that they
should be ignored. Indeed, a deviation from the normal
and regular beating of the heart, particularly when a new
occurrence, could be the only sign of some physiologic
or pharmacologic derangement. Dysrhythmias that ad-
versely affect circulatory function, or are likely to initiate
dangerous ventricular tachydysrhythmias, require im-
mediate treatment.

The effectiveness of remedial or more definitive mea-
sures in anesthetized patients will depend, in large part,
on knowledge of how anesthetic and adjunct drugs affect
electrical properties of the heart. We note that there has
been no review of this topic in ANESTHESIOLOGY for
nearly 20 yr,* despite a number of advances in the field.
Hence, this review, the purposes of which are to: 1) bring
anesthesiologists up to date on the current views regarding
cellular mechanisms for cardiac dysrhythmias; 2) consider
reported effects of anesthetics and adjunct therapy on
electrical properties of the heart; 3) discuss these as they
relate to the potential for dysrhythmias during anesthesia;
and 4) suggest directions for further research. The review
has two major sections. The first considers normal and
abnormal electrical activity of the heart, and the second
discusses anesthetic and adjunct drug effects on these.

ABBREVIATIONS
ACh: Acetylcholine
AP: Action potential
APD: Action potential duration
APDyg,: Action potential duration at 90% repolarization
AV: Atrioventricular
CCB: Calcium channel blocker
CNS: Central nervous system
CV: Cardiovascular
DAD: Delayed afterdepolarizations
EAD: Early afterdepolarizations
ECG: Electrocardiogram
LMP: Loss of membrane potential
MDP: Maximum diastolic potential
NDMR: Nondepolarizing muscle relaxants
RMP: Resting membrane potential
SA: Sinoatrial
SCh: Succinylcholine
TMP: Transmembrane potential
TTX: Tetrodotoxin
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Some readers may wish to read only the brief overview
of mechanisms, and then proceed to the second section,
referring back to more detailed portions of the first section
as needed for definition of terms and clarification of con-
cepts.

Overview of Mechanisms for Dysrhythmias

Cardiac dysrhythmias are considered disorders of im-
pulse initiation, propagation, or both.® Both normal and
abnormal cellular electrophysiologic mechanisms may
contribute to these disorders.® For example, cells found
in the sinoatrial (SA) node exhibit spontaneous, sustained
rhythmic activity (automaticity) and serve as the primary
pacemaker for the heart. Cells found in several regions
of the atria, the atrioventricular (AV) junction, and spe-
cialized ventricular conduction system also normally ex-
hibit automaticity, which is usually suppressed by, or
slower than that of, the SA node. The emergence of these
secondary (subsidiary, latent) pacemakers, which could
be due to slowing of SA node discharge by drugs or dis-
ease, is considered altered normal automaticity.7 In con-
trast, atrial and ventricular muscle cells do not normally
exhibit automaticity, but may do so when depolarized by
disease or various other maneuvers.” Automaticity, so in-
duced, is considered abnormal.” Additionally, sustained
rhythmic activity may be dependent on prior impulses,
in which case it is termed triggered activity or automatic-
ity.® Finally, conduction via fibers of the atrial and ven-
tricular specialized conduction system is normally quite
fast. When these fibers become depolarized under patho-
physiological circumstances, conduction may be slowed
or even blocked. Either could contribute to re-entrant
excitation.® The basis for these normal and abnormal
electrophysiologic mechanisms, namely cellular mecha-
nisms for dysrhythmias, are discussed in more detail
below.

NORMAL ELECTRICAL ACTIVITY OF THE HEART

Action Potential. Most cardiac fibers are normally elec-
trically quiescent. The level of cell membrane potential
during electrical quiescence is termed the resting mem-
brane potential (RMP). The cardiac action potential (AP)
describes the changes in transmembrane potential (TMP)
that occur with excitation, or, in the case of cells exhibiting
automaticity, following slow spontaneous depolarization
to some threshold potential for excitation. Depolarization
in cardiac fibers, as in nerve, is due to the net inward
movement of positive charges. The converse, repolariza-
tion, is due to the net outward movement of positive
charges. The cardiac AP and the major ionic currents
currently believed responsible for generation of the AP
can be viewed in relation to figure 1, which depicts an
AP for a quiescent (not exhibiting automaticity) Purkinje
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F1G. 1. Schematic representation of different phases of cardiac Pur-
kinje action potential. These are shown in relationship to ionic per-
meability (P) across the cell membrane, along with ion exchange mech-
anisms and ionic concentrations outside (out), and inside (in) the cell.
The five distinct phases of the action potential are the result of the
selective membrane permeability to individual ions, ionic concentra-
tions, and active and passive exchange mechanisms.

fiber. Note that the AP has five distinct phases: phase 0—
rapid depolarization; phase 1—initial rapid repolarization;
phase 2—plateau; phase 3—final rapid repolarization;
phase 4—electrical diastole (diastolic depolarization in
automatic fibers). The entire AP in cardiac fibers lasts
several hundred milliseconds, in contrast to several mil-
liseconds in nerve.

During phase 4, the cell is quite permeable to K* (K*
conductance is high), but relatively impermeable to other
ions, including Na*, Ca®*, and chloride (CI").!° The cell
membrane is virtually impermeable to large, intracellular,
anionic protein molecules. As a consequence of the fore-
going, as well as the Na*-K* exchange pump,'’ the intra-
cellular Na* and K* concentrations are low and high, re-
spectively, and the inside of the cell is negative with respect
to the outside (fig. 1). The Na*-K" exchange pump, which
depends on energy supplied by the hydrolysis of adenosine
triphosphate (ATP), transports three Na* out of the cell
for two K* into the cell."" Depending on the membrane
voltage and on the Na* and Ca®" concentrations inside
and outside the cells, the Na-Ca exchange mechanism (fig.
1) can provide a mechanism that may move Ca®* or Na*
into or out of cardiac cells. In parallel with the Na-Ca
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TABLE 1. Comparison of Resting Membrane Potentials and Action Potentials of Cells in Different Regions of the Mammalian Heart*

SAt Nodal Atrial Muscle AV Nodal Purkinje Ventricle Muscle
Parameter Cell Cell Cell Fiber Cell

Resting potential (mV) —50-—60 —80-—90 —-60-—-70 —90--95 -80--90
Action potential

Amplitude (mV) 60-70 110-120 70-80 120 110-120

Overshoot (mV) 0-10 30 5-15 30 30

Duration (ms) 100-300 100-300 100-300 300-500 200-300

Viaxt (V/5) 1-10 100-200 5-15 500-700 100-200

Conduction velocity (m/s) <0.05 0.3-0.4 0.1 2-3 0.3-0.4
Fiber diameter (um) 5-10 10-15 5-10 30-50 10~-16

* Data from Reference 10, p 190.

exchange carrier an ATP-dependent calcium-transport
system (fig. 1) also exists in cardiac sarcolemma.x

Phase 0 depolarization in fast response fibers, fibers
with a high RMP (atrial and ventricular muscle, Purkinje
fibers; table 1) is largely dependent on the fast inward
current carried by sodium ions (Na*). In slow response
fibers (SA and AV node cells), depolarization during phase
0 is largely dependent on the slow inward current carried
mainly by calcium ions (Ca**). Regardless of cell type (fast
or slow response), RMP is predominantly determined by
potassium ion (K*) permeability.®!° Automatic cells,
strictly speaking, do not have a RMP, since they slowly
depolarize during diastole (phase 4). The term maximum
diastolic potential (MDP) refers to the maximum level of
transmembrane potential attained during diastole in these
fibers.

Both the fast inward (Na*) and slow inward (Ca®*) cur-
rents move through membrane protein channels that are
specific (Na*) or selective (Ca**) for the two ionic species.
These channels have time and voltage-dependent gating
characteristics, discussion of which can be found else-
where.'? The Ca** channel is not important for the gen-
eration of the upstroke (phase 0) of the AP in fast response
fibers. Ca®* supplied by it does, however, contribute to
the excitation-contraction process (recently reviewed by
Rusy and Komai'?) as well as to abnormal electrical activity
caused by loss of membrane potential (vide infra). Current
moving through the Ca?* channel, which has slower ac-
tivation and inactivation gating characteristics than
the Na* channel, also helps to maintain the AP plateau
(phase 2).'?

Repolarization occurs during phases 1 and 3 of the
cardiac AP (fig. 1). The important repolarizing current
is supplied by K*.!* Several different K* currents are be-
lieved involved (i.e., instantaneous rectifier—iy; ; plateau-
delayed rectifier—i,; transient or early outward cur-

+ Caroni P, Carafoli E. An ATP-dependent Ca** pumping system
in dog heart sarcolemma. Nature 283:765-767, 1980.

T Sinoatrial (SA), atrioventricular (AV), maximum velocity (rate of
rise) of action potential (phase 0) upstroke (V).

rent—iy, leo).'* Importantly, most K* channels exhibit
inward-going rectification. This means that as the trans-
membrane potential becomes more and more negative
during repolarization, K* conductance (as a result K*
current) increases. Conversely, as the transmembrane po-
tential becomes more positive during depolarization, K*
conductance decreases. Inward-going rectification en-
hances the outward movement of K* during repolariza-
tion, thereby accelerating repolarization by further in-
creasing K* conductance. The regenerative increase in
K* conductance partly explains all-or-none repolariza-
tion.'*!® The latter means that during the AP-plateau
phase a large repolarizing current will result in full re-
polarization to resting or maximum diastolic potential
levels. A smaller (subthreshold) repolarizing current, on
the other hand, will return the AP to its plateau level of
potential. Finally, it should be noted that outward currents
involved in repolarization can also be generated by the
Na*-K* exchange pump.'*!®

Refractoriness. One characteristic of cardiac as opposed
to nerve fibers is prolonged refractoriness.® During the
cardiac AP plateau, fibers cannot be re-excited, regardless
of stimulus strength—that is, they are absolutely refrac-
tory (fig. 2). The reason is that both the Na* and the
Ca®" inward current channels are Na* and Ca®* inacti-
vated during the AP plateau, and repolarization must oc-
cur before they can reopen. In fast response fibers, res-
toration of the normal RMP is usually sufficient for full
recovery of excitability, but there is a period between the
end of absolute refractoriness and full recovery of excit-
ability when the fibers are relatively refractory (fig. 2).
During the relative refractory period, the stimulus re-
quired to elicit an AP is larger than normal. The resulting
AP may be too small to propagate, or it may propagate
slowly. In slow response or depressed fast response fibers
(vide infra), the relative refractory period may extend sev-
eral hundred milliseconds beyond full repolarization.

