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ABSTRACT

Background The cardiovascular effects of sildena-
fil are important because of the frequent presence of
underlying cardiac disease in men with erectile dys-
function and reports indicating serious cardiac events
temporally associated with the use of this drug.

Methods We assessed the systemic, pulmonary,
and coronary hemodynamic effects of oral sildenafil
(100 mg) in 14 men (mean [+SD] age, 61+11 years)
with severe stenosis of at least one coronary artery
(stenosis of >70 percent of the vessel diameter) who
were scheduled to undergo percutaneous coronary
revascularization. Blood-flow velocity and flow reserve
were assessed with a Doppler guidewire in 25 coro-
nary arteries, including 13 severely diseased arteries
(mean degree of stenosis, 78+7 percent) and 12 ar-
teries without stenosis, used as a reference; maximal
hyperemia was induced (to assess flow reserve) with
the intracoronary administration of adenosine both
before and after sildenafil.

Results Oral sildenafil produced only small de-
creases (<10 percent) in systemic arterial and pulmo-
nary arterial pressures, and it had no effect on pulmo-
nary-capillary wedge pressure, right atrial pressure,
heart rate, or cardiac output. There were no signifi-
cant changes in average peak coronary flow velocity,
coronary-artery diameter, volumetric coronary blood
flow, or coronary vascular resistance. Coronary flow
reserve at base line was lower in the stenosed arter-
ies (1.26*0.26) than in the reference arteries (2.19=+
0.44) and increased about 13 percent in both groups
of arteries combined after the administration of sil-
denafil (from 1.70+£0.59 to 1.92%+0.72, P=0.003). The
ratio of coronary flow reserve in coronary arteries with
stenosis to that in the reference arteries (0.57+0.14)
was not affected by sildenafil.

Conclusions No adverse cardiovascular effects of
oral sildenafil were detected in men with severe cor-
onary artery disease. (N Engl J Med 2000;342:1622-6.)
©2000, Massachusetts Medical Society.

1622 June 1, 2000

RECTILE dysfunction affects up to 30 mil-
lion men in the United States! and may be
particularly common in patients with heart
disease, because of the presence of overlap-
ping risk factors, including older age, diabetes melli-
tus, hypertension, and hypercholesterolemia.? Sildena-
fil (Viagra, Pfizer, New York) inhibits cyclic guanosine
monophosphate (cGMP)-specific phosphodiesterase
type 5 in the corpus cavernosum and significantly
improves erectile function and the rate of successful
sexual intercourse in men with erectile dysfunction.3
Post-marketing surveillance data after approval of
sildenafil by the Food and Drug Administration re-
vealed a number of serious cardiovascular events, in-
cluding myocardial infarction and sudden death from
cardiac causes, temporally associated with the use of
the drug.* Although it has been suggested that these
events were not unexpected given the characteristics
of the population of men who were prescribed sil-
denafil,5 a few of the events occurred shortly after in-
gestion of sildenafil and before any attempt at sexual
intercourse.® It is not possible to determine whether
these events were directly related to the use of sil-
denafil, the patient’s underlying cardiovascular disease,
or a combination of these and other factors. Since
phosphodiesterase is also present in vascular smooth
muscle,” we hypothesized that if sildenafil had direct
adverse cardiovascular effects, they could be detected
by measuring the systemic and coronary hemody-
namic effects of this drug in men with severe coro-
nary artery disease.

METHODS
Study Subjects

We studied the effects of sildenafil in 14 men with a mean
+SD) age of 61*11 years. All the men had severe stenosis (of
g y
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>70 percent of the vessel diameter) in at least one coronary ar-
tery, and had been referred for percutancous revascularization. All
study subjects provided written informed consent, and the pro-
tocol was approved by the institutional review board at the Uni-
versity of Pennsylvania.

Study Protocol

All the men had stable symptoms that permitted the discontinu-
ation of nitrates at least 24 hours before the start of the study; other
medications, including beta-blockers, aspirin, heparin, and angi-
otensin-converting—enzyme inhibitors, were continued as clinically
indicated. The men were studied while in a supine position and
while fasting after premedication with oral diphenhydramine and
diazepam.

