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I.  INTRODUCTION

The calcium-antagonists are an interesting and important new class of drugs
with a variety of potent cardiovascular effects. These agents may provide a new
and unique mode of therapy of ischemic heart disease. They may provide some
insight into the pathophysiologic role of the calcium ion and coronary vasospasm
in ischemic heart disease.

Physicians have become increasingly aware that coronary artery bypass sur-
gery is, essentially, a palliative procedure. Five years after surgery only
about 40% of patients remain asymptomatic (Tecklenberg et al, 1975). Such de-
terioration is seen even in patients with "complete revascularization" docu-
mented angiographically at 1 year who were followed for 6 years thereafter
(Robert et al, 1978). MWorsening, or recurrence, of angina in these patients is
usually a result of progression of atherosclerotic disease in the native circu-
lation; this occurs in approximately 88% of such patients. In 1976, between
70,000 and 100,000 patients underwent coronary artery bypass surgery at an
average cost of $11,000 per patient (Stoney et al, 1978). Given the costs
involved in performing large numbers of bypass operations, new and effective
means oflmedical treatment of coronary artery disease are becoming increasingly
essential.

Two calcium antagonists have been used extensively abroad over the past 10
years and will probably be released for general clinical use here in the next 6
months to 1 year. Verapamil was first introduced 18 years ago as a smooth mus-
cle relaxant with potent peripheral as well as coronary vasodilating effects.
Subsequently it has found use as an antiarrhythmic agent as well.
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Figure 1. Stuuctural forumula of verapamil.

Nifedipine is a 1,4 dihydropyridine compound which is claimed to be the
most potent coronary vasodilator ever synthesized (Taira et al; 1975). This
drug is devoid of antiarrthymic qualities.
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Figure 2. Chemical stwcture of nifedipine.



II. CARDIAC PHYSIOLOGY AND PATHOPHYSIOLOGY OF CALCIUM
A. Role of Calcium in Excitation-Contraction Coupling

In order to understand how the calcium antagonists produce their physi-
ologic effects it is first necessary to review the role of calcium in mediating
(1) excitation contraction coupling; (2) membrane depolarization; (3) ischemic
cellular injury.

The calcium ion has two major roles in excitation-contraction coupling. It
acts as a trigger substance to initiate contraction and as a regulating substance
in the modulation of cardiac contractility. Calcium enters the cell during phase
2, or the plateau phase of the action potential (Reuter, 1974). Although calcium
flux predominates during phase 2, sodium ion flux also contributes. The action
potential spreads from the cell membrane down an extensive tubular system which
is formed of invaginations of the cell membrane and is known as the transverse
(t) tubular system. Importantly, the t-system is much larger in diameter in
mammalian cardiac muscle than in skeletal muscle. This difference reflects the
importance of extracellular calcium flux in cardiac muscle, as opposed to
skeletal muscle. In addition to the sarcolemma and membranes of the t-tubular
system other membrane systems divide the cell interior into various compartments.
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Figure 3. ULtrastructure of a working cardiac cell. The sarcomere is-the func-
Lional unit of the contractile apparatus and Lies between two Z-Lines. The sar-
coplasmic reticulum, a membrane network that swwiounds the contractile proteins,
48 the principal intracellular hepositorny fon calelium. The transverse t-tubularn
system L8 Lined by a membrane that extends grom the sarcolemma and carnies the
extracellulan space into the myocardial cell.

The sarcoplasmic reticulum (SR) plays an important role in the regulation
of intracellular calcium homeostasis. The smooth sarcoplasmic reticulum forms a
series of intracellular tubules known as the sarcotubular network and surrounds
the myofibrils. The sarcoplasmic reticulum also forms specialized structures
when it comes into contact with the sarcolemma and t-tubules; the SR flattens
and forms subsarcolemmal cisternae. The points where the SR and t-tubes are in
close contact are known as triadic junctions. It is currently felt that the t-
tubular system is able to depolarize the sarcoplasmic reticulum resulting in the



release of free calcium ions which then mediate the intiation of muscular con-
traction. Calcium ions are primarily released from the terminal cisternae of
the SR. Alternatively, some authors feel that the small amount of calcium which
crosses the sarcolemma is able to trigger a massive calcium release from the
sarcoplasmic reticulum (Katz, 1977).

Following release from the SR, calcium ions are bound to the protein,
calmodulin. Calmodulin is known to bind to and activate various enzymes in the
presence of calcium (Adelstein and Hathaway, 1979). In the myocardium the
calcium-calmodulin complex results in the phosphorylation of myosin.

There are 4 principal proteins that form the basis for myocardial contrac-
tion:
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Figure 4. Myosin 48 an elongated protain with a tail (Left) and a head (right).
The globular heads of the protein are able to hydrolyze ATP and 2o bind actin.

(1) myosin forms the thick filament. Myosin is an elongated protein con-
sisting of a tail and a head. The tail consists of 2-helical chains wound
around each other. The globular head of the molecule contains 4 light subunits.
The head of the myosin molecule is able to bind actin and also to hydrolyze ATP.
Thick filaments are formed by myosin molecules organized tail to tail forming a
rigid backbone from which the myosin heads project to form cross-bridges.

Figure 5. Myosin molecules are arvrtanged in a "tail to tail" congiguration Zo
fornm thick §itaments. The myosin heads profect at night angles to the backbone
0§ the thick §ilament.

(2) actin is a polymer, forms the thin filaments, and exists in the myo-
cardium in the form of a double-stranded helix.




G-actin monomers

Figure 6. Actin exists as a polymer with the basic structure of a double-
stnanded helix.

(3) tropomyosin plays an important role in modulating the interactions
between actin and myosin. Tropomyosin, in conjunction with troponin, serves as
the calcium receptor mechanism of the contractile process. Tropomyosin lies in
each of the 2 grooves that run lTongitudinally between the 2 strands of actin.

.
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Figure 7. Thropomyosin Lies in the gnooxe between actin polymerns. Troponin com-
plexes are bound Zo tropomyosin at 400-A (Angstrom) intervals along the thin
§Lament.,

(4) troponin is actually composed of 3 discrete proteins. Troponin I
regulates interactions between actin and myosin principally in an inhibitory
manner, Troponin T binds the troponin complex to tropomyosin and troponin C
contains 2 high and 2 low affinity binding sites for the calcium ion. There is
an interaction between calcium binding sites in troponin C such that when one
binding site is occupied the affinity of the remaining sites is enhanced; this
results in an amplification phenomena.

troponin T

troponin C

tropomyosin

troponin |

Figure 8. Cross-section of the troponin complex. The dashed Line between
Lroponin 1 and actin rephesents a bond postulated to vary in strength depending
on the binding of caleium to troponin C.



The troponin complex is found along the thin filament at approximately 400
Angstrom unit intervals. The strength of binding between troponin I and actin
depends on whether troponin C contains bound calcium. Thus, the variable af-
finity of troponin I for actin represents an essential element in the mechanism
by which calcium triggers the contractile process.

In the absence of free calcium ion tropomyosin is oriented in such a way as
to inhibit interactions between actin and myosin. When calcium ion becomes bound
to troponin C the filamentous tropomyosin molecule shifts in position allowing

cross-bridge formation to occur (Katz, 1977; Gergely, 1976), see Figures 9 and 10.
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Figure 9. Cross-section of a resting sarcomere. The tropomyosin molecule (TM)
Lles An such a way as to prevent actin (A)-myosin (M) interaction and cross-
bridge formation.

Different types of muscle differ in the manner in which calcium activates
the contractile machinery. This point is important in understanding why the
calcium antagonists have different effects on smooth, cardiac and skeletal
muscle. Intracellular calcium binding structures are especially important in
skeletal muscle, see Figure 11. The sarcoplasmic reticulum is well developed
and is considered to be the store from which calcium is released and taken up
again. Extracellular calcium and the transmembrane flow of calcium are not
thought to be primarily involved in the activation of skeletal muscle. An
additional difference from cardiac muscle is reflected by the fact that at the
time of membrane depolarization enough calcium is released from the sarcoplasmic
reticulum to saturate the contractile system of the muscle -- thus, in skeletal
muscle, an all-or-none response occurs. Because activation and relaxation of
skeletal muscle is mediated solely by intracellular calcium, with 1ittle or no
dependence on extracellular calcium, the calcium antagonists have no effect on
skeletal muscle excitation or contraction. Thus, Andersson (1978) noted that
verapamil did not affect the twitch tension deve]oped by isolated skeletal
muscle fibers.
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Figure 10. As troponin C binds caleium a conformation change occwrs allowing
Tropomyosin (Tm) to shift toward the center of the groove between actin sinands
(A) allowing actin-myosin interaction and cross-bridge formation Zo oceuwr.
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Figure 11. Caleium flux across the sarcolemma and t-tubular system occurs
principally during the plateau phasde of the actin potential. This caleium
influx triggens further caleium release from the sarcoplasmic reticulum (SR) on
48 taken up and stored in the SR.