Automaticity. Whether from a normal or abnormal level
of membrane potential (normal or abnormal automatic-
ity), automaticity must result from a net reduction in the
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outward movement of positive charges.®'” This could be
either by a progressive decrease in outward current, in-
crease in inward current, or both. In Purkinje fibers, the
pacemaker current (ig) is likely to be an inward current
carried by Na* and Ca®" that is inactivated at levels of
membrane potential above (less negative than) —50 mV."?
The pacemaker current is carried by a channel that is not
the same as the Na* (fast inward) channel.'” Additionally,
in Purkinje fibers, K* currents involved in repolarization
may affect the pacemaker current.'” In the SA node, and
possibly with abnormal forms of automaticity in depressed
fast response fibers,” i is likely involved only when the
level of membrane potential is more negative than about
—50 mV."" Instead, automaticity in the SA node is thought
to result from an imbalance between slowly decaying ix
and slowly recovering Ca®* inward currents.'” Regardless
of the ionic mechanism(s) for automaticity (normal or ab-
normal), the rate of automaticity is affected by changes
in MDP, threshold potential (TP), and the rate of spon-
taneous diastolic (phase 4) depolarization (fig. 3).
Impulse Propagation. The speed of impulse propagation
(conduction) is dependent on the properties of the current
source (e.g., rate of rise of the AP, AP overshoot, AP
amplitude) and current sink (e.g., longitudinal cellular re-
sistance,® axial currents, and propagation velocities.'®'?
The relation between the current source and sink deter-
mines whether electrotonic effects (local, nonpropagated)
or successful impulse propagation will result following ex-
citation of adjacent cells. For example, excitation of ad-
Jjacent fast response fibers with high RMP’s, AP amplitudes
and overshoots (table 1), is likely to result in successful
impulse propagation. In contrast, excitation, of adjacent
slow response fibers (or depressed fast response fibers)
are more likely to result in electrotonic effects. This is
because slow response APs have lower RMPs, AP ampli-
tudes, and overshoots (table 1). Finally, with regard to
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FIG. 2. A cardiac Purkinje fiber action potential is shgwn schemat-
ically along with responses obtained by stimulation given at different
stages of repolarization. During the absolute refractory period (A) the
fiber cannot be re-excited and the earliest response (B) occurs at the
beginning of relative refractory period. These early responses do not
propagate since they arise irom low levels of membrane potential.
During the later part of the relative refractory period, response C will
propagate, although slowly because of its smaller rate of rise and am-
plitude. Finally, response D is applied following complete repolarization
and has a normal rate of rise, conduction and amplitude.
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F1G. 3. Schematic representation of mechanisms that can alter au-
tomaticity of the SA node. A decrease in the slope of phase 4 depo-
larization from a to b slows the rate of automatic discharge by increasing
the time to reach threshold potential (TP). An increase in TP from
high to low level of membrane potential (more negative) increases the
rate of discharge (arrow) by decreasing the time to reach the TP. In
addition, automatic discharge can be slowed by an increase in maximum
diastolic potential (MDP) from ¢ to d.

impulse propagation, the excess of activation current over
that just required to produce successful propagation is
termed the safety factor of conduction.® Based on the
foregoing considerations, fast response fibers have a high
safety factor of conduction, whereas slow or depressed
fast response fibers have a low safety factor of conduction.

ABNORMAL ELECTRICAL ACTIVITY OF THE HEART

Abnormal electrical phenomena include conduction of
the depressed fast response, abnormal automaticity, trig-
gered activity/automaticity, and re-entry of excitation.
These result when normal electrophysiologic processes
are disrupted by pathophysiological states. The latter
could be the result of major organ system disease or due
to the effects of hypoxia, ischemia, drugs, or electrolyte
imbalance. Before we can consider these abnormal mech-
anisms, however, we must first discuss loss of membrane
potential (LMP).

Cellular Mechanisms for Dysrhythmias. A common mech-
anism underlying some abnormal electrophysiological
phenomena, and one that may contribute to dysrhythmias
(notably, re-entry) is LMP in fast response fibers. In es-
sence, with LMP, these fibers with a normally high level
of RMP (table 1) become partially depolarized (less neg-
ative RMP). As a result, there is reduced Na* channel
availability; that is, at low levels of RMP, there are fewer
Na* channels that can be activated and a smaller Na*
current.?® Consequently, with LMP, conduction is slower.
This is because AP upstroke velocities, overshoots, and
amplitudes are reduced, and more similar to those of slow
response fibers (table 1).§ Since the pathophysiologic pro-

§ Cells in transitional zones between working atrial myocardium
and the SA and AV nodes (transitional cells)® may have RMPs inter-
mediate between those of cells of the SA and AV nodes. Likely, this
is not due to LMP per se, but rather, it is a normal phenomenon. Re-
gardless, conduction is probably slower in these cells due to reduced
Na* channel availability.
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cesses responsible for LMP are not likely to be uniform,
with LMP there is likely to be varying depression of the
fast response, and uneven conduction and refractori-
ness.?"*? Thus, depressed fast response APs create con-
ditions that are favorable for re-entry of excitation. Fi-
nally, LMP in fast response fibers can be the cause for
abnormal forms of automaticity.’

Conduction of the depressed fast response is likely to
be slow, but variably so. Depending on Na* channel avail-
ability, conduction velocities may only slightly decrease
from those reported for normal fast response fibers, or
be more similar to those for slow response fibers (table
1). As already mentioned, depressed fast response con-
duction may be conducive to re-entry, but it could also
be responsible for heart block.

Altered Normal Automaticity and Abnormal Automaticity.
These two are distinguished from one another.” With the
former, the ionic mechanism for automatic discharge re-
mains normal, except that the kinetics or magnitude of
the ionic current(s) may be altered. The result is accel-
eration or deceleration of normal pacemaker discharge.
Circumstances or manipulations that might alter normal
automaticity at different pacemaker sites are discussed in
more detail elsewhere.>” Abnormal automaticity, on the
other hand, is due to an ionic mechanism that is substan-
tially different from that for normal automaticity in the
same fiber type (¢.g., Purkinje fibers), or it may be observed
in fibers that do not normally exhibit automaticity (¢.g.,
atrial and ventricular muscle).” Depolarization of Pur-
kinje, atrial, or ventricular muscle fibers by disease or
other interventions, can accelerate existing spontaneous
activity or induce abnormal automaticity in previously
quiescent fibers.?*~?® Abnormal automaticity has been
observed in subendocardial fibers surviving experimental
myocardial infarction.?”*® Interestingly, abnormal auto-
maticity in depolarized Purkinje fibers was not affected
by lidocaine, but was blocked by verapamil (fig. 4).%* The
latter provides indirect evidence for a role of the slow
inward current in the genesis of abnormal automaticity.

Triggered  Activity/ Automaticity. This is abnormal,
rhythmic activity of the heart that is dependent on prior
impulses for its initiation. It stands in contrast to abnormal
automaticity, just discussed. Two forms of triggering are
distinguished: that occurring following delayed afterde-
polarizations—triggered activity; and that following early
afterdepolarizations—triggered automaticity.®

Delayed Afterdepolarizations (DAD). DAD are oscillations
in the TMP that occur following full repolarization of the
AP (i.e., during phase 4), and they are caused by that
AP Often, as shown in figure 5 (all panels), they are
preceded by hyperpolarization of the membrane, that is,
the level of TMP just prior to the DAD is more negative
than it was prior to the AP that triggered the DAD. A
triggered AP or rhythm results when the DAD reach
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FIG. 4. Automaticity at two levels of membrane potential in a canine
cardiac Purkinje fiber. During the interval between the arrowheads,
the fiber was depolarized from —85 mV to —50 mV using current
injection across a sucrose gap. Lidocaine (3 mg/I) slowed the sponta-
neous discharge rate and reduced the amplitude of action potentials
(AP) arising from —85 mV, but it did not affect AP’s or automaticity
at =50 mV. After washout of lidocaine, exposure to verapamil (3 X 107
M) suppressed automaticity at =50 mV but not at —85 mV (From
reference 24, used with permission.)

50 mV

threshold for an AP or sustained rhythmic activity (fig.
5, panel D). DAD occur under a variety of conditions in
which there appears to be excessive accumulation of in-
tracellular Ca** stores, termed calcium overload.® Ab-
normalities in the sequestration and release of Ca** may
also contribute to DAD, and toxic levels of digitalis are a
recognized cause for DAD and triggered activity in a va-
riety of fast response fibers.>*°** DAD and triggered ac-
tivity have been observed in most cardiac fiber types, and
under a wide variety of conditions, all of which likely in-
volve increased intracellular Ca%*. In addition to toxic
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F1G. 5. Triggered activity in a fiber of the monkey mitral valve. The
records were taken at a high gain to show the afterpotentials; as a
result, much of the action potential (AP) proper is off scale. In A, B,
and C the fiber is driven at a slow regular rate, one stimulus being
applied every 2.8 s. Premature stimuli are applied at 1's, 0.92 s, and
0.6 s after the drive in B, C, and D. The earlier the premature impulse
arises, the greater is the amplitude of the delayed afterdepolarization
(DAD). In D the DAD following the premature impulse reaches
threshold (probably not at the site from which the record was taken)
and gives rise to sustained, nondriven activity at a rate of about 2 per
s. Note that in all cases driven and premature AP are followed by
afterhyperpolarizations, that is, the transmembrane potential becomes
more negative following the AP than it was just before the AP. Cali-
brations: 25 mV and 500 ms (From reference 23, used with permission.)

digitalis, these are: exposure to catecholamines,?*-*7 Pur-
kinje fibers surviving 1-4 days following experimental
myocardial infarction,?®? a number of altered ionic en-
vironments,® and Purkinje fibers exposed to lysophos-
phatidylcholine.*® In contrast to early afterdepolarizations
(vide infra), DAD increase in amplitude (or the likelihood
that they will trigger APs or sustained rhythmic activity)
with increased paced rates or increasing prematurity of
stimulated APs.® Further discussion of DAD and triggered
activity, including postulated ionic mechanisms and pos-
sible involvement in clinical dysrhythmias, can be found
elsewhere.>®

Early Afierdepolarizations (EAD). EAD are oscillations in
the TMP that occur during the plateau and repolarization
phases of the AP (fig. 6).>%*%%4! It has been suggested
that there are at least two types of EAD based on their
location within the AP: 1) low membrane potential EAD,
occurring at TMP between 0 and —30 mV (mid-to-late
portion of AP plateau); 2) high membrane potential EAD,
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occurring at TMP more negative than —50 mV, but prior
to completion of repolarization.®*'*? Since these two types
of EAD occur at different levels of TMP, they likely in-
volve different ionic mechanisms.*® Possibilities include
a time-dependent, Na* “window current,”***! slow in-
activation of the Na* fast inward current,*-*7 Ca?* slow
inward and transient inward currents,*' and outward (K*)
currents during repolarization.®*! In general, EAD and
EAD-triggered sustained rhythmic activity are more likely
to occur at slow heart rates.*? EAD-triggered sustained
rhythmic activity is conceptually difficult to distinguish
from abnormal forms of automaticity.>*® Hence, trig-
gered automaticity is probably the preferred term for
triggered sustained rhythmic activity following EAD.®*
Further discussion of EAD can be found elsewhere.>®
Re-entry of Excitation. Re-entry occurs when the prop-
agating AP does not die out following excitation of cardiac
tissue.>*® Rather, the AP persists to re-excite atrial or
ventricular tissue at the end of their refractoriness. The
criteria for re-entry were first formulated by Mines.**
First, there must be an area of unidirectional block. Sec-
ond, the re-entrant circuit must be defined, that is, move-
ment of the excitatory wavefront must be observed to
pass through the pathway, to return to its site of origin,
and then again follow the same pathway. Third, to rule
out a focal origin (e.g., automatic or triggered) for sus-
tained re-excitation, one must be able to terminate re-
excitation by interrupting the circuit at some point. Circus
movement re-entry, the type of re-entry envisioned by
Mines, requires an anatomic obstacle (fig. 7). Garrey was
the first to consider that differences in refractory periods
could create the temporal barriers for conduction (i.e.,
slowed conduction) required to sustain circus movement.®!
However, despite a widely held clinical notion to the con-
trary, circus movement re-entry involving an anatomical
obstacle is not an established mechanism for many clinical
tachydysrhythmias.?*® In addition to circus movement re-
entry involving an anatomic obstacle, other models for

e

A B c D

FIG. 6. Early afterdepolarization (EAD) and triggered activity. Action
potentials (AP) are from a spontaneous active canine Purkinje fiber
exposed to normal Tyrode solution. A: Normal AP. B: An EAD is seen
(arrow). C: Four nondriven AP occur at a membrane potential corre-
sponding to that of the EAD. D: Record obtained from a different
fiber shows a series of three normal AP followed by a train of activity
at a low membrane potential followed in turn by quiescence at a low
level of membrane potential (From reference 29, used with permission
of the American Heart Association.)
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A