Hemodynamic measurements included arterial blood pressure,
recorded from a 7-French guide catheter in the coronary orifice;
pulmonary-artery pressure and pulmonary-capillary wedge pressure,
measured from the distal port of a 7-French Swan—Ganz catheter;
and right atrial pressure, measured from the proximal port of the
Swan-Ganz catheter. Heart rate and cardiac output determined by
thermodilution were also recorded. A Doppler steerable guidewire
(0.036 cm [0.014 in.] in diameter) (Flowire, Endosonics, Rancho
Cordoba, Calif)) was then advanced into the coronary artery and
coupled to a real-time spectrum analyzer and videocassette record-
er. Angiography was performed with a nonionic contrast medium.
The average peak velocity and coronary flow reserve at base line
were measured before and after the administration of intracoronary
adenosine (12 ug in the right coronary artery and 18 ug in the left
coronary artery).® After base-line measurements were obtained,
100 mg of sildenafil was administered orally, and all measurements
were repeated, starting 45 minutes later (mean time between meas-
urements, approximately 60 minutes).

A previous study has demonstrated a peak serum concentration
of sildenafil 0.8 to 0.9 hour after a 100-mg oral dose.” The he-
modynamic and coronary flow measurements reported were the av-
erage of 10 beats and the average of three observations, respective-
ly. Quantitative coronary angiographic assessments of the severity
of stenosis and coronary diameter at the tip of the Doppler wire
were made with digital electronic calipers and methods that have
been previously validated.10!! Percutaneous coronary revasculariza-
tion was performed at the conclusion of the study.

Calculations

Standard hemodynamic formulas were used to calculate systemic
and pulmonary vascular resistance and their indexes. Coronary
flow reserve was measured in real time as the ratio of peak hyper-
emic velocity after the administration of adenosine to average peak
velocity at base line. Measurements from 13 of 14 target vessels
that underwent revascularization were analyzed. Measurements ob-
tained in the proximal portion of a bypassed left anterior descend-
ing artery, which was the target vessel for intervention in one man,
were discarded because of interference with the profile of flow ve-
locity from retrograde coronary flow. Measurements were also ob-
tained in the branch of the left coronary artery without stenosis
(reference artery) in 12 men (measurements were not obtained in
2 men who underwent right-coronary-artery intervention). Thus,
a total of 25 coronary arteries in the 14 men were studied, includ-
ing 13 severely diseased arteries and 12 reference arteries.

Coronary blood flow was calculated as follows: (the average peak
velocity +2) X the cross-sectional area of the coronary artery, cal-
culated as 77 X (diameter of the artery -+ 2)2, which assumes a time-
averaged parabolic velocity profile and a cylindrical coronary ar-
tery.8 Coronary vascular resistance (in millimeters of mercury per
milliliter per minute) was calculated for the reference vessels as
the mean arterial pressure divided by the coronary blood flow.
Relative coronary flow velocity reserve in 11 men who had flow
measurements in both a stenosed target vessel and a reference ves-
sel was calculated as the ratio of the coronary flow reserve of the
target vessel to the coronary flow reserve of the reference vessel.2

Statistical Analysis

The hemodynamic variables are shown as mean values *SD.
For individual variables, values after the administration of sildenafil
were compared with base-line values by paired t-test. Differences
were considered significant when P values were less than 0.05. All
data were analyzed with SPSS statistical software (SPSS, Chicago).

RESULTS
Clinical Characteristics

The study subjects were 14 men with stable angina
and at least one severely stenosed coronary artery
(mean degree of stenosis, 78*+7 percent) who had
been referred for percutaneous coronary revascular-
ization. Among these men, there were high rates of
hypertension (57 percent), diabetes mellitus (43 per-
cent), and smoking (57 percent) (Table 1).