In marked contrast to skeletal muscle both cardiac muscle and especially
smooth muscle are highly dependent on extracellular calcium concentration and on
the extent of transmembrane calcium flux.- This dependence is reflected by mor-
phologic differences. We have noted that the diameter of the t-tubular system
in cardiac muscle is 5 times that of skeletal muscle. Thus, in both cardiac and
smooth muscle the calcium antagonists produce a negative inotropic effect or
relaxation by limiting trans-sarcolemmal calcium flux. Different types of
smooth muscle differ somewhat in their sensitivity to the calcium antagonists
(Massingham, 1973).

B. Role of Calcium in the Cardiac Action Potential

In cardiac muscle and Purkinje fibers phase 0 depolarization is mediated by
a sudden increase in sodium permeability, the subsequent phase 1 of repolariza-
tion is probably carried by the chloride ion. The most distinctive portion of
cardiac electrical depolarization is the plateau phase. This phase of the ac-
tion potential is produced by a slow inward current of calcium ions. The slow
inward current is reduced by the calcium antagonists, as well as by a reduction
in extracellular calcium concentration. - Repolarization, or phase 3, occurs when
membrane permeability to potassium increases resulting in a repolarizing current
(Rosen et al, 1974), see Figure 12.

It is important to note that in the sinocatrial, and more prominently in the
atrioventricular nodes, the slow calcium channels play a much more important
role than in myocardial cells or Purkinje fibers in the production of phase 0
depolarization (Zipes and Fischer, 1974). This explains the ability of some
calcium antagonists, such as verapamil, to produce high-degree A-V block (Zipes
and Troup, 1978), see Figure 13. Furthermore, in the presence of ischemia or
hypoxia rapid phase O depolarization, mediated by sodium ion flux in ventricular
and Purkinje fibers, is inhibited. Excitation in this situation leads to a
propagated action potential dependent on slow-channel calcium current -- such an
action potential is known as a "slow response" (Cranefield et al, 1972). Action
potentials of this variety have a low propagation velocity and thus contribute
to unidirectional block and to re-entry phenomena; both phenomena are important
in the genesis of ventricular arrhythmias. Substances such as catecholamines
(Reuter, 1967) and methylxanthlnes (Schneider and Sperelakis, 1975) increase
slow channel calcium influx and thereby increase the frequency of slow response
action potentials. Slow response action potentials can be inhibited by the
calcium antagonists verapamil and D-600 (Cranefield et al, 1974; Kass and Tsien,
1975). This phenomena probably accounts at least in part, for the ability of
verapamil to reduce the fregquency of ventricular arrhythmias.

Although nifedipine, 1ike verapamil, blocks slow-channel calcium influx
(Fleckenstein et al, 1975; Fleckenstein, 1975,1976) it does not affect atrio-
ventricular conduction to the same extent (Taira et al, 1975; Rowland et al,
1979; Podeletti et al, 1979; Amlie and Landmark, 1977). The reason for this
differential effect is not known. Taira et al (1975) have shown that the dif-
ferential effect on the AV node is not a result of reflex sympathetic stimula-
tion. The slow calcium channels of the A-V node may have different character-
istics from those of the ventricular myocardium or Purkinje fibers. Although
verapamil prolonged A-V node induction time and increases the duration of the
effective and functional A-V nodal refractory periods, it does not change intra-
atrial conduction times or QRS, H-V and Q-T intervals (Mangiardi et al, 1978).
The A-V node is more sensitive to the depressant effects of calcium antagonists
than the SA node -- effects are dose related, see Figure 14.
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Figure 12. Changes in {onic conductances during the action potential in a Pur-
(nje fdber. Note the typical action potential (top) and, reading grom top to
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Figure 14. The A-V conduction system in relationship to an intracardiac elec-
trical neconding. Verapamil produces a profongation of the A-H interval with
Little effect on the P-A orn H-V interval.
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Alternatively, the prominent A-V nodal depressant effects of verapamil, in
contrast to nifedipine, may also be understood by realizing that verapamil exists
as a racemic mixture of d- and 1-isomers. The 1-form possesses calcium-blocking
effects while the d-form also blocks fast sodium channels. Thus, the proximal A-V
node blocking effects of verapamil may be a result of a combined sodium and cal-
cium channel blockade (Wit and Cranefield, 1974). The lack of A-V nodal blocking
properties renders nifedipine ineffective in the treatment of supraventricular
arrhythmias. Recently, Hariman and co-workers (1979) have found in open chest
dogs that an increase in serum calcium ion concentration by 1-2 meq/L reverses the
negative inotropic effects of verapamil but had no effect on A-V conduction or
sinus rate. Interestingly, calcium administration resulted in a further decrease
in peripheral vascular resistance. This suggests that the verapamil-calcium
interaction may differ-in smooth muscle compared to cardiac muscle. A sodium
chloride infusion was able to significantly reduce A-V block but only after pre-
treatment with calcium. These differential effects have also been noted by
Shigenobu et al (1974).

C. Role of Calcium in the Mediation of Ischemic Cellular Necrosis

In ischemic cardiac damage, as well as human muscular dystrophies, there
is good evidence for a generalized plasma membrane defect (Wrogemenn and Pena,
19763 Burton, 1977). Such defects apparently allow for an increased net influx
of calcium ions into the cell. Calcium influx is favored by the large concen-
tration gradient across the sarcolemma -- extracellular calcium concentration is
10,000 times that of intracellular levels. Mitochondria respond to an increase
in intracellular calcium by taking up and sequesting excessive amounts of this
ion. Up to 50-fold increases in myocardial calcium content have been found in
ischemic regions subjected to coronary reflow (Jennings, 1976). Massive uptake
of calcium ions by mitochondria is an energy consuming process and occurs even
in preference to ATP formation (Lehninger, 1974). Thus, as mitochondria become
massively loaded with calcium, oxidative phosphorylation becomes progressively
impaired, eventually irreversibly. A vicious cycle is thus initiated where
mitochondria produce less ATP to supply energy to pump calcium out of the cell
resulting in more intracellular calcium accumulation which in turn is taken up
by mitochondria with further declines in ATP production. Eventually mitochon-
dria are no longer able to sequester calcium, intracellular cytosolic calcium
begins to rise and rigor occurs (Wrogemenn and Pena, 1976; Hearse et al, 1977).
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Figure 15. Hypcthetical sequence of events Leading to cell necrodis through a
vicwous cyele 0§ mitochonduial caleium overload.



Calcium antagonists such as verapamil and D-600 have been found to retard
such contracture or rigor formation (Hearse et al, 1977; Henry et al, 1977) and
to retard mitochondrial calcium accumulation (Fleckenstein et al, 1975; Henry et
al, 1977). For reasons enumerated above, this limitation in mitochondrial
calcium accumulation may result in a decrease in myocardial necrosis (Henry et
al, 1977; Henry et al, 1978; Fleckenstein et al, 1975). In an ischemic reflow
model functional or mechanical abnormalities have been noted to be closely cor-
related with mitochondrial calcium accumulation and potentially reversible with
nifedipine administration (Henry et al, 1977). Other non-organic calcium an-
tagonists such as potassium or magnesium have also found to be effective (Rosen-
berger and Triggle, 1978). Thus the calcium ion plays an important role not
only in activating muscular contraction (Gergely, 1976), but also in modulating
glycolytic flux (Mayer, 1974), in regulating oxidative phosphorylation in mito-
chondria (Lehninger, 1974) as well as modulating adrenergic effects on the myo-
cardium (Reuter, 1974).

ITI. HEMODYNAMIC EFFECTS OF THE CALCIUM ANTAGONISTS

The hemodynamic effects of the calcium antagonists are largely predictable
on the basis of their known pharmacological effects.

(1) Peripheral arteriolar vasodilatation occurs as a result of smooth
muscle relaxation. Relaxation occurs because calcium is known to play an impor-
tant role in the maintenance of peripheral vascular tone (Bevan et al, 1976).

(2) A negative cardiac inotropic effect occurs as trans-sarcolemmal cal-
cium flux is decreased.

(3) Atrioventricular (A-V), and to a Tesser degree, sinoatrial (SA) de-
pression occur.

The hemodynamic effects of verapamil have been investigated in 8 normal
middle-aged men by Atterhdg and Ekelund (1975). Verapamil was administered as
an initial dose of 0.1 mg/kg over 2 minutes followed by a constant infusion at a
rate of 0.007 mg/kg/min ?average total dose = 21.4 mg). These investigators
noted an increase in heart rate by 9 beats/min with a decrease in systolic and
diastolic aortic pressure by 10 and 4 mmHg respectively. The mean pulmonary
capillary wedge pressure increased by 1.9 mmHg. During a mild level of exercise
systolic pressure was reduced by 7 mmHg while left ventricular and stroke volumes
were unchanged. Systemic vascular resistance declined by about 10% but maximum
peak dp/dt (i.e., the maximal rate of rise of left ventricular pressure) did not
change.