FiG. 7. Schematic representation of various types of circus movement
re-entry. The arrows represent the crest of the circulating wave front,
and in its wake are the areas of absolute refractoriness (black zones) and
relative refractoriness (stippled zones). A: Circus movement around a
gross anatomical obstacle, as introduced by Mines. B: Circus movement
around the orifices of two veins, separated by a zone of bidirectional
block, as suggested by Lewis to be responsible for atrial flutter. C:
Model of circus movement, introduced by Moe and coworkers, in which
the impulse is thought to circulate in a loop composed of bundles having
a greater conduction velocity than the tissue around it. D and E: Types
of circus movement based on the combination of an anatomical obstacle
and an adjacent area of diseased tissue exhibiting depressed conduction
(hatched zones). F: Circus movement around a relatively small obstacle
has become possible because of shortening of the refractory period
and a decrease in conduction velocity, resulting in a shortening of the
wavelength of the impulse. See text for further discussion. (From Al-
lessie MA, Lammers WJEP, Bonke IM, Hollen J: Intra-atrial re-entry
as a mechanism for atrial flutter induced by acetylcholine and rapid
pacing in the dog. Circulation 70:123-135, 1984, used with permission.)

re-entry include linear re-entry (fig. 8),%? reflection (fig.
9),5%% and the leading circle concept (fig. 10).>® None of
these last three models require an anatomical obstacle,
and none will be discussed further. The interested reader
can find more complete discussion elsewhere.*® However,
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FIG. 8. Schematic representation of re-entry in a linear bundle with
a region of asymmetrical depressed tissue, as proposed by Schmitt and
Erlanger.5? The shaded area is a zone of unidirectional block. The
impulse propagating from left to right blocks at x in region A but
conducts slowly in B beyond this area. There the impulse crosses over
to A via lateral connections and propagates slowly back through the
depressed zone (y to x) to re-excite the left part of the bundle. (From
reference 52, used with permission.)

>
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FIG. 9. Reflection. Transmembrane potentials recorded from a strip
of feline epicardial ventricular muscle placed in a three-compartment
tissue bath. Proximal (P) and distal (D) segments were superfused with
normal Tyrode solution. The middle segment, 1 mm in width, was
superfused with a solution containing 35 mM K* (“‘inexcitable gap,”
G). The preparation was stimulated at the proximal end with a basic
cycle length of 1 s. In panel A, the distal element is activated with
sufficient delay to allow reflection across the inexcitable gap, and re-
excitation of the proximal segment occurs. In pancl B reflection also
occurs but produces only a subthreshold depolarization at the end of
repolarization. (From reference 54, used with permission.)

remaining to be discussed are mechanisms for unidirec-
tional block of conduction and slowed conduction, both
of which are required for any form of re-entrant excita-
tion.

Unidirectional Block of Conduction. Unidirectional block
of conduction may be due to regional differences in re-
covery of excitability and to differences in cellular con-
nections.? These can result from nonuniform refractori-
ness or recovery of excitability due to geometrical factors
or from asymmetrical depression of conduction and ex-
citability. When an impulse propagates through tissue with
uneven refractoriness (i.e., temporal dispersion of refrac-
toriness), there can be failure of propagation (unidirec-
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F1G. 10. Leading circle concept. Activation maps during steady-
state tachycardia induced by a premature stimulus in an isolated rabbit
left atrium (upper right). On the left are transmembrane potentials (AP)
recorded from seven fibers located on a straight line through the center
of the circus movement. The numerals under the action potentials
(AP) indicate their timing in relation to the preceding AP in A. Note
that the central area is activated by centripetal wavelets and that the
fibers in the central area show double responses of low amplitude.
Both responses are unable to propagate beyond the center, thus pre-
venting the impulse from short-cutting the circuit. On the lower right
the activation pattern is schematically indicated, showing the leading
circuit and the converging centripetal wavelets. Block is indicated by
double bars. (From reference 55, used with permission.)

tional block) in regions with the longest refractory periods.
These regions will be available for re-excitation if the im-
pulse can propagate via alternate pathways (that are not
refractory) and return to excite a former site of unidi-
rectional block that is no longer refractory. While the
foregoing is unlikely to occur in normal myocardium, even
at fast heart rates, this may not be the case with premature
excitation. The latter could be spontaneous {e.g., auto-
matic, triggered) or externally applied (e.g., premature
paced stimuli) impulses. Re-entry caused by premature
stimulation is facilitated by fast heart rates (similar to
DAD-induced triggered activity), because refractory pe-
riods in the re-entrant circuit are shortened.?® Addition-
ally, with fast heart rates, repolarization is enhanced by
electrotonic current flow to nonexcited cells from cells
that have just been excited.>”*® In atria, the degree of
temporal dispersion of refractoriness required for uni-
directional block following premature stimulation can be
quite small, in contrast to the ventricles where refractory
periods are longer, even at fast heart rates.® In addition
to temporal dispersion of refractoriness, the dimension
of the area of unidirectional block is also important, since
re-entry will not occur if the site(s) of prolonged refrac-
toriness are small, even with large temporal dispersion of
refractoriness.”® Temporal differences in recovery of ex-
citability, as the consequence of the activation sequence
of a prior impulse, and without differences in duration

Anesthesiology
V 72, No 2, Feb 1990

of refractoriness, may also provide transient unidirectional
block.?® Geometrical factors, including the Purkinje fiber-
ventricular muscle junction,%=°* branching sites of Pur-
kinje fibers, or junctions of separate muscle bundles with
a low safety factor for conduction,'®'*%* may also provide
the substrate for unidirectional block and re-entry.? Fi-
nally, unidirectional block of conduction can be due to
asymmetrical depression of conduction and excitability,’
which is the basis for linear re-entry in the model proposed
by Schmitt and Erlanger in 1929 (fig. 8),°? or in Purkinje
fibers subjected to asymmetric crushing or cooling.%

For re-entry to occur, there must be slow conduction
in an alternate pathway, which allows tissue proximal to
a site of unidirectional block to recover from refractori-
ness.? Re-entry would, therefore, be facilitated when con-
duction was depressed.23 As discussed earlier, conduction
in fast response fibers is dependent on the magnitude of
the Na* fast inward current during phase 0. Inactivation
of this current by LMP (vide supra) can be a cause for slow
conduction. Furthermore, in both depressed fast response
and slow response fibers, refractoriness may extend well
beyond repolarization.®*® This could also be conducive
to re-entry if prolonged refractoriness was the mechanism
for unidirectional block of conduction.’

Postulated Mechanisms for Clinical Dysrhythmias

As previously stated, cardiac dysrhythmias are concep-
tually considered disorders of impulse initiation, propa-
gation, or both. Altered normal or abnormal cellular
electrophysiologic mechanisms may be responsible for
dysrhythmias. However, the involvement of one or an-
other of these cellular mechanisms in clinically encoun-
tered dysrhythmias is not indubitable; for as recently said
by Rosen: “studies in the single cell tell us what it can do,
not what it does do”T under normal or pathophysiologic
circumstances in the intact heart.” The criteria used by
clinical cardiac electrophysiologists to establish mecha-
nisms for tachycardia are discussed elsewhere.®”~? Based
on that discussion, likely or possible mechanisms for clin-
ical rhythm disturbances are provided in table 2.

ANESTHETIC/ADJUNCT DRUG EFFECTS ON
ELECTRICAL ACTIVITY OF THE HEART

Noteworthy among the causes for cardiac dysrhythmias
during anesthesia and surgery, and almost unique to this
circumstance, are the involvement of altered physiologic
states, autonomic imbalance, and the adverse effects of
drugs and drug interactions.> Comprehensive discussion
of these is beyond the scope of this review, the focus of
which will be on effects of contemporary anesthetics and

{ Statement attributed by Rosen®’ to Chandler McC. Brooks.
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TABLE 2. Likely or Possible Cellular Mechanisms
for Clinical Dysrhythmias

Altered Normal Automaticity

Sinus bradycardia; sinus tachycardia; sinus dysrhythmia; wandering
atrial pacemaker; AV junctional escape rhythm; idioventricular
escape rhythm.

Abnormal Automaticity

Some VT within 3 days of AMI; some automatic (non-paroxysmal)
atrial tachycardia; accelerated idioventricular rhythm.

Triggered Activity/Automaticity

VT due to reperfusion of ischemic myocardium (DAD); exercise-
induced VT in patients without CAD (DAD); accelerated AV
junctional rhythm (DAD); PMVT /torsades de pointes in patients
with QT prolongation (EAD); automatic (nonparoxysmal) atrial
tachycardia with digitalis (DAD).

Re-entry

AV reciprocating tachycardia in patients with accessory AV
pathways; PSVT due to SA node, atrial, or AV node re-entry;
some VT with myocardial ischemia/infarction; atrial flutter,
atrial /ventricular fibrillation (possibly with other mechanisms).

AMI = acute myocardial infarction; AV = atrioventricular; CAD
= coronary artery disease; DAD = delayed afterdepolarization; EAD
= early afterdepolarization; PMVT = polymorphous VT; PSVT
= paroxysmal supraventricular tachycardia; QT = QT interval of sur-
face electrocardiogram; SA = sinoatrial; VT = ventricular tachycardia.

adjunct drugs on electrical properties of the heart that
could affect the genesis of dysrhythmias. Similar effects
of older or less commonly used agents were considered
by Katz and Bigger.* Finally, we discuss interactions be-
tween the anesthetics and other drugs that have estab-
lished dysrhythmic potential, including catecholamines,
histamine, calcium channel, and B-adrenergic blockers.

Inhalation Anesthetics. Halothane, enflurane, and isoflu-
rane slow the rate of sinoatrial (SA) pacemaker discharge
by both direct and indirect effects on SA node automat-
ically.®®6% Clinically, any direct depressant effect of the
inhalation anesthetics on SA node function may be altered
by the effects of other drugs and autonomic compensatory
mechanisms. %87

Little is known of the effects of the volatile anesthetics
on subsidiary pacemaker function. Data of Reynolds et
al.”" and Morrow and Logic’® support the notion that
halothane depresses automaticity in pacemakers of the
ventricular specialized conducting system (Purkinje fi-
bers). Comparable data are not available for enflurane
and isoflurane.** Finally, there are no data for the effects
of any of these agents on normal mechanisms for auto-
maticity in subsidiary atrial or AV junctional pacemakers.