Systemic and Pulmonary Hemodynamic Effects

The systemic and pulmonary hemodynamic eftects
of oral sildenafil are shown in Table 2. There were
small but significant decreases (all less than 10 per-
cent) in arterial blood pressure (systolic, diastolic,
and mean pressure) and pulmonary pressure (systolic
and mean pressure). The slightly smaller reductions
in calculated systemic vascular resistance and pulmo-
nary vascular resistance, and in the indexes of these
measures, which are normalized for body-surface ar-
ea, did not reach statistical significance. There were
no significant changes in pulmonary-capillary wedge
pressure, right atrial pressure, heart rate, cardiac out-
put, or cardiac index. The heart rate times the systolic
blood pressure (the double product) fell significant-
ly, from 9435+1739 mm Hg per minute to 8641+
1722 mm Hg per minute (P=0.02).

Coronary Hemodynamic Effects

The effects of oral sildenafil on the diameter of
coronary arteries and on flow velocity before and af-

TABLE 1. BASE-LINE CHARACTERISTICS
OF THE STUDY POPULATION.*

CHARACTERISTIC VALUE
No. of men 14
Age — yr 6111
Current smoking — no. (%) 8 (57)
Hypertension — no. (%) 8 (57)
Previous myocardial infarction — no. (%) 5 (36)
Diabetes mellitus — no. (%) 6 (43)
Target vessel
Left anterior descending artery — 6 (43)
no. (%)
Left circumflex artery — no. (%) 6 (43)
Right coronary artery — no. (%) 2 (14)
Stenosis — % 78%7

*Plus—minus values are means £SD.
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TABLE 2. HEMODYNAMIC VARIABLES AT BASE LINE
AND AFTER ORAL SILDENAFIL.*

TaABLE 3. CORONARY HEMODYNAMIC EFFECTS OF ORAL
SILDENAFIL.*

AFTER P
VARIABLE Base LINE SILDENAFIL  VALUE
Aortic pressure (mm Hg)
Systolic 141.6+22.5 132.1+254 0.01
Diastolic 75.8%9.6 71.4*x10.3  0.01
Mean 100.6*+10.6 95.1+12.2 0.01
Pulmonary-capillary wedge 9.5*+2.5 89x1.8 0.24
pressure (mm Hg)
Pulmonary-artery pressure
(mm Hg)
Systolic 26.3+4.8 23.9+38 0.03
Diastolic 12.6x3.2 11.5*£2.6 0.12
Mean 18.1+3.8 16.5+2.6 0.03
Right atrial pressure (mm Hg) 9.2+2.6 9.5+3.0 0.39
Heart rate (beats/min) 66.6+8.3 65.9+9.8 0.63
Cardiac index (liters/min/m?2) 2.6+0.5 2.6+0.5 0.74

Systemic-vascular-resistance index  707.6+278.7 684.9+311.6 0.39
(dyn-sec-cm=5/m?)
0.8+0.3

Pulmonary-vascular-resistance 0.8+0.4 0.63

index (Wood units/m?)

Heart rate X systolic blood pressure 9435+1739
(mm Hg/min)

8641+1722  0.02

*Plus—minus values are means £SD.

ter adenosine administration were measured in 25
arteries in 14 men, including 13 severely diseased ar-
teries and 12 reference arteries in the same men. The
mean results for all the men are shown in Table 3.

The average peak velocities at base line were 17.9+
12.5 e¢m per second in the stenosed arteries and
29.4+13.3 cm per second in the reference arteries.
The mean base-line coronary blood flow and coro-
nary vascular resistance were calculated as 33.01*=
23.32 ml per minute and 3.34*1.49 mm Hg per
milliliter per minute, respectively. Coronary flow re-
serve, assessed after intracoronary administration of
adenosine, was lower in the severely stenosed arteries
than in the reference arteries (1.26+0.26 vs. 2.19=*
0.44, P<0.05).

Sildenafil caused no significant changes in the av-
erage peak velocity at base line (Fig. 1), coronary-
artery diameter, coronary blood flow, or coronary
vascular resistance. However, the hyperemic average
peak velocity and coronary flow reserve increased 13
percent after the administration of sildenafil (Fig. 2).
These effects were consistently observed in reference
arteries as well as severely stenosed arteries.