The hemodynamic effects of verapamil in patients with coronary artery
disease has also been recently evaluated (Ferlinz et al, 1979). In this study
verapamil was administered during cardiac catheterization as an initial loading
dose of 0.1 mg/kg over 2 minutes followed by a maintenance infusion of 0.005
mg/kg/min (mean dose = 17.2+2.8 mg). Verapamil produced a substantial drop in
mean aortic pressure (from 94:17 to 82+13 mmHg) and systemic vascular resistance
(from 1413+429 to 1069+235 dyne-sec-cm=%). Cardiac index increased from 2.8:0.6
to 3.1£0.7 L/min/m® as did mean velocity of circumferential fiber shortening and
ejection fraction (which increased from 5516 to 61+18%). Heart rate did not
change significantly, nor did ischemic wall motion abnormalities as qualitatively
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assessed by ventriculography. It is of interest that at the lower dosage Tevels
verapamil did not induce a reflex tachycardia despite a significant drop in
aortic pressure. The absence of a reflex tachycardia is probably a result of
the depressant, or negative chronotropic, effects of verapamil on the SA and AV
nodes (Mangiardi et al, 1978; Roy et al, 1974). In isolated heart preparations
verapamil produces a bradycardia (Naylor et al, 1968). Thus, in vivo a cancel-
lation of effects occurs in which increased sympathetic outflow resulting from
baroreceptor activation is counter-balanced by a direct depressant effect on the
cardiac conduction system, see Figures 16 and 17.

2600~
" °

ot

L]

2200

o

o

1800

T
ocoo

3
3
I T
—a—
0000  0I0CO OOCOW
- oocoooaooooa:‘o o0 °
00 000 O CXDVO O
]

SYSTEMIC VASCULAR RESISTANCE
dynes -sec ~em™3
(-2}

1000

600

! J
CONTROL VERAPAMIL VERAPAMIL
5 min 10 min

Figure 16. Effect of verapamil administration on sysiemic vascular resdsiance
in 20 patients given 10 mg of verapamil intravenously.

201

NO.OF ASYNERGIC SEGMENTS
IS

5

0 NL ABNL
BEFORE BEFORE
VERAP VERAR

IMPROVED UNCHANGED  WORSE

Figure 17. Changes in Zeft ventricular contractility after administration of
verapamil in patients with coronary artery disease, determined by contrast ven-
Dlculography.
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The apparent improvement observed in left ventricular function with verap-
amil administration at first seems somewhat surprising in view of its known neg-
ative inotropic effects in isolated systems (Magnussen and Kudsk, 1974; Naylor
and Szeto, 1972). The explanation for this seeming disparity 1ies in the
realization that ejection fraction, velocity of circumferential fiber shortening,
and dp/dt are "afterload dependent". This means that these measures of cardiac
function may show an apparent improvement as aortic pressure or "afterload" is
Towered ;n the absence of any real changes in cardiac contractility (Mahler et
al, 1975).

The negative inotropic effects of verapamil in humans with coronary artery
disease or rheumatic heart disease is reflected in the rise in the left ventric-
ular end diastolic pressure (LVEDP) at the same time that aortic pressure and
systemic vascular resistance are falling (Ferlinz et al, 1979; Singh and Roche,
1977). This stands in contrast to other "unloading" agents such as nitroprus-
side, phentolamine, or nitroglycerin all of which produce an increase in stroke
volume in conjunction with a decrease in systemic vascular resistance and LVEDP.
Ferlinz et al (1979) noted that left ventricular end-diastolic volume was un-
changed after verapamil administration despite an increase in LVEDP; the authors
suggest that verapamil may decrease left ventricular compliance. Inadequate
data is available at this time to substantiate these authors' impressions.

y It is therefore apparent that the intrinsic negative inotropic effects of
verapamil are counterbalanced by the drugs arterial vasodilating or "unloading"
effect as well as by a reflex sympathetic discharge.

These results in humans with coronary artery disease are reassuring in view
of previously published experimental work in dogs purporting to show that ver-
apamil selectively depressed contractile function in ischemic myocardium (Smith
et al, 1976).

TABLE 1.
Parameter Verapamil Nifedipine
0.1 mg/kg bolus, 5-7 ug/kg bolus

0.005 mg/kg/min inf. :

HR NC NC or +

LVEDP 4 NC

SYST AP ¥ ¥

DIAST AP ¥ ¥

SVR v ¥

PVR NC NC

SVI + or NC +

EF + 4

LV dp/dt ¥ NC or ¢

Seg LV Fx NC NC

Verapamil decreases coronary arterial tones as well as peripheral vasomotor
tone (Ekelund, 1978). This effect results in an augmentation of coronary flow.
After coronary occlusion in dogs verapamil increased flow to normal myocardium
but not ischemic myocardium in both awake (Karlsberg et al, 1977) and anesthe-
tized animals (Smith et al, 1975). Although they did not measure regional flow
Reimer et al (1977) did document a reduction in myocardial necrosis when verapamil



was administered prior to coronary occlusion and reflow. Naylor et al (1976)
have noted in vitro that verapamil provides a protective effect against some
consequences of hypoxia: 1loss of myocellular potassium, rate of creatine kinase
release, depletion of ATP, mitochondrial swelling and membrane disruption.

Although Karlsberg et al (1977) failed to find a protective effect with
verapamil. However, in their study the drug was not administered until 7 hours
after coronary occlusion. A more recent study (dalLuz et al, 1980) found a
significant increase in retrograde flow and decrease in regional coronary resis-
tance in ischemic zones. This apparent increase in collateral blood flow occurred
with a reduction in heart rate and the heart rate-blood pressure product. Smith
et al (1975) found that verapamil reduced myocardial infarct size following
experimental coronary occlusion in dogs. Thus, verapamil in some studies appears
to improve regional coronary flow to ischemic myocardium while at the same time
reducing myocardial oxygen demand. It has been shown in an experimental setting
to be effective in limiting myocardial necrosis and hypoxic myocardial cellular
injury.

Nifedipine has also been shown in experimental animals to limit the devel-
opment of ischemic contracture and abnormal mitochondrial calcium uptake in
isolated rabbit hearts (Henry et al, 1977). Nifedipine exerts a protective
effect on globally ischemic canine hearts during cardiopulmonary bypass (Clark
et al, 1979). Nifedipine has been shown in awake dogs to improve collateral
flow development to ischemic myocardium and to 1imit ischemic injury (Henry et
al, 1978). Segmental function is improved in open chested dogs after coronary
occlusion when nifedipine is given (Henry et al, 1979).

The antianginal efficacy of the calcium antagonists can be understood in
1ight of their hemodynamic effects. Nifedipine has some hemodynamic effects
which are dissimilar to those of verapamil. For example, when nifedipine was
given as a 20 mg sublingual dose to 20 patients with coronary artery disease,

a reflex tachycardia occurred (with a 17% increase in heart rate) with a 12%
increase in dp/dt. While systolic and diastolic pressures decreased by 28% and
23% respectively, left ventricular end diastolic fell by 14% (d'Oliveira et al,
1976). In other studies (Lydtin et al, 1975) the reflex tachycardia was short-
lived, whereas déecreases in peripheral vascular resistance and cardiac output
were more prolonged (at Teast 3 hours). Nifedipine does not appear to reduce
left ventricular end diastolic pressure or volume ("preload") to the same extent
as nitroglycerin (Lichtlen, 1975). The tachycardia seen with nifedipine is a
result of autonomic mechanisms -- but 80% of the decrease in coronary vascular
resistance is a result of a direct effect of the drugs and only 20% is attribu-
table to autonomic mechanisms (White et al, 1974). Nifedipine has actually been
used in the acute treatment of pulmonary edema in patients with hypertensive
cardiovascular disease, valvular heart disease and cardiomyopathy (Polese et al,
1979). After a 10 mg sublingual dose nifedipine significantly reduced left
ventricular end diastolic presure and echocardiographically determined end
diastolic volume and end systolic volume. Symptomatic improvement occurred in
all patients; the predominant hemodynamic effect was a reduction in systemic
vascular resistance. The effectiveness of nifedipine in this situation attests
to its lack of significant in vivo negative inotropic effects as well as to its
profound peripheral vasodilatory effect.

In the treatment of exertional angina pectoris the hemodynamic effects of
the calcium antagonists during exercise may be more relevant than resting changes.



Thus Kurita and colleagues (1976) studied the hemodynamic effects of nifedipine
and propranolol during exercise in 17 patients with angina pectoris. Previous
studies have demonstrated a striking hemodynamic response to exercise in pa-
tients with ischemic heart disease -- a marked rise in left ventricular end-
diastolic pressure. In contrast, those patients who received nifedipine (5-7
ug/kg) experienced a decrease in the magnitude of rise in LVEDP during exercise.
Propranolol did not alter the rise in LVEDP, but rather acted to decrease the
heart rate-blood pressure product and dP/dt (or LV contractility).

TABLE 2. Effect of nifedipine and propranolol on hemodynamic response to
exercise

Effect of exercise Nifedipine Propranolol
n =17 n=29 n=28

HR
BAm
LVEDP
dp/dt
TTI
CI
LVSWI

B
L2 2 2 iR 7

¥ et e

->

BAm=Brachial artery mean pressure; LVEDP=Left ventricular
end-diastolic pressure; dp/dt=1st derivative of LV pressure;
TTI=tension-time index; CI=cardiac index; LVSWI=LV stroke
work index
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Nifedipine has also found use as a cardioplegic and protective agent during
cardiopulmonary bypass (Magee et al, 1979; Clark et al, 1979). However, avail-
able data suggests nifedipine may not be superior to potassium cardioplegia in
this situation (Magee et al, 1979).