** Pruett and coinvestigators (personal communications) have ob-
tained preliminary data which suggest that enflurane and isoflurane
enhance normal automaticity in Purkinje fibers.
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Halothane shortens AP duration and refractoriness in
normal Purkinje fibers.”!"*"* Halothane prolongs His-
Purkinje and ventricular conduction times®®"® and short-
ens ventricular refractory periods’® in the intact dog heart.
Enflurane, like halothane, produces comparable prolon-
gation of His-Purkinje and ventricular conduction times
in dogs.%®"" Its effect on Purkinje fiber AP characteristics
or in vivo ventricular refractoriness have not been re-
ported. Neither have those of isoflurane. One study sug-
gests that increasing level of isoflurane (without awake
control) has no effect on ventricular specialized conduc-
tion times in dogs.”® Another more recent study, also in
dogs, but with a conscious control and higher system res-
olution (1 ms vs. £5 ms), indicates that isoflurane does
prolong ventricular specialized conduction times com-
pared to awake.%®

Halothane and enflurane cause similar dose-dependent
prolongation of AV nodal conduction time and refrac-
toriness,”>’”7? but atrial refractoriness appears less af-
fected by increasing halothane.””® Blitt ef al. found no
effect of increasing isoflurane on AV nodal conduction
time,” and there are no reports for the effect of increasing
isoflurane on supraventricular refractory periods.

More recently, the effects of halothane, enflurane, and
isoflurane on supraventricular conduction and refracto-
riness have been contrasted to awake in chronically in-
strumented dogs.*® Compared to awake, AV nodal con-
duction time is prolonged in anesthetized dogs by about
20% with 1.6 MAC enflurane and halothane.®® The pro-
longation was less, however, with isoflurane® (fig. 11).
Another report indicates that enflurane, halothane, and
isoflurane (1.2 and 1.6 MAC) increase atrial and AV nodal
refractoriness compared to awake.?! While no data exist
for anesthetic effects on specialized cardiac conduction
and refractoriness in man, animal studies suggest that
none of the contemporary inhalation anesthetics are likely
to be a cause for second or third degree AV block in the
absence of intrinsic conduction system disease or drugs
that prolong AV conduction time.

Data are now appearing which suggest that the potent
inhalation agents have dysrhythmic and antidysrhythmic
actions against abnormal cardiac electrophysiologic
mechanisms. This is not entirely unexpected, since pre-
vious reports had demonstrated protective effects for: 1)
halothane against ouabain-induced dysrhythmias;®? 2)
halothane, enflurane, and chloroform against ventricular
fibrillation in rats with proximal LAD coronary artery
occlusion;®*®* and 3) all three contemporary inhalation
agents against ventricular fibrillation in a canine acute
LAD coronary artery occlusion/reperfusion model.®
Recent data obtained by Turner et al. support the con-
tention that halothane has dysrhythmic and antidys-
rhythmic actions in canine Purkinje fibers surviving 1 day
after experimental myocardial infarction.” The prodys-
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FiG. 11. Halothane (HAL), enflurane (ENF), and isoflurane (ISO) effects on heart rate and AV nodal (A-H interval), His-Purkinje (H-V
interval), and ventricular conduction times (H-S interval) in the absence of autonomic blockade. Values for each anesthetic leve! are shown as
percent of the awake (control) values. (From reference 69, used with permission.)

rhythmic action of halothane increased the range of pre-
mature responses that are conducted slowly enough into
the ischemic (distal) region to produce unstimulated re-
sponses that could re-excite the nonischemic (proximal)
region (fig. 12). Since these responses possibly were due
to a re-entrant mechanism,% halothane may have acted
to facilitate re-entry in the experiments of Turner et al.7*
On the other hand, in these same experiments,’* halo-
thane opposed spontaneous rhythmic activity likely due
to an abnormal mechanism for automaticity (fig. 13, pan-
els A and B), as well as DAD-induced triggered activity
(fig. 13, panels B and C).

We speculate as to the mechanism for these dys-
rhythmic and antidysrhythmic effects of halothane.”
Comparable studies have not been reported for enflurane
or isoflurane. Voltage clamping studies support the
premise that halothane directly reduces both the Ca?*
slow inward and Na* fast inward currents.®”88 All three
contemporary volatile anesthetics depress the rate of de-
polarization of myocardial slow AP, presumably due to

an effect on the Ca®* slow inward current.?*-%! Further-
more, preliminary results indicate a depressant effect of
these agents on the peak Ca®" current in enzymatically
dispersed ventricular and Purkinje fibers (fig. 14).% It
has been shown that calcium channels are heterogeneous
in various cell types, including those from cardiac tissue.”?
The two types of cardiac Ca** channels differ in time
course and are called “T” and “L” for transient time
course and long lasting, respectively. The current flowing
through T channel is considerably smaller with a quick
decay as compared to L-channel current. In the ventric-
ular cell, T-channel current probably contributes little to
Ca®" influx. However, it may be significant for pacemaker
depolarization and action potential initiation, which more
critically depend on the inward T-channel current at more
negative potentials.®® Differential sensitivity of these
channels to the calcium channel blockers is discussed later
in this review.

The Ca®" slow inward current is one of the currents
involved in the genesis of abnormal forms of automatic-
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F1G. 12. Effects of halothane on the generation of unstimulated
repetitive response (U1) in an infarction preparation. The top tracings
in each panel are from the proximal fiber, and the bottom tracings are
from the distal Purkinje fibers. 4, D: Responses of single proximal
(nonischemic) and distal (ischemic) fibers to a drive stimulus (P1, D1)
and a subsequent late premature impulse (P2, D2) applied at a coupling
interval of 401 ms. B, E: Latest premature impulse producing Ul. C,
F: Earliest premature impulse inducing U1. The repetitive response
zone increased from a control “width” of 19 ms (248-229 ms, B-C)
to 44 ms (271-227 ms, E-F) in the presence of halothane. (From ref-
erence 74, used with permission.)

ity.”!7 It is possible that any of the contemporary volatile
anesthetics oppose such activity by their depressant effects
on the Ca®" slow inward current. In contrast, while the
mechanisms for DAD-induced triggered activity could in-
volve the Ca®" slow inward current, a transient inward
current carried predominantly by Na® is more likely in-
volved.>® The transient inward current is thought to be
generated by a change in membrane conductance regu-
lated by the intracellular Ca®* concentration.®® This el-
evated intracellular Ca?* concentration may initiate an
electrogenic Na-Ca exchange (3:1 ratio) resulting in a net
inward current. For instance, DAD first appear or become
larger during interventions known to increase intracel-
lular Ca?* (e.g., digitalis, ischemia).** Thus, the potent
volatile anesthetics might oppose the transient inward
current and DAD-induced triggered activity (e.g., Turner
et al.”) by decreasing intracellular Ca®" availability. This
could be through inhibition of the Ca®* slow inward cur-
rent or by affecting Ca** release from the sarcoplasmic
reticulum.'®

Bosnjak et al. have examined anesthetic effects on in-
tracellular Ca®* availability by determining their effects
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on calcium transients and contractile force in guinea pig
papillary muscle.®® Representative findings for the ef-
fects of halothane, enflurane, and isoflurane are shown
in figure 15. At least at low concentrations of the anes-
thetics, the decrease in the intracellular Ca** transient is
consistent with reduced Ca®* entry via the slow inward
channel. At high concentrations, it appears that myocar-
dial depression with isoflurane involves factors other than
a reduction in the Ca®* slow inward current, such as de-
creased affinity of troponin-C for Ca®* or reduced myo-
fibrillar responsiveness to Ca®*,%” or depression of the
sarcoplasmic reticulum.?! These findings suggest that iso-
flurane has a less depressant effect on intracellular Ca?*
accumulation (hence, generation of the transient inward
current—uvide supra) than enflurane or halothane. This
could mean that isoflurane might be shown less effective
than enflurane and halothane against DAD-induced trig-
gered activity.

Finally, in the study by Turner e al.,”* halothane pro-
moted re-entry. It did this by increasing regional differ-
ences in AP duration. The mechanism for increased AP
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FIG. 13. Responses of single ischemic fibers to 0.39 mM halothane
in two small infarction preparations. The upper panels (4, B) show
reduction of the slope of spontaneous phase 4 diastolic depolarization
by halothane (mV /s) in an ischemic Purkinje fiber with a low maximum
diastolic potential. The lower panels (C, D) show abolition by halothane
of triggered activity induced by extracellular stimuli in a fiber exhibiting
delayed afterdepolarizations (arrows). The action potentials indicated
by dots were initiated by stimuli applied at 1-s intervals. (From reference
74, used with permission.)
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F1G. 14. Dose-dependent depression of peak calcium currents by all
three anesthetics at three different doses in voltage-clamped ventricular
cells. Whole-cell voltage clamp experiments were performed in freshly
isolated canine ventricular cells obtained by enzymatic dissociation.
The cells were voltage-clamped with patch pipettes at room temper-
ature. Na* inward current was eliminated by replacing extracellular
Na* with tetracthylammonium chloride. Outward K* current was
eliminated by substituting cesium glutamate for K* in the pipette so-
lution. The effects of all three inhalational anesthetics were tested in
the same cardiac cell. Whole-cell calcium current was activated by de-
polarizing (200 ms pulse) the cell from a constant holding potential of
—80 mV to the command (test) potential in 10-mV increments. In
these cells, essentially the same magnitude of the Ic, is obtained if the
holding potential is held at ~40 mV. Since only a long-lasting (L) current
is activated from a holding potential of —40 mV, this is an indication
that calcium L channel current is decreased in the presence of inha-
lational anesthetics. Asterisks indicate significant change in the I, from
the preceding anesthetic concentration.®?

duration by halothane in ischemic fibers could be an effect
on the Ca®* slow inward current or K* repolarization
currents. Shortening of the AP duration in nonischemic
fibers may be due to an inhibitory effect of halothane on
the Na* “window current.”****+ This possibility is sug-
gested by the results of preliminary work{# in which the
effects of halothane, tetrodotoxin, and veratridine were
tested on the AP duration of Purkinje fibers, from two
regions of the canine left ventricle. The results of this
study suggest that regional differences in AP duration
produced by halothane in normal Purkinje fibers, which
are similar to those produced by lidocaine,”® could be

+1 The Na* “window current” is a small TTX- and lidocaine-sen-
sitive inward current that persists during the action potential plateau*
(see also Colatsky T. Circ Res 50:17-27, 1982). The persistance of
Na* current during the plateau may be due to peculiar Na* channel
phenomena such as delayed opening and reopening or bursting rather
than a second type of Na* channel distinct from the “fast” Na* channel.

1% Turner LA, Bosnjak Z], Marijic J, Kampine JP. Sodium actions
of halothane on Purkinje fibers. 9th World Congress of Anaesthesiol-
ogists, Washington D.C., May 1988.
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* “window

mediated by an effect of halothane on the Na
current.”

There are no data for the effects of nitrous oxide (N,O)
on electrical properties of the heart, despite the wide-
spread use of NO to supplement anesthesia with other
agents. Nor are there reports of how NoO might alter the
cardiac electrophysiologic actions of other drugs, except
that a recent report suggests that the addition of NyO to
narcotic-based or inhalation anesthesia can provoke AV
junctional rhythms.?® We offer no explanation for these
observations in the absence of more complete data for
the effects of anesthetic drugs on dominant and subsidiary
pacemakers.