Finally, relative coronary flow reserve was assessed
in 11 men in whom measurements were made in both
a severely stenosed artery and a reference vessel. The
relative coronary flow reserve, calculated as the ratio
of coronary flow reserve in diseased vessels to that
in reference vessels, was unchanged by sildenafil (base
line, 0.57%0.14; after sildenafil, 0.57£0.15; P=0.90).
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STENOSED REFERENCE ALL
ARTERIES ARTERIES ARTERIES
VARIABLE (N=13) (N=12) (N=25)
Average peak velocity
(cm/sec)
Base line 17.9+12.5 29.4+13.3 22.7*+14.5
Sildenafil 16.6x10.9 26.5*13.6 21.4*13.0
Coronary flow reserve
Base line 1.26+0.26 2.19+0.44 1.70+0.59
Sildenafil 1.41+0.38t 2.46+0.58f 1.92+0.72%
Coronary-artery diameter
(mm)
Base line 2.56%0.42 2.28+0.31 2.42+0.39
Sildenafil 2.61+0.44 2.30%+0.25 2.46+0.39
Coronary blood flow
(ml/min)
Base line 30.85+28.89 34.58+13.40 33.01*+23.32
Sildenafil 29.76*+25.44 33.18+18.43 31.25+21.93

Coronary vascular resistance
(mm Hg/ml/min)
Base line —
Sildenafil —
Relative coronary flow
reserve}
Base line — —
Sildenafil — —

3.34+1.49 —
3.60x1.84 —

0.57+0.14
0.57+0.15

*All values are means =SD.

1P<0.05 for the comparison between base-line values and values after
the administration of sildenafil.

1Relative coronary flow reserve was measured in 11 patients.

Adverse Effects

There were no adverse effects attributable to the
research procedures that were performed in this study.
Subacute stent thrombosis developed in one man
shortly after intervention, necessitating urgent repeat-
ed revascularization. None of the men had hypoten-
sion, chest pain, or any other side effect that could
be attributed to sildenafil.

DISCUSSION

Sildenafil is now frequently prescribed for men
with erectile dysfunction. The relaxation of vascular
smooth muscle in the corpus cavernosum that is nec-
essary for penile erection is mediated by nitric oxide,
which activates guanylate cyclase to produce cGMP.
Sildenafil is a highly selective inhibitor of phospho-
diesterase type 5, which degrades cGMP.13

Knowledge of the cardiovascular effects of sildena-
fil is important for a number of reasons. First, many
men with erectile dysfunction may have cardiovascu-
lar disease. Risk factors for erectile dysfunction as well
as for cardiovascular disease include older age, ath-
erosclerosis, diabetes, hypertension, hyperlipidemia,
and smoking.2 Second, serious cardiovascular events,
including myocardial infarction and sudden death due
to cardiac causes, have been reported in temporal as-
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Figure 1. Individual and Mean (+SD) Values for Average Peak
Coronary Blood Velocity at Base Line and after the Administra-
tion of Sildenafil in All 25 Coronary Arteries.

Results are shown for 13 severely diseased arteries (solid cir-
cles) and 12 reference vessels (open circles).

sociation with sildenafil use.#¢ Finally, although sil-
denatfil is highly selective for phosphodiesterase type 5,
inhibition of this isozyme, which is present in platelets
and vascular smooth muscle, as well as weak inhibi-
tion of other isozymes present in the heart, could
potentially cause adverse cardiovascular effects.”

In this study of men with severe coronary artery
disease, no adverse cardiovascular effects of oral sil-
denafil could be detected by measurement of system-
ic, pulmonary, or coronary hemodynamic variables.
Previous studies of the hemodynamic effects of in-
travenous and oral sildenafil in normal men and men
with stable ischemic heart disease have demonstrat-
ed a small but consistent decrease in systemic and
pulmonary blood pressure after administration of the
drug.® The results of the present study confirm these
findings in men with anatomically severe coronary
disease. In addition, we investigated the effects of sil-
denafil on coronary hemodynamics.

Our data show that oral sildenafil does not adverse-
ly affect coronary blood flow, coronary vascular re-
sistance, or coronary flow reserve. On the basis of
the decrease in the heart rate—systolic blood pressure
double product (a surrogate measure of myocardial
oxygen demand), we might have expected a parallel
decrease in coronary blood flow due to autoregula-
tion. The absence of such a finding in our study may
reflect the inaccuracy of the double product as a true
measure of myocardial demand, variations in the cal-
culated values for coronary blood flow and resist-
ance, or a vasodilatory effect of sildenafil that blunts
the expected reduction in coronary blood flow.