Thus, we can summarize the significant hemodynamic effects of calcium an-
tagonists in the setting of acute myocardial ischemia as follows:

(1) An increase in collateral blood flow to ischemic zones;

(2) A reduction in myocardial oxygen demand in experimental animals pri-
marily mediated by a combination of "afterload reduction" and, with verapamil,
a mild negative inotropic effect;

(3) A protective effect on ischemic myocardium measured by creatine kinase
depletion, by the extent of histologic necrosis, or by mitochondrial calcium ac-
cumulation;

(4) In some instances, apparent improvement in ischemic segmental function



IV. CLINICAL USE OF THE CALCIUM ANTAGONISTS
A. Clinical Studies -- Stable Angina Pectoris

There are several published clinical studies, adequately designed and con-
trolled, which demonstrate the efficacy of verapamil in the treatment of stable
classic angina pectoris (angina of effort). Sandler (1970), for example,
examined the use of a two-step exercise test to assess the efficacy of low (40
mg tid) and high (120 mg tid) doses of verapamil compared in a double-blind
manner to propranolol (100 mg tid) and placebo. After placebo for 1 month each
drug was given in a double-blind fashion for a month. The low dose of verapa-
mil, although reducing the number of anginal attacks and quantity of nitroglyc-
erin consumed, was not statistically superior to placebo. Neither did exercise
parameters improve with the Tow dose. At the higher dose however, verapamil
significantly improved exercise duration and reduced the extent of ST segment
depression. Verapamil was comparable to propranolol in efficacy.

Livesley et al (1973) used a double blind cross-over design to evaluate
verapamil in a Tow (80 mg tid) and a high (120 mg tid) dose; comparisons were
made to propranolol 100 mg tid and isosorbide dinitrate 20 mg tid. Active drugs
were administered for 4 weeks. The antianginal efficacy of propranolol and
verapamil (120 mg tid) did not differ but both were superior to placebo. Iso-
sorbide dinitrate therapy was not superior to placebo. Both propranolol and the
higher dose of verapamil reduced resting heart rate, blunted exercised induced
tachycardia, decreased diastolic blood pressure, prolonged exercise duration and
increased maximum workload. The lower dose of verapamil (80 mg tid) did reduce
consumption of nitroglycerin and diastolic pressure at rest.

Another double-blind randomized placebo-controlled study (Andreasen et al,
1975) examined the effect of verapamil in a dose of 80 mg tid on nitroglycerin
consumption, number of anginal attacks and exercise capacity. Verapamil sig-
nificantly reduced the number of anginal attacks as well as the quantity of
nitroglycerin consumed after two weeks. Additionally, a significant prolonga-
tion in the exercise time was achieved. Rossi and co-workers (1979) have noted
an enhancement by verapamil of the beneficial effects of exercise rehabilitation
after myocardial infarction in 40 patients in a double-blind randomized study.

Recent studies (using a single-blind placebo controlled design) demonstrate
that nifedipine, too, is an effective agent in the therapy of classic effort
angina (Moskowitz et al, 1979), see Figures 18 and 19. In this study nifedipine
therapy was administered orally (10 or 20 mg three times daily); this dosage was
able to decrease anginal episodes by 37 and 44% respectively in conjunction with
a decrease in nitroglycerin consumption of 47% and 53%, respectively. Objective
improvement in exercise tolerance was demonstrable by an increase in treadmill
exercise time by 28% and 42% with the low and high dose of nifedipine respec-
tively. The maximal achieved heart rate and blood pressure product did not
differ between treatment and placebo therapy. Since the heart rate blood pres-
sure product is a measure of myocardial oxygen demand, the lack of an increase
with nifedipine therapy suggests that the mechanism for improvement in exercise
tolerance is not a result of a primary increase in coronary blood flow or myo-
cardial oxygen consumption. Rather, the beneficial effects of nifedipine may be
a result principally of its peripheral vasodilatory properties, a mode of action
similar to that of nitrates (Lichtlen, 1975). Since nifedipine administration
produces little change in contractility, reduction in myocardial oxygen consump-
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tion at a given work Toad as a result of a negative inotropic effect is also
unlikely (Lichtlen, 1975). Unlike the nitrates, however, nifedipine does not
appea)n' to produce peripheral venous pooling to the same degree (Mostbeck et al,
1976).
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Figure 18. Effect of nifedipine therapy (10 mg and 20 mg orally every § his)
compared with that of placebo on frequency of anginal attacks and nitroglycerin
used per week in 10 patients with stable angina.
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Figure 19. Effect of nifedipine therapy (10 mg and 20 mg orally every & hrs) on
peak Dreadmill exercise time, maximal S-T segment shift and product of heart nate
and dystolic blood pressure (HR X SBP) at peak exercide in 10 patients with stable
ang4na.



Thus, it appears that, although nifedipine is capable of producing a pri-
mary increase in coronary blood flow by means of coronary arteriolar relaxation,
such increases do not account for a primary role in nifedipine's antianginal
efficacy, at Teast in classic stable effort angina. This conclusion is suppor-
ted by the recent data of Kaltenbach et al (1979). These investigators injected
100 ug of nifedipine directly into the coronary arteries of 10 patients. They
found that intracoronary nifedipine significantly increased coronary flow in
the absence of peripheral hemodynamic changes. Increased coronary flow was mani-
fested by an increase in coronary sinus oxygen saturation; but coronary flow
quickly returned to control levels within 5 minutes.

Coronary sinus
0 -3t

om0 0,1 mg Nifedipine in LCA
s==es 1.0mg Nifedipine i.v.

gl seeea 0.1 mg Niledipine i.v,
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Figure 20. Oxygen saturation (sat.) in the coronary sinus during three differ-
ent interventions: 1.0 mg nifedipine infused intravenously (L.v.) and 0.1 mg
infused into the Legt coronary artery (LCA) resulted in a significant increase
in oxygen saturation, whereasd 0.1 mg administered .intravenouslfy had no effect.
The increased coronary blood §Low was bried, returning to control by 5 minutes.

Despite the rapid return of coronary flow to baseline levels, exercise tolerance
was measurably improved for at last 1 hour after intracoronary nifedipine. De-
creases in peripheral vascular resistance were prolonged. This study suffers
from lack of adequate controls and a rather crude means of measuring coronary
flow. Thus, even though absolute levels of coronary flow returned to normal one
might postulate that nifedipine produced a beneficial redistribution of flow
from normal to ischemic myocardium. The data of Lichtlen et al (1976) however,
failed to reveal any beneficial redistribution, when coronary flow was assessed
with Xenon clearance techniques in humans.

The issue of redistribution is of some importance, best illustrated by the
effects of nitroglycerin. Total coronary blood flow has been found to increase
only for 1 or 2 minutes after the administration of nitroglycerin. Drugs less
efficacious clinically than nitroglycerin actually increase total coronary flow
to a greater degree and for a longer period of time. An example would be dipy-
ridamole (Persantin), a drug which causes marked and sustained increases in
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coronary flow, but which has proven to be no more efficacious than placebo in
the treatment of angina pectoris (Newhouse and McGregor, 1965; Sbar and Schlant,
1967). The answer to this seeming paradox probably rests upon the potent pre-
Toad, or venodilating effects of nitroglycerin (Chiong et al, 1972) and upon its
ability to redistribute coronary flow to the endocardium in both normal and
acutely ischemic myocardium without increasing total coronary flow (Horwitz et
al, 1971; Winbury et al, 1971). There is 1ittle information regarding the
effects of verapamil and nifedipine in affecting a redistribution of coronary
flow; our own results, as yet preliminary, suggest that the endocardial/epicar-
dial myocardial flow ratio is not altered by a continuous infusion of nifedipine.
In experimental animals continuous infusions of nifedipine do, however, appear
to result in a sustained increase in coronary flow (Henry et al, 1978).

Even in classic effort angina, vasospastic phenomena may play an important
role (Shang and Pepine, 1977; Mudge et al, 1979). VYasue et al (1979), for
example, have recently reported a series of 4 patients with exertional angina
induced by arm exercise. Coronary arteriograms taken before, during and after
the attack demonstrated the spasm appeared in the epicardial portion of the
coronary artery supplying the ischemic segment of myocardium. The chest pain
did not respond to propranolol but was abolished by the calcium antagonist
diltiazem and nifedipine. Thus, coronary spasm can be induced by exercise and
may play a role in the production of exertional angina, both in patients with
normal coronary arteries, and in those with severe organic coronary stenosis.
Although total coronary flow increases are very transient, the coronary vaso-
dilatory effect of the calcium antagonists on the epicardial coronary arteries
may be important therapeutic action in stable effort angina.