In summary, concerning the dysrhythmic potential of
the contemporary volatile anesthetics, we suggest the fol-
lowing. First, with the possible exception of isoflurane,
any of these agents appear conducive to bradycardia and
AV conduction disturbances. This would be due to their
direct depressant action on the slow response (SA and AV
nodes) or depressed fast response (atrial or ventricular
muscle, Purkinje fibers). Second, in depressed fibers (e.g.,
with myocardial ischemia/infarction), halothane (possibly,
enflurane, and isoflurane) is conducive to re-entrant ex-
citation (increased temporal dispersion of refractoriness).
In contrast, halothane (possibly enflurane and isoflurane)
is expected to oppose abnormal automaticity and DAD-
triggered sustained rhythmic activity. The latter effect
might explain halothane’s effectiveness against ouabain-
induced ventricular dysrhythmias.®® Third, there are no
data for anesthetic effects on EAD or EAD-induced trig-
gered automaticity. The latter may be the mechanism for

-~-#-- Contractile force
. —T8— |Intracellular calcium
100
§ ]
— 80
c
o |
o
w 60-
o
(]
o\ 4 0

lhalothane |  lisofluranel [epflurane ]
2 o L4 4 T T 1 T i f 1
o 1 2 0 1 2 0 1 2
+p<0.01 vs H and E #ns vs low |
O=control, 1=low dose, 2zhigh dose

F1G. 15. The effects of 1 and 2 MAC halothane, isofiurane, and
enflurane on the peak intracellular calcium transients and the peak
contractile force in papillary muscle (N = 13) of the guinea pig. Data
are shown mean + SE,%
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torsades de pointes tachycardia in patients with idiopathic
or acquired long QT syndrome.'”® We note that halo-
thane, enflurane, and isoflurane have been shown to pro-
long the QTc interval (QT interval corrected for heart
rate) independent of changes in autonomic tone in chron-
ically instrumented dogs.'®" Whether any of the anes-
thetics can be shown to affect EAD-induced triggered au-
tomaticity remains to be seen.

Local Anesthetics. A number of clinical reports in the
mid to late 1970s and early 1980s documented cases of
sudden cardiovascular (CV) collapse with nearly simul-
taneous seizures, but not antecedent hypoxia following
inadvertent intravascular injections of typical clinical doses
of bupivacaine or etidocaine.'?*~'% Many of the cases were
parturients and there was a rather high incidence of fa-
talities, apparently because CV collapse was resistant to
conventional methods for resuscitation. These reports
stimulated extensive animal investigation that has in-
creased our understanding of mechanisms for cardiotox-
icity with local anesthetics.

In adult sheep, the dose of bupivacaine (iv infusion)
necessary to cause CV collapse in the presence of hypoxia
and acidosis was about half that required for lidocaine.'%
Additionally, the mean dose of bupivacaine causing car-
diovascular collapse was significantly lower in pregnant
ewes (b = 1 mg/kg) than in nonpregnant ewes (9 & 1
mg/kg).'* In normocarbic cats, subconvulsant doses of
bupivacaine produced nodal and ventricular dysrhyth-
mias, whereas convulsant doses of lidocaine did not.''®
Cardiotoxicity with bupivacaine in dogs included in-
creased atrial conduction time and AV nodal refractori-
ness, decreased left ventricular contractility, ventricular
tachydysrhythmias, and electromechanical dissociation. m
In isolated rat hearts, bupivacaine was more potent than
lidocaine in decreasing the atrial rate and delaying atrio-
ventricular conduction.'*? In isolated guinea pig hearts,
bupivacaine was 6-10 times more potent than lidocaine
in decreasing heart rate, contractility, and myocardial ox-
ygen consumption."''® In in vitro studies, acidosis and hyp-
oxia enhanced the bradycardic effects of bupivacaine more
than lidocaine.''*-!'® Additionally, hypercapnic acidosis
and hypoxia slowed SA node rate in neonatal and adult
guinea pig hearts, the effect of which was additive to that
produced by lidocaine and bupivacaine.''* However, nei-
ther hypoxia nor acidosis alone appear sufficient to alter
local anesthetic-induced depression.''® Finally, combined
hypoxia and acidosis caused a greater reduction in sinus
rate in neonatal compared to adult guinea pig hearts."®

Kotelko et al. examined the cardiovascular effects of
equipotent doses of lidocaine and bupivacaine for neural
blockade following intravascular injection into chronically
instrumented sheep.''” While animals convulsed with both
drugs, serious dysrhythmias were seen only with bupi-
vacaine, and transient ST-T changes or sinus tachycardia
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with lidocaine. In a subsequent study by this same group
(also in sheep), bupivacaine cardiotoxicity was enhanced
by hypercarbia, acidosis, and hypoxia.''® Thus, evidence
from both in vitro and in vive animal studies suggests that
hypoxia and acidosis, which could result from CNS and
circulatory depression with bupivacaine, would increase
the likelihood of serious dysrhythmias following inadver-
tent intravascular injection of bupivacaine.

The contrasting dysrhythmic effects of bupivacaine and
lidocaine can be explained by the modulated receptor
hypothesis.''*!2° According to this hypothesis, different
local anesthetics (also, class 1 antidysrhythmic drugs'®®)
block Na* channels by binding to a common receptor
site. Bupivacaine, and possibly lidocaine, may also exert
a weak Ca®* channel blocking action, based on their ability
to depress myocardial slow APs.'?"'*? Drug affinity for
the Na* channel receptor site is determined by the state
of the channel, which could be resting, open, or, inacti-
vated. Rate constants defining association and dissociation
of a drug from its receptors are different for each channel
state and different drugs. In ventricular myocytes, Na*
channels are blocked by local anesthetics in the open and
inactivated states; the resting state displays the least affinity
for local anesthetics.'®® Lidocaine, a smaller and less lipid
soluble molecule than bupivacaine, rapidly blocks Na*
channels in both open and inactivated states. Lidocaine,
compared to bupivacaine, binds more loosely and exhibits
less block of the Na* channels at faster heart rates (use-
dependence). Bupivacaine has also been shown to block
Na* channels in the inactivated state much more avidly
than lidocaine, and has a low affinity for open and rested
Na* channels.!'® Because bupivacaine is so tightly bound
to inactivated Na* channels, the half-life for recovery from
block during the resting state is much longer. Conse-
quently, at fast heart rates, Na® channel block by bupi-
vacaine can accumulate. This could explain the greater
occurrence of cardiac conduction and rhythm distur-
bances with bupivacaine at doses that produce comparable
neurotoxic symptoms to lidocaine. Therefore, increased
potency of bupivacaine compared to lidocaine at physio-
logic heart rates may be due to its higher affinity for in-
activated cardiac Na® channels, as well as to qualitative
difference in its kinetics of interaction with these channels.

Two recent studies have examined electrophysiologic
mechanisms for dysrhythmias with bupivacaine'**'*®
Wheeler et al. determined the effects of toxic levels of
bupivacaine and lidocaine in an isolated preparation (ca-
nine) that included the SA node and right atrium, and in
some cases the AV node and interventricular septum as
well.'?* In the absence of dysrhythmias, spontaneous rate
was similarly depressed by increasing doses of bupivacaine
and lidocaine. The most prominent dysrhythmia with ei-
ther drug was SA block, with bupivacaine more potent
(15:1). SA block could be reversed with norepinephrine.
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Sinus dysrhythmia, retrograde conduction block and ir-
regular AV nodal rhythms were observed with both drugs
at concentrations similar to those that produced SA block.
Records obtained from atria that retained a regular rate
and rhythm during local anesthetic perfusion are illus-
trated in figure 16. These illustrate a variety of compound
AP contours that could reflect varying dependence of the
AP upstrokes of SA and transitional cells along the crista
terminalis on the Na* fast inward current.'** Compound
AP contours could also be due to electrotonic effects fol-
lowing excitation of adjacent slow-response or depressed
fast-response fibers. Finally, spontaneous AV nodal and
septal activity were typically present during atrial quies-
cence due to SA block, and septal tissue could be driven
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during atrial quiescence. The latter finding, if clinically
applicable, suggests ventricular pacing might be effective
for temporary rate support during severe bradycardia or
cardiac asystole due to local anesthetic toxicity.

Moller and Covino evaluated the cardiac electrophys-
iologic effects of bupivacaine and lidocaine in a rabbit
Purkinje fiber ventricular muscle preparation.!2® Of in-
terest were electrophysiologic alterations that might con-
tribute to re-entrant dysrhythmias. Two protocols were
used: one to determine the effect of increasing level of
the two drugs during prolonged exposure, and the other
to model the clinical situation following inadvertent in-
travascular injection. High concentrations of bupivacaine
(not lidocaine) reduced MDP in Purkinje fibers, but not

FIG. 16. Action potentials recorded along the crista
terminalis near sinus node in two spontaneously beating
perfused right atria. I: Lidocaine 25 ug/ml. The lower
traces in these panels represent the atrial bipolar elec-
trogram (AE). /I: Bupivacaine 2.5 pg/ml. The upper
traces in these panels are the AE.

SVC = superior vena cava; RCA = right coronary
artery; SNA = sinus node artery; RAA = right atrial
appendage. The horizontal bar in each panel marks 0
mV. (From reference 124, used with permission.)
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ventricular muscle. Both bupivacaine and lidocaine re-
duced AP upstroke velocity and amplitude in Purkinje
and ventricular muscle fibers, but reductions were greater
with bupivacaine. Both drugs produced comparable
shortening of the AP duration (APD) and increases in
effective refractory period to APD ratio. However, while
Purkinje fiber to ventricular muscle (P-M) conduction
time was increased by both local anesthetics, bupivacaine
(8 and 5 pg/ml) produced P-M block in 90-100% of
preparations, while P-M block occurred in only one prep-
aration with lidocaine (20 pg/ml). Finally, recovery of
excitability and return to control values for P-M conduc-
tion time with bupivacaine took four to eight times longer
than with lidocaine. These alterations in electrical prop-
erties of Purkinje and ventricular muscle fibers were in-
terpreted by Moller and Covino as conducive to re-entrant
ventricular dysrhythmias.

Two studies have tested the hypothesis that a central,
neurogenic action also contributes to local anesthetic car-
diotoxicity.'**'*” Heavner'?® injected saline and local an-
esthetics (bupivacaine, lidocaine, procaine) at approxi-
mately equipotent neural blocking doses into the right
lateral cerebral ventricle of chronically instrumented cats.
Additional cats were given iv bupivacaine (1.1 and 1.4
mg/kg) to determine whether electrocardiographic ECG
changes following intracerebroventricular (ICV) infusion
of bupivacaine were due to a direct cardiac action follow-
ing systemic absorption. No dysrhythmias (sinus tachy-
cardia excluded) were observed after the ICV infusion of
saline or with iv bupivacaine. One of six (lidocaine, cu-
mulative dose to 9.6 mg), five of seven (procaine, cumu-
lative dose to 9.6 mg), and ten of ten cats (bupivacaine,
cumulative dose to 0.7 mg) developed ventricular dys-
rhythmias following ICV infusion. Heavner speculated
on the similarity between these CNS effects of local an-
esthetics and digitalis, and suggested that a common neu-
roexcitatory mechanism could involve central adrenergic
stimulation.'?®

Thomas et al. considered concomitant cardiovascular
(CV) and CNS toxicity with bupivacaine or lidocaine.'*’
Equal molar amounts of either drug were injected into
one of three discrete, medullary vasomotor centers in
adult chloral hydrate-anesthetized rats. At any of these
areas, both local anesthetics produced bradycardia and
hypotension. In addition, when injected at the nucleus
tractus solitarius, ventricular dysrhythmias were observed
in 55% of animals. In all animals with lidocaine, dysrhyth-
mias spontaneously reverted to sinus rhythm. With bu-
pivacaine, dysrhythmias reverted to sinus rhythm in one-
half of the animals, but were fatal in others. Several
explanations were offered for these findings: 1) the mod-
ulated receptor hypothesis (vide supra) explains both CV
and CNS toxicity with the local anesthetics; 2) convulsions
with the local anesthetics might alter blood-brain barrier
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permeability, and enhance their uptake into CV regula-
tory centers; 3) the antidysrhythmic action of lidocaire
might oppose centrally stimulated dysrhythmias due to
lidocaine toxicity; and 4) greater accumulation of bupi-
vacaine in the brain during convulsions might explain the
nearly simultaneous CNS and CV toxicity.