Coronary Flow Reserve
N
1

At Base Line After Sildenafil

Figure 2. Individual and Mean (*=SD) Values for Coronary Flow
Reserve.

The coronary flow reserve, defined as the ratio of hyperemic
average peak velocity (after the intracoronary administration of
adenosine) to the average peak velocity before adenosine, was
measured for all 25 coronary arteries both before (base line)
and after the administration of sildenafil. Results in 13 severely
diseased arteries (solid circles) and 12 reference vessels (open
circles) are shown.

Interestingly, hyperemic coronary blood flow after
the administration of adenosine, reflected as an in-
crease in coronary flow reserve, increased in all the
men treated with sildenafil. Adenosine dilates coro-
nary resistance vessels by stimulating the production
of cyclic AMP14 It is possible that adenosine and sil-
denafil interact and that their interaction potentiates
their individual effects on coronary resistance. The
doses of adenosine used in our study have been shown
to provide maximal coronary vasodilation,!s but our
data suggest that further vasodilation is possible.

In this regard, a preliminary study demonstrated a
slight increase in resting coronary blood flow and a
more marked increase in coronary flow after exercise
in dogs given sildenafil.'¢ Both the results of that study
and our data in humans suggest that phosphodies-
terase type 5 may play an important part in the reg-
ulation of coronary blood flow.

Our study did not address the mechanism for the
previously reported adverse cardiovascular events after
the use of sildenafil, but our results do suggest that
this mechanism is not the result of an adverse effect
on coronary hemodynamics. Others have speculated
that cardiac events may be due to interactions with
other drugs (particularly with nitrates!”), to an in-
creased risk of myocardial infarction due to an increase
in myocardial oxygen demand resulting from sexual
activity in a man with coronary disease, or to the
shared risk factors for erectile dysfunction and coro-
nary artery disease.518.19

Our study has several limitations. The Doppler
guidewire was carefully placed to optimize signal
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strength and to ensure an accurate measurement of
peak velocity. Nevertheless, this method assumes a
time-averaged parabolic flow velocity, negates the ef-
fects of vessel tortuosity on alterations in pulsatility
and the shape of the flow field, and assumes that the
coronary artery is cylindrical and that the cross-sec-
tional area can be accurately assessed by a single
angiographic measurement.8 In addition, the meas-
urements of coronary flow reserve incorporate both
epicardial resistance and microvascular abnormalities.
For this reason, we also measured relative coronary
flow reserve, which is independent of microvascular
flow, aortic pressure, and the rate—pressure double
product.!220 This measure confirmed the absence of
an adverse effect of sildenafil on the coronary circu-
lation. We cannot rule out the possibility that, be-
cause of variability among individual men, sildenafil
could have an adverse effect in some patients or in
those with other cardiovascular conditions and dif-
ferent hemodynamic status.

In conclusion, this study demonstrates that oral
sildenafil has no direct adverse cardiovascular effects
in men with severe coronary artery disease. In addi-
tion, a small positive effect on coronary blood-flow
reserve was identified. Our data support the consen-
sus position of the American College of Cardiology
and the American Heart Association that sildenafil is
safe for patients with stable coronary artery disease
who are not taking medications containing nitrates.2!

Supported by a grant from Pfizer.
Presented in preliminary form at the 72nd Scientific Sessions of the
American Heart Association, Atlanta, November 7-10, 1999.

We are indebted to Morton J. Kern, M.D., for his thoughtful sug-
gestions and to Renee Brown for secretarial assistance.

REFERENCES

1. NIH Consensus Development Panel on Impotence. NITH Consensus
Conference: impotence. JAMA 1993;270:83-90.

2. Feldman HA, Goldstein I, Hatzichristou DG, Krane RJ, McKinlay JB.
Impotence and its medical and psychosocial correlates: results of the Mas-
sachusetts Male Aging Study. J Urol 1994;151:54-61.