Nifedipine has been used clinically abroad for the last 10 years. The
results of six controlled double-blind studies in 199 patients comparing ni-
fedipine against placebo or a long acting nitrate, pentaerythrityl tetranitrate
are summarized in Table 3. Nifedipine produced a significant reduction in the
frequency of anginal attacks, compared to placebo, in each study. The magnitude
of the decrease varied between 56% and nearly 90% (Kimura et al, 1972; Camerini
et al, 1974; Maggi, 1975; Maggi and Piscitello, 1975; Sakuma and Kimura, 1975;
Mena et al, 1975).

TABLE 3.

Reduction Freq
Author n  Daily Dose Days Angina P Remarks
Kimura 16 30 mg 14/14 56.6% <0.05 DB PL
Camerini 48 30 mg 14/14 68.7% <0.01 DBCO PL
Maggi 50 30 mg 14/14 88.0% <0.003 DB PETN
Sakuma 25 30 mg 14/14 62.0% <0.01 DBCO PL
Maggi 30 30 mg 21/21 60.0% <0.01 DBCO PETN
Mena 29 40 mg 56/56 66.9% <0.01 DBCO PL

DBPL=double blind vs. placebo; DBCO PL=double blind crossover vs. placebo;
PETN=pentaerythrityl tetranitrate; n=number patients.

These data illustrate that nifedipine is superior in antianginal efficacy
to long-acting nitrates. Maggi (1975), for example, examined this question in a
single blind randomized cross-over study. Nifedipine (10 mg tid) was compared
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to pentaerythrityl tetranitrate (80 mg tid); 44 of 50 patients studied had fewer
anginal attacks with nifedipine therapy. The efficacy of nifedipine and beta
blockers is comparable (Sakuma and Kimura, 1975). The antianginal efficacy of
nifedipine (30 mg qd) in combination with a beta blocker (oxprenolol, 60 mg

daily) has been examined. The antianginal efficacy of the combination was not any
greater than either drug alone. It appears that nifedipine can be used safely in
patients with angina pectoris who have disorders of A-V conduction, and in those
receiving beta adrenergic blocking agents (Rowland et al, 1979). Verapamil should
never be given concomitantly with beta-adrenergic blocking agents.

The antianginal effects of nifedipine do not appear to be reversed by
digoxin therapy (Ebner, 1975).

There are two clinical situations in which anginal syndromes may actually
be exacerbated by nifedipine. First, in those patients in whom a marked hypo-
tensive effect is produced with a resultant reflex tachycardia, angina may
worsen. In April, 1979, the Committee on Safety of Medicines (in England) noted
in its newsletter, Current Problems, that it has received a number of reports of
increased angina and myocardial infarction in patients treated with nifedipine.
No causal relationship has been established, however. Second, the substitution
of nifedipine for a beta-adrenergic blocker should not be made after abrupt
withdrawal of the beta-blocker. Nifedipine, used in this manner may increase
the frequency of a beta-blocker withdrawal syndrome (Meinertz, 1979), presumably
by e?hancing sympathetic g-adrenergic cardiac stimulation (Pedersen et al,
1979).

Thus, we can draw the following conclusions:

(1) The antianginal efficacy of nifedipine and verapamil is comparable to
that of propranolol but superior to that of the long-acting nitrates.

(2) The mechanism of action of the calcium antagonists in classic effort
angina appears to be a result of peripheral arterial vasodilatory effects. There
may, however, be a coronary vasospastic element even in classic effort angina;
such dynamic changes in coronary arterial resistance would be expected to improve
with calcium antagonist and to be exacerbated or unchanged by propranolol.

(3) Both nifedipine and verapamil prolong the duration of exercise, in-
crease the maximal workload obtained, and tend to reduce the magnitude of ST
segment depression.

(4) B-adrenergic blocking agents should not be abruptly discontinued with
the substitution of nifedipine. Verapamil reduces the resting and peak heart
rate-blood pressure product but nifedipine does not.

B. The STow-Channel Calcium Antagonists in Unstable or Rest Angina and
Prinzmetal's Angina

In the vast majority of patients with classic effort angina atherosclerotic
obstructive lesions of the coronary arteries are present. The symptom of angina
pectoris is probably a result, in most cases, of an imbalance between a restric-
ted myocardial oxygen supply and a transiently increased metabolic demand.
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In contrast, in patients with unstable or rest angina, a primary reduction
in coronary flow may play a central pathophysiologic role. For example, in the
studies of Berndt et al (1977), the heart rate blood pressure products in pa-
tients with spontaneous attacks of angina pectoris who were shown to have athero-
sclerotic coronary artery disease were not significantly different during an
attack in comparison with pain free periods. During pacing-induced angina, on
the other hand, double products were markedly elevated. Maseri et al (1978)
studied a subset of 76 patients with angina at rest with invasive hemodynamic
monitoring, thallium-201 myocardial scintigraphy or coronary arteriography. In
this subgroup of patients, the authors were able to implicate coronary spasm in
the genesis of rest angina. In the eight of the 76 patients who developed
myocardial infarction, the onset of the infarction was indistinguishable from
the onset of an attack of spontaneous angina. Other studies have confirmed a

‘role of spasm in myocardial infarction (0liva and Breckinridge, 1977). These
latter authors demonstrated that in 6 of 15 patients arteriogramed within 12
hours of acute myocardial infarction, patency could be re-established in the
occluded coronary arteries by the intracoronary administration of nitroglycerin.

Coronary artery spasm has also been implicated in the pathogenesis of
varigus arrhythmias including ventricular fibrillation (Lasser and de la Paz,
1973).

Coronary artery spasm is now known to represent the pathogenic mechanism of
variant or Prinzmetal's angina (Oliva et al, 1973; Meller et al, 1976). Fur-
ther, at least in variant or Prinzmetal's angina, propranolol is ineffective or
may actually increase the number of attacks (Yasue et al, 1974). This probably
occurs because beta-adrenergic blockade increases relative coronary alpha-adre-
nergic tone, favoring vasoconstriction (Luchi and Chahine, 1979). Although
nitrates are known to be effective in the alleviation of coronary vasospasm
(Maseri et al, 1979), the duration of action of these agents is short and head-
ache or hypotension are frequent side effects with the high doses which are
often necesiary. Coronary artery bypass surgery is usually ineffective (Gaasch
et al, 1974).

The calcium antagonists may be ideally suited for the treatment of coronary
vasospastic phenomena because:

(1) The calcium-antagonists do not block the vasodilatory coronary beta-2
receptors and thus do not increase relative alpha-adrenergic tone.

(2) These agents have a long duration of action (6-8 hours); although in
some)cases nifedipine must be administered every 4 hours (Previtali et al,
1980).

(3) The calcium antagonists may be effective in cases where nitrates have
failed (Heupler and Proudfit, 1979).

(4) The calcium-antagonists have a beneficial effect in patients with
fixed obstructive coronary artery disease.

Diltiazem, a 1,5 benzothiazipine derivative with calcium antagonistic ef-
fects, is also effective in spontaneous Prinzmetal's angina (Endo et al, 1976)
and in coronary vasospasm induced by hyperventilation and Tris-buffer infusion
(Yasue et al, 1978).
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Goldberg et al (1979) demonstrated that the acute administration of ni-
fedipine was effective in 11 of 12 patients with Prinzmetal's angina; 7 of the
11 had Tong-term relief with dosages of 40-120 mg/d in divided doses every 4 to
6 hours. Withdrawal of the nifedipine led to a recurrence of the angina in 4
patients.

Verapamil too, is effective in Prinzmetal's angina and unstable or rest
angina. Parodi et al (1979) studied 12 patients with unstable angina in a
randomized blind-blind cross-over study using verapamil (480 mg/dg
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Figure 21. The total number of episodes in 12 patients with unstable angina in
a gouELQ—btind cross-over study. C indicats a nun-in period; Ay, A; verapamil
pertiods; By, By placebo periods. Contrnol and placebo periods show similarn
number and fype of Lischemic episodes, while during treatment with verapamil
there 48 a sdgnificant neduction in frequency of all types o0f episodes.

Symptomatic and asymptomatic episodes of ST segment elevation and depression
were measured. During the 48 hour treatment period verapamil reduced the number
of such episodes from 128 to 31 in the first trial and from 123 to 23 in the
second. The drug seemed to be most efficacious in those patients with the most
numerous episodes. The beneficial effects of verapamil appeared to be main-
tained during long term treatment. Hansen and Sandoe (1978) have contributed
additional confirmatory data.

Piccolo et al (1977), in a nonrandomized open study, examined the effects
of intravenous verapamil in patients with unstable angina or Prinzmetal's angina
refractory to propranolol and nitrate therapy. In 2/3 of the patients verapamil
was effective with complete relief of angina or conversion to angina with effort.

At present the relative efficacy of the calcium antagonists in the treat-
ment of unstable angina, rest angina or Prinzmetal's angina is not well under-
stood. Nifedipine has been noted in one study (Theroux et al, 1979) to be
superior to perhexiline maleate in the suppression of ergonovine-induced coro-
nary artery spasm in 10 patients with variant angina. Perhexiline is a calcium
antagonist with a long half 1ife but a relatively high incidence of side effects
(Pilcher et al, 1973).