Controversy exists regarding the management of bu-
pivacaine or other local anesthetic cardiotoxicity. Without
question, avoidance of intravascular injection and limiting
the dose of agents used are the most effective preventive
measures. Diazepam has been suggested as a preventive
or treatment measure for CNS and CV toxicity with bu-
pivacaine,§§ and also lidocaine.'®®'® Gregg et al.'* ex-
amined the effect of diazepamn on bupivacaine-induced
cardiotoxicity in chloral hydrate-anesthetized rats. They
found a higher incidence of toxicity (ventricular and su-
praventricular tachydysrhythmias) in rats pretreated with
diazepam. Furthermore, in rats pretreated with diazepam
or its vehicle, there was significantly worse respiratory
and metabolic acidosis. Finally, in no treatment group did
hypoxia appear to be a factor in dysrhythmogenesis. The
conflicting results of Gregg’s group may be due to species’
differences, an effect of chloral hydrate, or their criteria
for toxicity.'*® Regardless, none of the forementioned
studies establish that diazepam (or other benzodiazepines)
are effective against or will prevent local anesthetic car-
diotoxicity. A dose-response relationship will have to be
established, and studies cannot be confounded by the
presence of other drugs.

Two reports from Kasten and Martin concern the
management of cardiotoxicity following massive doses of
bupivacaine.'®"'** The first showed that bretylium was
effective against inducible ventricular tachycardia in bu-
pivacaine-treated dogs.'®! In the second, protocols for re-
suscitation following bupivacaine cardiotoxicity were ex-
amined.'®? Resuscitation included open-chest cardiac
massage, 100% Og, and bicarbonate for any acidosis.
Cardiovascular collapse following bupivacaine (cumulative
dose 67 = 24 mg/kg) occurred either as sustained ven-
tricular tachycardia or, more commonly, bradycardia with
electromechanical dissociation. All animals could be re-
suscitated “easily and consistently” with bretylium (ven-
tricular tachycardia) or epinephrine and atropine (elec-
tromechanical dissociation). While the doses of epineph-
rine and atropine used by Kasten and Martin'* for
resuscitation were much greater than those recommended
for cardiopulmonary resuscitation,'*® one recent report
suggests that higher-than-recommended doses of epi-
nephrine (4-5 mg over 2 min vs. 0.5-1.0 mg over 5 min)
may be effective for some resuscitations.'>!

§§ deJong RH, Davis NL. Treating bupivacaine arrhythmias: Pre-
liminary report. Reg Anesth 6:99-103, 1981.
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Intravenous Anesthetics and Adjuncts. Thiopental has little
effect on RMP and AP amplitude in ventricular septal
muscle.'®® It increases AP duration and decreases the
height of the AP plateau and the rate of depolarization
during phase 0.'* In addition, thiopental prolongs the
AP and reduces the rate of rise of slow channel-mediated
AP in canine papillary muscle.'?® These results have been
interpreted to indicate that thiopental reduces the Ca?*
slow inward current, and possibly K* permeability. Very
high concentrations of thiopental severely depress TMP,
reduce spontaneous rate and resting AP amplitude, in-
crease AP duration, and ultimately abolish the AP.Y¥ De-
spite its overall depressant effect, thiopental had an initial,
but transient, stimulatory effect on the above-mentioned
AP parameters.'*’

In rabbit papillary muscle, intracellular Ca®* influences
thiopental-induced spontaneous activity.'*® It was sug-
gested that spontaneous activity is caused by a mechanism
similar to that responsible for delayed DAD.'*® Further,
it was hypothesized that despite its negative inotropic ef-
fect and inhibition of slow APs, thiopental permits accu-
mulation of Ca** in the sarcoplasmic reticulum at high
rates of stimulation, which could lead to increased influx
of extracellular Ca**.'*® Despite direct reduction of Ca®*
influx by thiopental via the Ca?* slow inward current, the
amount of intracellular Ca?* available for contraction is
not markedly diminished.'*® One additional report also
suggests that thiopental may induce DAD.'*® If thiopental
does induce DAD, then this may explain in part its re-
ported effect (thiamylal as well**') to potentiate epineph-
rine-induced, ventricular dysrhythmias with cyclopro-
pane,'*2 halothane,'*® and enflurane and isoflurane.'**

Fentanyl is thought to reduce heart rate via a central
mechanism that leads to decreased sympathetic and in-
creased vagal efferent tone.'*® In animals, about 90% of
the bradycardia seen with fentanyl use resulted from en-
hanced vagal activity, and 10% from decreased sympa-
thetic efferent tone.'*® In this respect, fentanyl is similar
to other opiates, except meperidine, that can cause tachy-
cardia."*” Tachycardia with meperidine may be related
to its structural similarity to atropine or to reflex-caused
increase in heart rate with hypotension. The centrally
mediated increase in vagal tone produced by fentanyl can
be reversed by naloxone, which implicates the involve-
ment of central opiate receptors as mediators for this ef-
fect.'*® Premedication with atropine is expected to reduce

bradycardia with any of the opiates. In addition to indirect
actions, fentanyl directly reduces SA node rate, poten-
tiates the action of ACh, and may inhibit acetylcholines-
terase activity.'*?

Morphine may also have direct negative chronotropic
(SA node) and dromotropic (AV node) actions.'* These
actions may, in part, explain reduced vulnerability to ven-
tricular fibrillation with morphine.'° In addition to direct
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effects, it was demonstrated that endogenous endorphins
can attenuate $-adrenergic stimulation and possibly con-
tribute to reduced ventricular dysrhythmias.'*! Based on
similar actions to morphine, a reduced incidence of ven-
tricular dysrhythmias following tracheal intubation in
adults and children given fentanyl'*® may be due to fen-
tanyl’s central vagal actions, or to attenuation of sympa-
thetic effects.

Droperidol, which may be used in fixed combination
with fentanyl (Innovar® Janssen, Piscataway, NJ), has in
vitro electrophysiologic properties similar to quinidine and
procainamide.'®® Droperidol prevents epinephrine-halo-
thane induced ventricular tachycardia and ventricular fi-
brillation following coronary artery ligation in cats.'** Fi-
nally, droperidol (220-600 ug/kg) with fentanyl (30-50
1g/kg) increases both antegrade and retrograde refrac-
toriness in the accessory pathway of patients with Wolff-
Parkinson-White syndrome.'%?

Succinylcholine (SCh) can be associated with all manner
of dysrhythmias, which could be due to its direct or in-
direct actions, or other factors (airway manipulation under
light anesthesia). The mechanism for bradycardia and
dysrhythmias with SCh'®*'%7 is not established. Brady-
cardia after a single dose of SCh most likely results from
stimulation of cardiac muscarinic receptors, which are
most prominent in the SA and AV nodes. SCh also stim-
ulates presynaptic nicotinic receptors, thereby causing the
release of norepinephrine. The net effect could be a small
and variable increase or decrease in heart rate.'®® Other
drugs used during the course of anesthesia could alter or
intensify the action of SCh.'*%!%° Enhanced vagal activity
is also likely involved in bradysrhythmias following repeat
doses of SCh.'5®1°1182 While Schoenstadt and Whitcher!®3
have suggested that choline produced by hydrolysis of
the initial dose of SCh “‘sensitized’’ the heart to repeat
doses of SCh, in a more recent study, repeat doses of SCh
produced only an increase in heart rate.'® Concerning a
mechanism for bradycardia and dysrhythmias with repeat
doses of SCh, Nigrovic has suggested the following.'8
Activation by SCh of presynaptic nicotinic receptors causes
the release of norepinephrine. Activation of these, as well
as postsynaptic muscarinic receptors following a single
dose of SCh, resuits in opposing actions, with little effect
on heart rate. With a repeat dose of SCh, cardiac mus-
carinic receptors would be stimulated but presynaptic re-
ceptors would remain desensitized, with bradycardia the
result. We question why the two receptors should be so
differently affected. Nevertheless, and regardless of the
mechanism for SCh-induced bradycardia, protection is
likely afforded by pretreatment with iv atropine. Drugs
such as thiopental'®®!%® or intramuscular atropine'®®
should not be relied upon for protection,

It is well established that susceptible patients may be
at risk for exaggerated K* release following SCh.'¢ If of
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sufficient magnitude, this could be the cause for severe
ventricular dysrhythmias. Predisposing conditions include
extensive burns, peritonitis, massive trauma, closed-head
injury, ruptured cerebral aneurysms, spinal cord injury,
and possibly renal failure.'®”~1%® The vulnerability to ex-
aggerated K* release might reflect a proliferation of ex-
trajunctional cholinergic receptors that are not normally
present in large numbers in muscle because their synthesis
is suppressed by neural activity.'70 A number of studies,
both in animals and man, have attempted to establish the
time interval for increased susceptibility to exaggerated
K" release following SCh and reliable measures to prevent
such release.'”'~'8" After careful consideration of these,
we are of the opinion that neither the time interval for
increased susceptibility or reliable preventive measures
have been established. Therefore, it would seem more
prudent to avoid SCh altogether in patients that might
be susceptible to exaggerated K" release.

There are no well-established, strong dysrhythmic as-
sociations for any of the nondepolarizing muscle relaxants
(NDMR). All are competitive antagonists at postjunctional
cholinergic receptors at the motor end plate. Although
these receptors have certain features in common with nic-
otinic receptors located in autonomic ganglia, they are
not identical.'® Thus, it should not be surprising that
NDMR, which vary in potency as neuromuscular blockers,
also vary in potency as ganglionic blockers. In addition
to ganglionic blockade (tubocurarine-moderate, meto-
curine-modest), potentially adverse CV effects may result
from block of cardiac muscarinic receptors (gallamine-
moderate, pancuronium-modest) or drug-induced release
of histamine (tubocurarine-moderate, metocurine-mod-
est, atracurium-slight).”® Vecuronium at clinical dose
ranges should not produce ganglionic blockade, histamine
release, or cardiac muscarinic blockade.'”® With the ex-
ception of pancuronium, there are no reports of the elec-
trophysiologic actions of any of the NDMR. An increase
in heart rate with gallamine or pancuronium likely in-
volves block of the cardiac muscarinic receptors,’sﬁ’184 but
there may be a direct blocking action on the vagus itself.'’
The latter was not thought to be a ganglionic blocking
action or blockade of axonal conduction, but rather an
affect at the pre- or postganglionic nerve terminal.'®®
These vagolytic actions of gallamine and pancuronium
should also facilitate AV nodal conduction, which has been
confirmed for pancuronium in dogs anesthetized with
halothane. '8¢