1626 - June 1, 2000

3. Goldstein I, Lue TFE, Padma-Nathan H, Rosen RC, Steers WD, Wicker
PA. Oral sildenafil in the treatment of erectile dysfunction. N Engl ] Med
1998;338:1397-404. [Erratum, N Engl ] Med 1998;339:59.]

4. Viagra (sildenafil citrate). New York: Pfizer, June 1999 (package insert,
rev.).

5. Zusman RM, Morales A, Glasser DB, Osterloh TH. Overall cardiovas-
cular profile of sildenafil citrate. Am J Cardiol 1999;83:35C-44C.

6. Feenstra J, van Drie-Pierik RJHM, Lacle CF Stricker BHCH. Acute
myocardial infarction associated with sildenafil. Lancet 1998;352:957-8.
7. Wallis RM, Corbin JD, Francis SH, Ellis P. Tissue distribution of phos-
phodiesterase families and the effects of sildenafil on tissue cyclic nucle-
otides, platelet function, and the contractile responses of trabeculae carneae
and aortic rings in vitro. Am J Cardiol 1999;83:3C-12C.

8. Doucette JW, Corl PD, Payne HM, et al. Validation of a Doppler guide
wire for intravascular measurement of coronary artery flow velocity. Circu-
lation 1992;85:1899-911.

9. Jackson G, Benjamin N, Jackson N, Allen MJ. Effects of sildenafil citrate
on human hemodynamics. Am J Cardiol 1999;83:13C-20C.

10. Scoblionko DP, Brown BG, Mitten S, et al. A new digital electronic
caliper for measurement of coronary arterial stenosis: comparison with vis-
ual estimates and computer-assisted measurements. Am J Cardiol 1984;53:
689-93.

11. Theron HD, Lambert CR, Pepine CJ. Videodensitometry versus dig-
ital calipers for quantitative coronary angiography. Am J Cardiol 1990;66:
1186-90.

12. Baumgart D, Haude M, Goerge G, et al. Improved assessment of cor-
onary stenosis severity using the relative flow velocity reserve. Circulation
1998;98:40-6.

13. Ballard SA, Gingell CJ, Tang K, Turner LA, Price ME, Naylor AM.
Effects of sildenafil on the relaxation of human corpus cavernosum tissue
in vitro and on the activities of cyclic nucleotide phosphodiesterase
isozymes. J Urol 1998;159:2164-71.

14. Matherne GP, Headrick JP, Liang BT. Adenosine receptor subtypes
and cardioprotection in cardiac myocyte and transgenic models. In: Burn-
stock G, Dobson JG Jr, Liang BT, Linden J, eds. Cardiovascular biology
of purines. Vol. 209. Dordrecht, the Netherlands: Kluwer Academic, 1998:
86-107.

15. Wilson RE, Wyche K, Christensen BV, Zimmer S, Laxson DD. Effects
of adenosine on human coronary arterial circulation. Circulation 1990;82:
1595-606.

16. Traverse JH, Du R, Chen Y], et al. Sildenafil (Viagra) improves coro-
nary blood flow distal to a coronary stenosis during exercise. Circulation
1999;100:Suppl 1:1-489. abstract.

17. Arora RR, Timoney M, Melilli L. Acute myocardial infarction after the
use of sildenafil. N Engl J Med 1999;341:700.

18. Muller JE, Mittleman A, Maclure M, Sherwood JB, Tofler GH. Trig-
gering myocardial infarction by sexual activity: low absolute risk and pre-
vention by regular physical exertion. JAMA 1996;275:1045-9.

19. Kloner RA, Jarow JP. Erectile dysfunction and sildenafil citrate and
cardiologists. Am ] Cardiol 1999;83:576-82.

20. Gould KL, Kirkeeide RL, Buchi M. Coronary flow reserve as a
physiologic measure of stenosis severity. ] Am Coll Cardiol 1990;15:459-
74.

21. Cheitlin MD, Hutter AM Jr, Brindis RG, et al. Use of sildenafil (Vi-
agra) in patients with cardiovascular disease. Circulation 1999;99:168-77.
[Erratum, Circulation 1999;100:2389.]