Thus, in the treatment of unstable or variant angina we can draw the fol-
lowing conclusions: 4

(1) Coronary artery spasm probably plays an important role in the genesis
of the ischemia;

(2) The calcium antagonists are effective therapy even in cases refractory
to nitrates with or without beta blockers;

(3) The efficacy of the calcium antagonists is a result of their ability
to block coronary vasospasm as well as their peripheral effects and, at least
with verapamil, perhaps to a mild negative inotropic effect.

C. Treatment of Idiopathic Hypertrophic Subaortic Stenosis with
Calcium Antagonists

Idiopathic hypertrophic subaortic stenosis (IHSS) is a disease character-
ized by marked hypertrophy of the interventricular system resulting in many
cases, in a dynamic form of obstruction to left ventricular outflow. Patients
with IHSS demonstrate enhanced left ventricular contractility with an increased
sensitivity to catecholamines and digitalis. Propranolol produces symtomatic
and hemodynamic improvement in many patients (Adelman et al, 1972), yet progres-
sion of the disease usually continues with eventual recurrence of symptoms
(Stenson et al, 1973). There is good experimental evidence demonstrating that
certain forms of cardiomyopathy can be prevented with calcium antagonists.
Examples include the hereditary cardiomyopathy of the Syrian hamster (Jasmin and
B?ju?z, ;975) and cardiomyopathy induced by adriamycin in rabbits (Daniels et
al, 1976).

The hypercontractile state of the myocardium in IHSS suggests that altered
calcium kinetics may play a role. Thus, it will be important to assess the
ability of the calcium antagonists to reduce the progression of this disease.
Kaltenbach and coworkers (1979) described their results with the use of ver-
apamil in patients with IHSS. After 15 months of therapy they found subjective
symptoms improved in 2/3 of the patients who had been symptomatic during pro-
pranolol therapy. Twelve of the 20 patients demonstrated a reduction in QRS
voltage, 16 of 20 a decrease in heart size and a decrease in LV mass in 7 of 10
patients. In 5/8 patients the Teft ventricular outflow gradient was reduced.
More recently Rosing et al (1979a) have examined the acute hemodynamic effects
of verapamil in 27 patients. The highest dose of verapamil (21 ug/kg/min)
increased heart rate (from 72+3 to 81:6) and reduced systolic blood pressure
(from 118+8 to 99+5) with a concomitant drop in the basal Teft ventricular
outflow gradient (from 94:14 to 49+14). Cardiac output remained unchanged
indicating that the fall in gradient resulted from an actual increase in ef-
fective orifice size. Left ventricular end diastolic pressure was unchanged.
Although the majority of patients respond in a favorable way to verapamil a
considerable amount of caution should be exercised before initiating therapy.
The reduction in systemic vascular resistance produced by verapamil can in
certain circumstances, actually increase the gradient. Thus, in their latter
study (Rosing et al, 1979a) one patient demonstrated an increase in the basal
left ventricular gradient with verapamil infusion from 35 to 80 mmHg with a
simultaneous fall in systolic blood pressure from 160 to 105 mmHg. Reductions
in systolic blood pressure should be 1imited to 15 mmHg or less to avoid provo-
cation of existing gradients, see Figure 22.
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Figure 22. Effect of increasing doses of verapamil on basal Left ventricular
outflow Tract ghadient in patients with IHSS. Broken Line with open circles
indicates a patient whose systolic bLood pressure decreased by more than 15 mmHg
duiing verapamil adminisiration. Horizontal bars indicate mean values.

In an accompanying article Rosing et al (1979b) demonstrated a 26% increase
in exercise capacity (compared to 21% on propranolol). No correlation was noted
however, between the degree of reduction of the left ventricular outflow gradient
and demonstrable improvement in exercise tolerance. After a 3.5 to 6 month
course of chronic oral verapamil therapy exercise tolerance improved even more
(45%) compared to placebo (21%), see Figure 23. Thus, verapamil can improve
exercise capacity and symptomatic status in some patients with IHSS.

Long term evaluation of the effects of verapamil on sudden death are
needed, both in patients with ischemic heart disease and IHSS.

D. Arrhythmias
1. Treatment of Supraventricular Arrhythmias with Verapamil

Intravenously administered verapamil has been shown to be extremely ef-
fective in the treatment of supraventricular arrhythmias. The mechanism of
action of verapamil in this setting is a result, at least in part, of its abil-
ity to block trans-sarcolemmal calcium flux. As we have seen, depolarization of
the sinoatrial and atrioventricular nodes is mediated by slow channel mechanisms
which are thought to result from calcium ion flux (Zipes et al, 1975). Further,
within the atrio-ventricular (A-Y) node, cells demonstrate a continuum of depen-
dence on the slow current contribution for depolarization (Zipes et al, 1975).
In addition, in certain pathological conditions such as ischemia, hypoxia or
digitalis intoxication a so called "slow response" emerges in cells which nor-
mally are rapidly depolarized by rapid channel sodium fluxes (Cranefield, 1975).
Fibers which demonstrate such a slow response pattern may cause re-entrant
arrhythmias because of their slow conduction velocity through partially depolar-
ized fibers. Alternatively, "automatic" foci may arise as a result of pacemaker-
like characteristics of such fibers. A calcium antagonist such as verapamil may
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Figure 23. Effects of verapamil on exercise capacity while adminisiered short-
form duning a double-blind study in hospital (early verapamil) and afgter chronic
administration over 3.5-6 months (Late verapamil). Horizontal bars indicate
mean values. CLosed cincles represent patients with obstructive hypertrophic
candiomyopathy; open cincles, patients with nonobstructive disease.

therefore be able to abolish both re-entrant arrhythmias as well as automatic
tachyarrhythmias. Clinical evidence suggests that this may be the case.

Verapamil administered to patients in normal sinus rhythm results in p-r
interval prolongation with little effect on the R-R, QRS or QTC intervals. The
major action of verapamil is on the slow response fibers of the A-V node. The
frequency of sinoatrial discharge is affected to a lessor degree, either because
of a reflex sympathetic stimulatory effect, or because of differences in the
ionic composition of the depolarizing current (Singh and Roche, 1977). His
bundle electrocardiography has confirmed the predominant site of action of
verapamil on the A-V node with little effect on intra-atrial or intraventricular
conduction times (Angus et al, 1976).

a. atrial fibrillation

Intravenous verapamil, 3-10 mg intravenously over several minutes is
usually effective in reducing the rate of ventricular response in patients in
atrial fibrillation with a rapid ventricular response. Three principal types of
responses have been observed to verapamil in this situation. Most commonly A-V
nodal conduction is inhibited with.a slowing of the ventricular response. The
inhibitory effects of verapamil are relatively brief as a result of the short
half-1ife when given as an intravenous bolus (Schomerus et al, 1976). The
effect of verapamil on the A-V node is attenuated after 30 min and the ventricu-
lar response will accelerate unless an infusion of the drug is begun (usual dose
is 5 pg/kg/min) (Singh et al, 1978), see Figures 24 and 25.
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Figure 25. Tllustrates the "regularization" of the ventricular response at 5
minuwtes §inst noted by Schamroth. Such regularization is postulated to be a
result of a stabilizing effect of verapamil on the A-V nodal refractony period.
Note the fall in blLood pressure which occuns despite adequate sfowing of the
ventricular response.
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The second type of response to verapamil has been described by Schamroth
(1971) and consists of a regularization ef the ventricular rate. Seventy-one of
115 of Schamroth's patients demonstrated this type of response. Schamroth
postulated that regularization was a result of a combination of increased A-V
block and a stabilization of the A-V nodal refractory period. Although one
might expect that such regularization would produce some hemodynamic improvement
beyond that seen with slowing of the ventricular response alone, data available
to date do not support this view (Ryden and Saetre, 1971; Vohra et al, 1974a).

The third, and least common response, is conversion to normal sinus rhythm.
This occurred in only 1 of Schamroth's (1971) 115 patients. In Aronow's recent
report (1979) 3 of 20 patients converted to normal sinus rhythm 7 to 160 minutes
after verapamil administration (75 upg/kg IV over 1 minute). Some patients
converted to normal sinus rhythm up to 3 hours following administration of the
drug -- given the short half-1ife of verapamil after IV injection this raises
the question as to whether some of these patients reverted spontaneously.

Dominic et al (1979) determined plasma levels of verapamil and related it
to ventricular response in patients with atrial fibrillation. Fifteen patients
were studied, in 13 of the 15 ventricular response was inadequately controlled
with digitalis. In 9 of the 15 the ventricular rate decreased to less than 100
after a 75 ug/kg intravenous dose. In 6 the ventricular rate remained above
100. The patients who failed to respond well were characterized by the presence
of acute congestive heart failure manifested by orthopnea, rales and pulmonary
congestion. The CHF group did respond to a second dose (115 ug/kg) given 30 min
later. The initial failure to respond was thought to be a result of high sym-
pathetic tone. This study illustrates that verapamil can be administered to
patients who have already received digitalis. Physicians should bear in mind,
however, that these drugs will have an additive effect to produce A-V block.