Jacobs et al. have examined the in vitro cardiac electro-
physiologic effects of pancuronium.'®” Recordings were
made from quiescent and spontaneously active papillary
muscle fibers during superfusion with pancuronium, pan-
curonium with epinephrine, verapamil, or propranolol.
Pancuronium prolonged AP duration and increased rest-
ing potential, AP magnitude, and the rate of rise of phase
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0 of the AP. These effects are consistent with the non-
specific effects of pancuronium on the Na*, Ca**, and K*
currents, but their physiologic significance is uncertain.'®’
Additionally, pancuronium induced automaticity (normal)
in 12% of fibers. With epinephrine, normal or abnormal
forms of automaticity were induced in 80% of fibers. In
three driven fibers with a reduced level of membrane
potential, there were DAD and what appear to be trig-
gered AP. Abnormal automaticity and DAD could be
abolished with verapamil, but not consistently with pro-
pranolol. Jacobs et al. speculated that these findings might
explain certain clinical instances of tachycardia and ven-
tricular dysrhythmias with pancuronium.'® In light of
the above, it is perhaps surprising to note that pancuron-
ium has been reported not to affect the dose of epineph-
rine for ventricular dysrhythmias with halothane.'®®

Finally, a number of recent clinical reports indicate
that vecuronium, particularly with large doses of opiates
or reflex vagal stimulation, may be associated with severe
bradycardia and even asystole.'®*~'%* In patients about to
undergo coronary artery surgery, Inoue ef al. found that
the combination of etomidate, vecuronium, and a small
dose of fentanyl led to the greatest reduction in heart
rate.'®® When thiopental was substituted for etomidate,
the reduction in heart rate was significantly less. Brady-
cardia responded to atropine, but often after a short pe-
riod (5~10 min) of AV junctional rhythm.'?®

Drug Interactions. The ability of some anesthetic agents
to reduce the dose of catecholamines for cardiac dys-
rhythmias (compared to awake) is a classic example of an
adverse drug interaction.? This phenomenon, still widely
but inaccurately*!96'%7 referred to as ‘“‘sensitization,” has
been the subject of numerous case reports and extensive
investigations since the pioneering work in 1895 of Oliver
and Shafer.'®® The interaction of older anesthetics with
catecholamines has been reviewed by Katz et al.*'%%'%
The estimated dose of epinephrine (submucosal injection)
required to produce ventricular dysrhythmias in 50% of
patients (EDj5) was found by Johnston et al. to be 2.1 ug/
kg for halothane, 6.7 ug/kg for isoflurane, and 10.9 ug/
kg for enflurane.'®® However, with enflurane there was
a wide variation in patient response to epinephrine, and
the dose-response curve for epinephrine dysrhythmias
with enflurane was significantly flatter than with other
agents. This latter result with enflurane was confirmed
in a subsequent study from the same institution.?%° Finally,
lidocaine (0.5%) appeared to afford protection with both
halothane'®® and enflurane.?®® These studies?*"*** do not
establish the dose of epinephrine for ventricular dys-
rhythmias in anesthetized patients, nor do they suggest a
safe dose of epinephrine. To be considered are: 1) variable
systemic absorption following submucosal injection; 2) the
absence of measured plasma catecholamine levels; and 3)
the relatively limited number and select group of patients.
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Katz et al. have suggested that a dose of 1.0 ug/kg of
epinephrine should be safe with halothane.?*! The dys-
rhythmogenic dose of epinephrine in children may be
higher.2%% It appears that as much as 10 pg/kg of epi-
nephrine may be injected subcutaneously without the risk
of ventricular dysrhythmias in normo- or hypocarbic chil-
dren anesthetized with halothane, and without congenital
heart disease.?°?

Based almost entirely on results of animal studies, there
are many modifying factors that can affect the interaction
of anesthetics with catecholamines. Among anesthetic
induction agents, thiopental,"""'** thiamylal,'""" and
ketamine®*® have been shown to increase the likelihood
of epinephrine-dysrhythmias with halothane. The thio-
pental effect extends to enflurane and isoflurane,'** and
persists for up to 4 h following a single iv induction
dose.'*>1** No explanation has been offered for this long-
lasting action of thiopental. We speculate that it might be
due to an effect of residual thiopental that has accumu-
lated in myocardium and/or the CNS. Among the local
anesthetics only cocaine®® increases the likelihood of epi-
nephrine dysrhythmias, presumably by blocking intra-
neuronal reuptake of catecholamines. Drugs such as the
tricyclic antidepressants and MAO inhibitors, which sim-
ilarly affect catecholamine reuptake or biodegradation
process, may also increase the likelihood of the anesthetic-
epinephrine interaction. However, at least with imipra-
mine, this is likely to be so following acute,?** but not
chronic?®® administration. Nitrous oxide favors the de-
velopment of epinephrine-dysrhythmias in halothane-
anesthetized dogs.?*® Acute,2°%2°72% byt not chronic?®
aminophylline facilitates halothane-epinephrine dys-
rhythmias in dogs. A critical increase in arterial pressure
or heart rate is required for epinephrine-induced ven-
tricular bigeminy in vagotomized dogs anesthetized with
halothane.* The likelihood of epinephrine dysrhythmias
with halothane or isoflurane may be increased by simul-
taneously administered vasopressors.?'® Fasting has been
shown to reduce the dose of epinephrine for ventricular
dysrhythmias in halothane-anesthetized rats.?!!

Lidocaine, bupivacaine, and etidocaine at several dose
levels afforded about equal protection against epinephrine
dysrhythmias in halothane-anesthetized dogs.?'? Meto-
prolol (8,-selective),?'® prazosin (a;-selective),?'® and pro-
pranolol (8 nonselective)*'* oppose epinephrine dys-
rhythmias in halothane-anesthetized dogs. The nonselec-
tive a- and f-adrenergic blockers were also effective
against epinephrine dysrhythmias with cyclopropane, but
B blockers had a more consistent and specific effect.*
Verapamil®'® and diltiazem®'® increase the dose of epi-
nephrine for ventricular dysrhythmias with halothane.
Clinical experience suggests that epinephrine-anesthetic
dysrhythmias are less likely to occur in children,202:217:218
Finally, several drugs used during anesthesia have been
experimentally shown not to affect epinephrine dysrhyth-
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mias with halothane. At present, these include pancuron-
ium,'®® d-tubocurarine,'® and etomidate.?'® Neither do
exogenous prostaglandins (PGE, and PGF, &) or inhibitors
of prostaglandin synthesis (indomethacin) affect the dose
of epinephrine for dysrhythmias with halothane.?’

Studies of adrenergic mechanisms for catecholamine-
anesthetic dysrhythmias have been flawed by the use of
nonselective a- and B-adrenergic blocking drugs,'98:2!4.220
While such experimentation supports the widespread
clinical use of B-adrenergic blockers for suppressing hy-
pertensive episodes and dysrhythmias in response to cat-
echolamines during anesthesia,?*""*?? it should not be in-
terpreted as suggesting the mechanism for catecholamine-
anesthetic dysrhythmias. A nonselective 8-blocker would
block the presynaptic 85 receptor, which when stimulated
by epinephrine facilitates the release of norepinephrine.??*
Similarly, a nonselective « blocker would block the pre-
synaptic as receptor, which has an autoinhibitory effect
on the release of norepinephrine.224 Certainly, an adren-
ergic mechanism for anesthetic-catecholamine dysrhyth-
mias must consider the contribution of each of the sub-
types of adrenoreceptors to dysrhythmia formation.?!®
Maze and Smith examined the relative contributions of
the a;- and fB;-adrenergic receptors to the genesis of halo-
thane-epinephrine ventricular dysrhythmias in dogs.?!3
The effect of prazosin («;-selective blocker) was signifi-
cantly greater than that of metoprolol (8-selective
blocker) in increasing the dysrhythmic dose of epineph-
rine. Additionally, the increase in the epinephrine dys-
rhythmia threshold with prazosin could not be specifically
ascribed to a blood pressure-lowering effect, since sodium
nitroprusside had no effect on the dysrhythmic epineph-
rine dose determined without adrenergic blockers. This
suggests that while both «; and 8, adrenoreceptors are
important for epinephrine-halothane ventricular dys-
rhythmias, the a; adrenoreceptors might be more in-
volved. Other experiments by this same group demon-
strated a good correlation between the dysrhythmogenic
dose of epinephrine and a-adrenergic, but not S-adren-
ergic responsiveness,??® as well as correlation between in-
creasing «j-adrenergic blockade (droperidol, doxazosin)
and epinephrine-dysrhythmia thresholds in halothane-
anesthetized dogs.?*® Maze et al. speculated that the an-
tidysrhythmic action of droperidol or doxazosin was on
the basis of blockade of myocardial «j-adrenergic recep-
tors.??® In a companion editorial to this report, Dresel??’
cautioned that while cardiac @, stimulation may be in-
volved with epinephrine-induced dysrhythmias with
halothane alone, this might not be the case in other models
for anesthetic-epinephrine dysrhythmias, especially those
in which thiopental was used for the induction of anes-
thesia.'#!-14

Hyashi et al. have examined the role of o- and B-ad-
renoreceptors with epinephrine dysrhythmias during
halothane or pentobarbital anesthesia in dogs.??® Isopro-
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terenol or phenylephrine (up to 4 and 200 pg/kg, re-
spectively) failed to induce dysrhythmias with either an-
esthetic. However, with halothane there was a synergistic,
dysrhythmic action between isoproterenol and phenyl-
ephrine. Furthermore, at a systolic pressure of 140
mmHg, the dysrhythmic dose of isoproterenol in the
presence of phenylephrine was significantly lower than in
the presence of angiotensin II (pressor effect not mediated
by a; receptors). At systolic pressures of 150 mmHg or
higher, there was no significant difference between the
dysrhythmic dose of isoproterenol in the presence of
phenylephrine or angiotensin 11. Finally, increased heart
rate per se did not affect the dysrhythmogenic interaction
between isoproterenol and phenylephrine. These results
suggest that the a; receptors may contribute to dysrhyth-
mias at low levels of systolic blood pressure (140 mmHg),
but not at higher levels.

In summary, work to date concerning the catechol-
amine-anesthetic interaction has been largely descriptive
and focused on autonomic involvement, with little atten-
tion paid to cellular electrophysiologic mechanisms. Given
our increased understanding of these mechanisms, as well
as improved technology to study their basis (voltage®*®
and patch clamp®*® methods), it should be possible to de-
termine cellular and subcellular mechanisms for ‘“‘sensi-
tization” with anesthetics.

Other drug interactions that may be the cause for dys-
rhythmias during anesthesia include those accompanied
by the release of histamine and other vasoactive sub-
stances, and involving calcium channel and S-adrenergic
blockers, or amiodarone. While digitalis may be a cause
for dysrhythmias, it has no special dysrhythmic associa-
tions with any of the contemporary volatile anesthetics;
in fact, anesthetics may oppose digitalis-induced dys-
rhythmias.®? Histamine is among the chemical mediators
released by mast-cell degranulation during anaphylaxis
and with anaphylactoid reactions. Also released are pros-
taglandin D and leukotrienes,?3! although their involve-
ment with dysrhythmias accompanying anaphylactic or
anaphylactoid reactions is unknown. Histamine can by
itself produce dysrhythmias.?**%** Possibly, this effect of
histamine involves stimulation of adenylate cyclase,?*®
which would enhance Ca®* entry into the cell, as well as
Ca?* uptake by the sarcoplasmic reticulum. Until recently,
there have been no studies of dysrhythmic interactions
between histamine and any of the anesthetics. Stowe et
al. compared the cardiac effects of histamine and epi-
nephrine during exposure to halothane isolated perfused
guinea pig hearts.?** Alone, histamine increased sinus rate
and atrial-septal conduction time (ASCT). Halothane
caused dose-dependent depression of sinus rate, pro-
longed ASCT and intraventricular conduction time
(IVCT), and produced AV block with junctional brady-
cardia. Halothane antagonized the effects of histamine on
sinus rate, but enhanced those of histamine on ASCT.
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Histamine with halothane greatly increased the incidence
of junctional tachycardia with AV dissociation (histamine:
0%; histamine plus halothane: 48%). Epinephrine, similar
to histamine, increased sinus rate. Unlike histamine, it
did not increase ASCT. Halothane antagonized the ino-
tropic and chronotropic effects of epinephrine, but in-
creased the incidence of ventricular tachycardia (6-28%)
and premature ventricular beats (0-40%) compared to
epinephrine alone. Finally, histamine with epinephrine,
halothane with epinephrine, and halothane with epineph-
rine and histamine were more dysrhythmogenic (about
equally so) than any drug alone. However, the types and
incidence of specific rhythm disturbances varied among
these various drug combinations. If these findings apply
to man, there appears to be some potential for ventricular
dysrhythmias when epinephrine is used to treat anaphy-
lactic/anaphylactoid reactions during halothane anes-
thesia.