At present, Tlittle data is available to answer questions regarding the
relationship of left atrial size and duration of atrial fibrillation to the
ease of conversion; whether verapamil will be useful in maintaining sinus rhythm
after d.c. cardioversion; and what the potential utility of concomitant digi-
talis therapy might be in the treatment of atrial fibrillation. Krikler (1974)
has reported preliminary data suggesting that verapamil, either alone or in
combination with quinidine, is effective in preventing relapses of atrial ar-
rhythmias initially treated with cardioversion.

b. atrial flutter

Patients in atrial flutter respond to intravenous verapamil in a qualita-
tively similar way as those in atrial fibrillation, i.e., a consistent increase
in A-V block with a rare conversion to normal sinus rhythm. Why some patients
convert and others do not is not understood (Singh et al, 1978), see Figures 26
and 27. The usual treatment of atrial flutter is, in most cases, d.c. cardio-
version -- a treatment effective at low voltage levels in over 90% of patients
(Selzer et al, 1966). Thus, verapamil has little clinical utility in the treat-
ment of atrial flutter although it may be useful in the maintenance of normal
sinus rhythm following conversion. Additionally, Heng et al (1975) feel that a
single dose of verapamil may be of diagnostic value in differentiating rapid
atrial flutter from paroxysmal supraventricular tachycardia when difficulty
exists in diagnosis. Conversion of atrial flutter to atrial fibrillation occurs
in somewhat less than one-fifth of patients (Heng et al, 1975; Aronow et al, 1979).
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Figure 27. An example of conversion of atrial M,u,ttu Zo normal sinus rhythm,
an unusual response. Note the transient atrial §ibrillation at 10 minutes after
drug infection. Sinus rhythm was restored at 30 minutes.

28



29

c. paroxysmal supraventricular tachycardia (PAT)

i
|

Figure 28. Example of response supraventricular tachycardia £o 10 mg of verapa-
mil intravenously. Note the emergence of A-V dissociation at 1 minute; atrnial
gibrillation occurred at 2 minutes; stable nommal sinus rhythm was restored at 5
minutes.

In contrast to the arrhythmias we have discussed, verapamil is uniformly
efficacious in the treatment of PAT and will probably become the drug of choice
in the treatment of this common arrhythmia. Verapamil produces a rapid and
predictable reversion to normal sinus rhythm in 80-100% of cases. The high
degree of efficacy represents a major advance in antiarrhythmic therapy and
clinically is the drug's most significant antiarrhythmic property (Singh et al,
1978). Krikler and Spurrell (1974) have reviewed the effects of verapamil on
PAT. Conversion to normal sinus rhythm is quite rapid, usually within 2 to 5
min -- a time when the A-V nodal blocking effects of verapamil are maximal (Heng
et al, 1975). Occasionally a patient will convert to atrial fibrillation. The
hypotensive effects of verapamil administered in the setting of rapid supraven-
tricular tachycardia are minor, and with restoration of normal sinus rhythm
blood pressure may actually rise.

In most cases abrupt termination of the arrhythmia occurs, a response
similar to that seen with carotid sinus massage or other vagal maneuvers. In
other cases A-V dissociation with a junctional escape rhythm appears before
normal sinus rhythm supercedes it. Rarely, reversion to normal sinus rhythm is
preceded by a short period of atrial fibrillation -- the mechanism underlying
this sequence of events is unknown. In some instances, the administration of
intravenous verapamil to patients with supraventricular tachycardia may provoke
premature ventricular contractions before conversion to normal sinus rhythm
(Vohra et al, 1974b). This pattern was seen in 6 of 50 patients with a recipro-
cating form of supraventricular tachycardia, see Figures 29 and 30.

Finally, an alternating cycle length may be seen prior to conversion in
paroxysmal supraventricular tachycardia. In this circumstance varying cycle
lengths are associated with a changing QRS morphology. This response is also
seen primarily in patients with reciprocating tachycardia, an arrythmia pre-
sumably involving dual A-V nodal pathways. Such variation in cycle length may
be a result of a 2:1 block in the antegrade pathway with an unmasking of a third
pathway -- antegrade conduction then occurs over 2 pathways with d1fferent rates
of antigrade conduction, see Figure 31.
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Figure 29. Effect of intravenous verapamil in a patient who developed SVT during
candiac catheterization. Reversion to sinus rhythm ocewrred 5 seconds agter com-
pletion of injection of verapamil; the restoration of sinus rhythm was preceded
by transient asystole. Note the absence 0§ effect on arterial pressure.
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Figure 31. The ginst stnip shows Lead 11 during tachycardia with a constant RR
cycle Length of 380 msec. After 3 mg verapamif, alternating RR cycle Lengths
measuned 420 and 540 msea. Reversion to sinus rhythm occwuied afier 6 mg o4
the drug. The P waves are seen embedded in the ST segment during tachycardia.

How does verapamil compare with beta adrenergic blocking agents in the
treatment of supraventricular tachycardia? Hartel and Hartikainen (1976) com-
pared verapamil with the selective beta-1 adrenergic blocking agent, practolol,
in the treatment of PAT. The study was randomized with a cross-over design =-
randomization was to intravenous practolol (5 mg) or verapamil (5 mg), with a
repeat dose if conversion did not occur. After 30 minutes, if conversion had
not occurred, patients were crossed-over to the other drug. The results demon-
strated that verapamil was clearly superior. Nineteen of 20 patients initially
converted with verapamil, but only 8 of 20 with practolol. Verapamil was effec-
tive in 9 of the 11 patients who did not respond to practolol. There is a
theoretical basis for believing that verapamil may be especially effective in
the treatment of atrial arrhythmias associated with the mitral valve prolapse
syndrome; Wit et al (1973) have postulated these arrhythmias arise in slow
response fibers within the mitral valve apparatus. Such fibers presumably
utilized the slow calcium channel in depolarization. There is, as yet, no
clinical information to support or refute this theory.

d. Wolff-Parkinson-White Syndrome (WPW)

Studies to date indicate that verapamil is largely ineffective in the
treatment of WPW. Electrophysiologic data demonstrate that verapamil has only a
minimal effect on antegrade or retrograde conduction in anomalous pathways or
Kent bundles (Spurrell et al, 1974a; Neuss and Schlepper, 1974). The electro-
physiologic studies are consistent with the clinical observation that verapamil,
in contrast to quinidine or procainamide, is ineffective in controlling atrial
fibrillation complicating WPW (Spurrell et al, 1974b). In WPW syndrome with
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atrial fibrillation impulses are conducted down the anomalous pathway with the
potential for causing dangerously rapid ventricular rates or even ventricular
fibrillation. Verapamil is ineffective in 1imiting the ventricular response in
this situation and thus has no place in the treatment of WPW syndrome.

Some patients with reciprocating supraventricular tachycardia may have a
"concealed" A-V nodal pathway which is capable only of conducting in a retro-
grade fashion (Wellens et al, 1977). In these patients selective slowing of
conduction through the AV node makes verapamil, 1ike digitalis and propranolol,
a drug that may actually favor the initiation and perpetuation of the tachycar-
dia if retrograde (ventriculo-atrial) conduction occurs over an accessory path-
way (Denes et al, 1973).

2. Ventricular Arrhythmias

The inactivation of the fast sodium channel by ischemia or hypoxia results
in the emergence of "slow response" action potentials which are thought by many
electrophysiologists to play an important role in the genesis of ventricular
arrhythmias (Zipes et al, 1975). Since slow response action potentials are
selectively blocked by verapamil (Cranefield et al, 1974) it seems reasonable to
suppose that calcium antagonists such as verapamil might be effective in the
treatment of ventricular arrhythmias. A review of 31 uncontrolled studies
(Investigators Brochure, 1977) in which 239 episodes of ventricular tachyarrhyth-
mias were treated with verapamil revealed that verapamil restored normal sinus
rhythm in two-thirds of the episodes. However, in a recent study (Wellens et
al, 1977) verapamil was ineffective in four patients with sustained ventricular
tachycardia. Ventricular arrhythmias are often most severe in patients with a
significant compromise in left ventricular function -- a situation in which the
negative inotropic effects of verapamil would 1imit its usefulness.

The antiarrhythmic efficacy of verapamil with chronic oral administration
is not well known. Methods have recently been developed to reliably measure
serum levels however, (McAllister and Howell, 1976) enabling a better under-
standing of its therapeutic efficacy. Verapamil (0.2 mg/kgg given intravenously
to dogs before left anterior descending coronary artery occlusion reduces the
incidence of ventricular fibrillation (Elharrar et al, 1977). No data is avail-
able regarding any effects verapamil may have on sudden death in patients with
coronary artery disease. Although more work needs to be done it is the opinion
of most authors that verapamil is not particularly effective in the treatment of
ventricular arrythmias (Singh et al, 1978; Heng et al, 1975; Gotsman et al,
1972; Wellens et al, 1977).

In summary we can say:

(1) Verapamil is clearly effective and probably the drug of choice in the
treatment of supraventricular tachycardia, except those associated with a con-
cealed A-V nodal bypass tract.

(2) Verapamil is effective in slowing the ventricular response to atrial
fibrillation but not in converting atrial fibrillation to normal sinus rhythm.

(3) Verapamil is alsc effective in 1imiting the ventricular response to
atrial flutter but d.c. cardioversion is the preferred node of therapy in most
cases.
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(4) Verapamil is ineffective in controlling the ventricular response to
atrial fibrillation in the WPW syndrome and should not be used.