Calcium channel blockers (CCB: verapamil, diltiazem,
nifedipine) do not directly antagonize the effects of Ca®*;
rather they inhibit the entry of Ca** into the cell or its
mobilization from intracellular stores.?®® The effect of a
CCB on AV nodal conduction or SA rate appears to be
dependent in part on whether the agent delays recovery
of activation of the slow (Ca®?") channel.?*#¢ Although
nifedipine reduces the Ca** slow inward current in a dose-
dependent manner, it does not affect the rate of recovery
of the Ca?* channel.?*’ Hence, channel blockade by ni-
fedipine and related dihydropyridines exhibits little de-
pendence on heart rate (use-dependence).”*****Y1 Con-

1 There are currently believed to be a number of different types
of voltage-dependent Ca®* channels.® The best characterized subtypes
are termed L (long lasting, large current), N (neurally located), and T
(transient, tiny current), based on different electrophysiologic behavior
and different drug sensitivity.**?*°-*2 Only the L-type channels are
inhibited by the CCB.?*® Tissue sensitivity to the CCB is quite variable,
and the effectiveness of the CCB is related to the dependency of the
tissue on the influx of Ca?* and binding affinity of the drug.?®® The
CCB are thought to bind with highest affinity to channels in the in-
activated state. The voltage-dependency of the CCB is well known,
and inhibition of the Ca** current is much greater when cells are de-
polarized. The binding constants for the CCB can increase when the
cells are depolarized and the Ca®* channel favors an inactivated state.
Because the resting membrane potential (hence, percentage of inac-
tivated channels) differs widely among cardiac fibers, the sensitivity to
drugs also varies. Use dependence, which also contributes to tissue
selectivity, means that inhibition of Ca** channels can vary with the
frequency of stimulation, due to incomplete recovery of the channels
from the inactivated state at fast stimulation rates (similar to Na chan-
nels). Tissues with low levels of membrane potential (e.g., SA and AV
node cells, depressed fast response fibers) that strongly rely on extra-
cellular Ca?* for normal function are most sensitive to the CCB. While
the aforementioned factors account for selective CCB action, other
factors (e.g., different kinetic and conductive properties of the L-type
channels in various tissues) may also be important.**® In addition, while
the CCB (diltiazem, nifedipine, verapamil) all bind to L-type channels,
their structural differences probably account for the fact that they
bind to different recognition sites on the @, subunit of the L-type Ca®*
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A-V TIME (ms)

FIG. 17. Interactive effects of verapamil and anesthetics
on atrioventricular (AV) conduction time. Numbers in-
dicated the % of animals with AV block. N = 12 for each
anesthetic group at both anesthetic levels. 1SO = isoflu-
rane; ENF = enflurane; HAL = halothane; MAC = min-
imum alveolar concentration; C = control; 0 = anesthetic

alone. (From reference 258, used with permission.)

A-V TIME (ms)

Anesthesiology
V 72, No 2, Feb 1990

1207
110 —a— ENF
| ---0-- HAL}{0.7 MAC
1001 ..... o 1SO
........... — CONTROL
90 1
80 1
70
60
1201 _—_a— ENF 67,
1---0-- HAL| 1.4 MAC ~
110 -.-.. ®-- |ISO % A-V Block
b [ fo CONTROL
100
9041 /1 ..
80
204 @ £¥ g
60 -
50 T T T T T
Cc 0 75 150 C
VERAPAMIL (ng/ml)

sequently, under clinical circumstances, nifedipine should
not affect AV node conduction or reduce SA rate. Indeed,
due to its blood pressure-lowering effect, there may be a
baroreflex-mediated decrease in AV node conduction
time and an increase in SA rate. Verapamil reduces the
magnitude of the Ca?* slow inward current, and also de-
creases the rate of recovery of the slow channel.?%#** [n
addition, channel blockade caused by verapamil (to a lesser
extent, diltiazem) is use dependent.%5 Heart block and

channels.?*® That all dihydropyridines bind at the same site and mod-
ulate the calcium channel function (either up- or down-regulation) has
been challenged (Kamp T]J, et al. Circ Res 64:338-351, 1989). Future
research concerned with anesthetics and mechanisms for dysrhythmias
might well focus on differential effects of anesthetics and CCB on the
various voltage-dependent Ca?* channel subtypes, as well as their bind-
ing subunits.

dysrhythmias (sinus bradycardia/arrest/block, escape
rhythms) with verapamil or diltiazem may occur with any
of the volatile inhalation anesthetics,*****" and when these
drugs are used with B-adrenergic blockers.*****® While
the volatile inhalation anesthetics alter verapamil phar-
macokinetics,?” and have additive effects with verapamil
on cardiac contractile function and conduction,***-#9 this
does not appear to be the case with fentanyl-pancuronium
and verapamil.?®” Finally, several in vivo***~*" and in
vitro*>® reports indicate that the combination of verapamil
with enflurane is more likely to cause heart block than
verapamil or diltiazem with halothane or isoflurane. The
interactive effects of verapamil with the anesthetics on
AV conduction time are shown in figure 17.2%®
B-Adrenergic blockers depress sinus rate and AV node
conduction, but these effects are highly dependent on ex-
isting sympathetic tone. While there is the potential for
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bradycardia or heart block with any of the anesthetics
(enflurane > halothane > isoflurane®®%%), the danger is
not excessive and continued treatment with S-adrenergic
blockers is recommended prior to anesthesia.**® In this
regard, halothane has been shown to have no effect on
the affinity of agonists or antagonists for myocardial -
adrenergic receptors.”®' Another study suggests that there
may be only partial or noncompetitive antagonism be-
tween (-adrenergic antagonists and any of the volatile
anesthetics at the SA node.?*?

Amiodarone, which prolongs AP duration and refrac-
toriness in all cardiac tissues, has significant potential for
adverse interactions with any of the anesthetics.?%*~2*® Side
effects of amiodarone are dose dependent and include
myocardial depression, peripheral vasodilation, atropine-
resistant bradycardia, prolonged duration of action (half-
life: 10-100 days), and sinus arrest.?**-2% Additionally,
amiodarone alters digoxin phm‘macokinetics,269 which
action may be responsible for sinus arrest and asystole
with amiodarone in patients receiving digoxin.26+2727!
As iv amiodarone*** may be an effective drug for dys-
rhythmias that fail to respond to conventional manage-
ment, interactions of anesthetic drugs with amiodarone
deserve further study.

Summary and Recommendations

Cardiac dysrhythmias are a potential, and sometimes
real, cause for morbidity or mortality in patients under-
going anesthesia and surgery. Their actual incidence,
causes, and associations, or how they might affect the out-
come of the surgery, are not known. To determine these
will require studies of large numbers of patients employ-
ing continuous (Holter) monitoring and epidemiologic
methods.

Regardless of the specific rhythm disturbance, a dys-
rhythmia is of concern if it produces circulatory com-
promise, is sustained tachycardia, or is likely to initiate
life-threatening ventricular dysrhythmias. Additionally, a
new dysrhythmia should be viewed as a sign of some phys-
iologic or pharmacologic derangement, and remedial ac-
tion taken. While the latter may obviate the need for, or
increase success with more specific measures, there is the
danger of producing more serious dysrhythmias with spe-
cific drug or electrical therapy.

Mechanistically, dysrhythmias are considered disorders
of impulse initiation, propagation, or both. Cellular
mechanisms involve altered normal, as well as abnormal,
mechanisms for impulse initiation and propagation. Ab-
normal mechanisms, which often involve loss of mem-
brane potential, include abnormal automaticity, delayed
afterdepolarizations with triggered activity, early after-
depolarizations with triggered automaticity, and re-entry

MECHANISMS FOR DYSRHYTHMIAS DURING ANESTHESIA 367

TABLE 3. Cellular Mechanisms for Dysrhythmias That Are Likely to
be Affected by Anesthetics or Adjunct Drugs

*** [nvestigational use only.

Inhalation Anesthetics

Normal and abnormal forms of automaticity (decrease rate of
discharge: E, H, I); oppose DAD-induced triggered activity (H,
possibly E or I); oppose SV re-entry (E, H, I); facilitate
ventricular re-entry in damaged fibers (H, possibly E or I).

Local Anesthetics

Normal automaticity (decrease rate of discharge: B, L); abnormal
automaticity (NE); triggered activity/automaticity with DAD/
EAD (unknown); SV re-entry (NE); oppose ventricular re-entry

(L).

Intravenous Induction Agents

Normal and abnormal automaticity (direct effects unknown); DAD-
induced triggered activity (possibly enhanced by T); re-entry
(unknown).

Intravenous Narcotics

Normal automaticity (most decrease by indirect effects); abnormal
automaticity, triggered activity /automaticity, and re-entry
(unknown).

Muscle Relaxants

Normal automaticity (S, P, G, possibly V); abnormal automaticity
(possibly P enhance); DAD-induced triggered activity (possibly P
enhance); re-entry (unknown).

Miscellaneous Intravenous Agents

Normal automaticity (K, possibly D); abnormal automaticity and
triggered activity/automaticity (unknown); SV re-entry and
ventricular re-entry in damaged fibers (possibly D).

E = enflurane; H = halothane; 1 = isoflurane; DAD = delayed af-
terdepolarization; SV = supraventricular; poss. = possible effect based
on similarity to drug with reported effects on same mechanism, or on
other electrophysiologic actions; B = bupivacaine; L = lidocaine; NE
= no effect; EAD = early afterdepolarization; T = thiopental; § = suc-
cinylcholine; G = gallamine; P = pancuronium; V = vecuronium; K
= ketamine; D = droperidol.

of excitation, Anesthetics, adjunct drugs, or interactions
involving anesthetics and other drugs may have pro- or
antidysrhythmic effects on any of these dysrhythmia
mechanisms. Cellular mechanisms that are likely to be
affected by anesthetics or adjunct drugs are summarized
in table 3. Currently, more data exist for the effects of
local anesthetics (bupivacaine, lidocaine) and halothane
on electrical properties of the heart. It will be necessary
to provide similar data for enflurane, isoflurane, N2O,
and many of the iv anesthetics or adjuncts. Moreover,
new methods, including voltage and patch clamping,
should be used to further our understanding of anesthetic
effects on electrophysiologic mechanisms. Finally, among
the factors likely to influence dysrhythmias during anes-
thesia are the effects of altered physiologic states and au-
tonomic imbalance. A major focus of future investigation
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will be study of the involvement of these with anesthetic-
related dysrhythmias.
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