(5) Verapamil has a modest antiarrhythmic effect on ventricular ectopy but
other, more efficacious agents are available.

Table 4 provides a summary of antiarrhythmic effects of verapamil.

TABLE 4.

Type of arrhythmia

Elective (intravenous)

Prophylactic (oral)

| Paroxysmal

Sinus rhythm restored in 75-100% of cases

lla Atrial fibnillati

( ly effective in recip
ding those icating WPW synd )

Mode of conversion characterised by:

a) Abrupt cessation of the arrhythmia

b) Restoration of sinus rhythm preceded by
alternating cycle length, or

Restoration of sinus rhythm preceded by the
occurrence of premature ventnicular
extrasystoles

Conversion preéeded by atrial fibrillation

c

d

101 in AV block

Iib Atrial fibrillation
with WPW syndrome

] Atrial flutter

| Ventricular premature
contractions

1] Ventricular
tachycardia

2) Slowing of ventricular rate

3) Ventricular rate sometimes ‘regularised’
4) Sinus rhythm rarely restored

5) Blood pressure usually reduced

No effect

1) Increase in AV block

2) Slowing of ventricular rate

3) No effect on flutter rate but fibrillation
sometimes precipitated

4) Sinus rhythm occasionally restored

5) Blood pressure usually reduced

Frequency reduced

Sinus rhythm rarely restored
{hypotension common}

ing tachycardias

May be of value but experience
fimited

Effect on relapse rate from sinus
rhythm to atnal fibrillation

after DC carc“oversion unknown
(when used .one or in
combination with other agents)

No effect

Effect on sustained atnal
flutter unknown

Effect not known

Effect on recurrent ventricular
arrhythmias unknown

E. Hypertension

Hydralazine, diazoxide, and minoxidil act as direct arterial vasodilators
and have been used with a variable degree of success in the acute and chronic

treatment of hypertension.

Several of these agents promote a reflex tachycar-

dia, renin release and plasma volume expansion necessitating the concomitant use
of a beta blocker and a diuretic in most cases. Recently (Olivari et al, 1979)
nifedipine has been found to be an effective antihypertensive in both acute and
chronic settings. After a 10 mg oral dose in 27 patients with primary hyperten-
sion, nifedipine reduced mean arterial pressure by 21% at 30 minutes and 16% at
2 hours. The antihypertensive effect was reported to last 8-12 hours; heart rate
increased at 30 minutes but not thereafter. Unfortunately the study was not
placebo contolled. Peripheral vascular resistance fell and cardiac output
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increased as a combined result of increases in stroke volume and, to a lessor
degree, heart rate. Although renin was elevated at 4 hours after nifedipine it
returned to control levels after 30 days of treatment, prompting the authors to
speculate that nifedipine may block distal tubular calcium delivery, a mechanism
thought to represent an important functional part of the macula densa-glomerular
feedback loop (Gutsche et al, 1975).

Another uncontrolled study used the calcium antagonist diltiazem in pa-
tients with congestive heart failure and documented a significant increase in
sodium excretion without a concomitant detectable alteration in renal hemody-
namics (Kinoshita et al, 1979).

Thus, the calcium antagonists, especially nifedipine, are able to: (1)
reduce arterial blood pressure in hypertensive patients by reducing peripheral
vascular resistance, (2) leave plasma renin levels unaltered with chronic
therapy, and (3) the drug provides a beneficial antianginal effect at the same
time arterial pressure is reduced.

F. Potential Advantages of the Calcium Antagonists

In patients with chronic obstructive pulmonary disease the available data
indicate that the calcium antagonists do not effect pulmonary function (Ring-
quist, 1974; Kentera et al, 1979). Further McMurty et al (1976) have established
that bronchoconstriction occurring in response to hypoxia is mediated by a
transmembrane calcium flux. The calcium antagonists may limit this response.

No c?ange in airways resistance occurs in asthmatics given verapamil (Hills,
1970).

In patients with symptomatic peripheral vascular disease propranclol may
exacerbate claudication. In contrast, because calcium plays an important role
in the maintenance of peripheral arterial vascular tone (Bevan et al, 1976),
the calcium antagonists verapamil and nifedipine produce increases in skin, and
to a lesser extent renal flow. Thus, in contrast to propranolol, the calcium
antagonists are unlikely to worsen peripheral ischemic symptoms. Effects on
cerebral blood flow are negligible (Lydtin et al, 1975).

Propranolol, and to a lessor extent metoprolol, are hazardous in diabetics
prone to hypoglycemia (Lager et al, 1979). Propranolol does not potentiate the
hypoglycemic action of insulin, but does retard the recovery from hypoglycemia
and causes severe bradycardia and elevated diastolic pressure during hypogly-
cemia. Although pancreatic beta cells are highly dependent on calcium for
insulin secretion the administration of verapamil to normals fasted for 12 hours
has been shown not to effect basal serum levels of glucose or insulin (Rojdmark,
1979). Thus, the calcium antagonists are probably superior to beta adrenergic
blocking agents in the treatment of ischemic heart disease in insulin dependent
diabetics.

G. Contraindications to the Use of Calcium Antagonists

The principal contraindications for the use of the calcium antagonists are
(1) presence of advanced heart failure (especially verapamil); (2) greater than
first-degree atrioventricular block (especially verapamil); (3) sick sinus
syndrome (especially verapamil); (4) cardiogenic shock or other hypotensive
states; (5) concomitant therapy with beta adrenergic blocking agents or diso-
pyramide phosphate (Norpace); (6) pregnancy.
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Verapamil has a variable influence on sinus node function in the sick sinus
syndrome (Husaini et al, 1973; Singh et al, 1978). Until more clinical experi-
ence is gained, it would be wise to use verapamil with caution in patients with
sick sinus syndrome. Because nifedipine has a less depressant effect on A-V
nodal conduction and ventricular function than verapamil and is probably pref-
erable in patients with A-V nodal block (Amlie and Landmark, 1978; Rowland et
al, 1979; Podeletti et al, 1979) or impaired left ventricular function. Nifed-
ipine has been used safely with selective B8; blockers but the intravenous admini-
stration of verapamil to patients receiving propranolol has been reported to
result in asystole (Johansson, 1978). In the absence of impaired A-V nodal
conduction prior digitalization is not a contraindication to the use of verapa-
mil (Schamroth, 1971). Digoxin can, at least in part, reverse the negative
inotropic effects of verapamil (Singh and Vaughn Williams, 1972).

Predictably, verapamil poisoning can be successfully treated with intra-
venous calcium gluconate (Perkins, 1978).

V.  METABOLISM AND SIDE EFFECTS

Although verapamil is nearly completely absorbed from the gastrointestinal
tract the overall bioavailability is only 10-22% because of an extensive first
pass hepatic metabolism. Verapamil is 90% protein bound. To achieve comparable -
serum levels the oral dose must be 8-10 times that of an intravenous dose.

Plasma levels of the N-dimethylated form are twice as high as those of verapamil
(Schomerus et al, 1976) but 1ittle information is available regarding the phar-
macological effects of the metabolites. Seventy per cent of an oral or intra-
venous dose was recovered in the urine and 16% in the feces.

Nifedipine is rapidly absorbable through the oral mucosa (5 min) or after
being taken orally (20 min). Peak serum levels are reached in 30 to 120 min-
utes. Nifedipine is greater than 90% protein bound. Half-life is 4 to 5 hours
and elimination is primarily renal.

Side Effects

Side effects are infrequent with either nifedipine or verapamil. In 8,072
patients side effects severe enough to discontinue verapamil therapy occurred in
1% -- the principal types of side effects included are:

(1) Cardiovascular (34%) -- bradycardia, hypotension, A-V block

(2) Gastrointestinal (33%) -- constipation, nausea and vomiting, gastric
intolerance

(3) Central nervous system (35%) -- dizziness, headache, weakness
Nifedipine had a comparable rate of side effects: headache 5-9%, vomiting

3.6%, dizziness 2.7% (mild); constipation is relatively frequent but easily
treatable.
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VI. SUMMARY

Verapamil and nifedipine are calcium ion antagonists which are effective
in the treatment of stable angina pectoris, unstable angina pectoris, and vari-
ant, or Prinzmetal's angina. The primary action of these drugs is to limit
transsarcolemmal calcium flux during the plateau phase of the action potential
in cardiac and smooth muscle. Nifedipine appears to act exclusively on vascular
smooth muscle with Tittle in vivo effect on cardiac contractility or atrioven-
tricular nodal conduction.” Verapamil, in contrast, is capable of producing A-V
block and depressing cardiac contractility. Verapamil, is therefore, effective
in the treatment of supraventricular arrythmias, especially PAT. It is mar-
ginally effective in the treatment of ventricular arrythmias and should not be
used in the treatment of the Wolff-Parkinson-White Syndrome. Considerable
caution should be exercised in using verapamil in patients with sick sinus
syndrome or high grade A-V block, with severely depressed left ventricular
function or patients receiving disopyramide (Norpace) or propranolol (Inderal).
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